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Abstract

Pressure ulceis a serious injuryvhich affects the skin integrity of patients amla
financial burdens d healthcare provides worldwide. Pressure ulcers are usually
caused either by excessive stressschemia which appears as deep tissue injury and
superficial pressure ulcers respectivedpme of the pressure ulcers are known to be
caused by the applicain of medicaldevices These medical device related pressure
ulcers are usually superficial and caohtrte to a significant numbers dhe total
number of pressure ulcers. The engineemmognmunity oftenfocuses on the aetiology

of excessive stress by ddaping computational models andvestigatingthe in vivo
conditions when a patient is subject to high loadmited attempts have been made

on developing computational models for the aetiology of ischemia. Hence, it is the aim
of the study to develop aoputational model to investigate the deformation of the
cutaneous blood vessels in relation to the formation of superficial pressure ulcers.
This sudy provides information on the magnitudes of interface pressumeperienced

by patients in clinical settingxperimentallyby using pressure mapping system on both
static and dynamic mattresses. Computational models are developed to demonstrate
the in vivocutaneous conditions and the relationship of mechanical loalengd the
deformation of cutaneous blood vessels is established. The computational results is
further correlated to a set of physiologicaldata acquired by using laser Doppler
technique to enhancehe clinical relevance. The computational models and the
edablishedcorrelationis applied in three situatiagincluding evaluating the effect of
}ECP v (] o 0]A EC u °«le; Undetstaddingsthé efldot of same
magnitude mechanical & on different skin conditionsand converting an external
parameter, interface pressure from mattresses testing, into a physiological parameter.
The overalktudyprovides a novel tool for the medical device developers in evaluating
§Z (( 3+ }(8Z]1E Al <}V % 3] vie[ ol]v Jv Erfwid]}v 3} §Z (
pressure ulcers. The computational models and the established correlation with the
physiologicaldata allows the clinicians to understanding the vivo cutaneous
conditions of patients rather than just evaluating an external parameter.
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Chapter 1  Introduction

1.1. Background of Study

Skin is the largest organ in human bpldigwever skinhealth is often negleetd by the
public. Failure of skin integrity is often pmeived as minor health issue with
insignifican effect on general health.In fact, skin servesstfunction in order to
maintain health. It protects the inner organs, prevents the pathogenshemicals
from entering the body andnaintainsthermal balance The failure of skin results in
losing skin intgrity andincapable of serving its functions.

Pressure ulcex loss of integrity of skin due to application of mechanical loads which
can range from slight discoloured skin to serious full thickness tissuealesse of
the commonly foundcauses of laag skin integrity in any clinical settsgcluding
acutehospital wardg, community hospital warg] mental health communigs, nursing
homes and residential care honsgSafety Thermometer, 2018pressure ulcers are
categorised by the wound depth and the affected tissdeheexpos of bonescanbe
the results of a Category,lthe most severe typgressure ulcer which is the higbt
category.The Category Ill andM pressure ulcers amsusceptible irblood poisoning,
bone and joint infection, necrotizing fasciitis, and gas gangvemeh are alfatal.

Two aetiologies are associated with the formation mechanism of pressure uloers,
first is excessive stress caaws by distortionand the second isischemia.Interface
pressure applied oskin surface would result inon-uniformed distortions in deep
tissue and results in internal stress due to the irregular shape of the b@dneson,
Cleary, & Lane, 2012Ylaximum stress asfound in the deep tissue, i.e. muscle and
fat, when significant interface pressure is applied to the skin surfatsner & Gefen,
2008)andthat explairedthe formation of Category Ill and IV pressure ulcers and deep

tissue injury. Ischemia is another aetiology for the formation of pressure ulcers in
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which interfacepressure results in obstruction in the cutaneous blood flow. The
oxygen and nutriensupplyconsequently become insufficient, the metabolic removal

is impaired, pH values of tissuae decreasedresulting incell death ultimately.
Although pressure ulcers caused by ischemia are ofteperficial andfall into
Category | and they are relatively minor compadto the Category Il and IV. Category

| and Il pressure ulcers contribute to a significant portion of the total prevalehce o
pressure ulcers. Medical devices related pressure ul@BRPUare often causedby

the aetiologyof ischemia.

Efforts from the engineering society to the field of pressure ulcer prevention is
significant especially during the last couple of decadeslational modelsvere
developed to demonstrate than vivoconditions and contribute to the understanding

of the formation of the deep tissue injuryComputational models allow the
approximations of the internal stress distributions when interface presssiapplied

on the skin surfacelhis filsthe gaps of incapability in recognising stress distributions
in clinical practice. These developed computational models are also utilised for
evaluating the effect of a medical devicasd the results are morscientific than just
statistical analysis for live human trials. However, the engineering someiply
focuseson the aetiology of excessive stress caused by distartivnited attempts
have been made to understand the formation of pressure ulcers caused by ischemia.
Hence, there is atk of computational models or taxto understand or evaluate the

in vivoconditionsin relation to the formation of ischemic pressure efs.

Theaim ofthe projectisto develop a computational model to demonstratect effect
of appliedmechanical loads otie formation of superficigbressure ulcers. Objectives

listed below are set for achieving the aim of the project:
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) To gain better uderstanding in pressure ulcers preventions and the current
input from the engineering society to the field. This allows to discover the
needs of the field and methods of developing related tools for pressure
ulcer preventions.

1)) To acquire the relevant meahical properties and physical dimensions of
the cutaneous layers which serve as the foundations and bases of the
developed computational models.

ll)  To investigate and acquire the commonly found magnitudes of interface
pressure in clinical setting to be a eeénce of the working range of the
developed computational modeAlso, to be used as an application of the
developed model.

IV)  To investigate and demonstratdy utilising the developed modethe
percentage change of the cressctional area of the cutanesublood
vesselgCBVunder a range of magnitudes thfe applied mechanical loads.

V) To establish aorrelationbetween the computational data produced by the
developed model with a set of physiologidakta, percentage change of the
cutaneous blood flow velocity, acquired by utilising Laser Doppler
technique

VI)  To conduct three applicationgicluding physiological data for oxygen
delivery mask and mattresses and alternate skin conditions. And to
demonstrde the usages of the developed computational model as well as

the established correlation with a set of physiological data.

The culmination of results from all the component studaesl achievement of the
objectivesprovided an initial tool for evaluatinghe effect of mechanical loads dhe

formation of superficial pressure ulcers. This is a novel tool in the field of pressure
17



ulcer prevention for superficial pressure ulcers which is often caused by ischiémia.
lack arelated tool resulsin inadequatedeterminingthe effects of medical devices on
the formation of superficial pressure ulcers. The developed mod#his studyhas
similar aims as other developed computational models in the field which demonstrate
the in vivo conditions and evaluate the effect aiedical devices othe formation of

pressure ulcers.

1.2. Overview of Thesis

The thesis comprises eleven chapters including the introduction.

Chapter 2

Chapter 2 focuses on the physiological and anatomical structure of human skin and
background research on the mechanical properties and dimensions of the cutaneous
layers. All the information from this chapters contributes to the computational

modelling.

Chapter 3
Chapter 3 is dedicated to review the existing scientific researches on the formation of
pressure ulcers and discover the needs of more engineering input in the field of

pressure ulcer preventiorRreviouscomputational models are discussed.

Chapter 4

Chapter 4 is relating to the methodologies adopted in the current studies including the
main techniques applied, Finite Element Method (FEMj)essure mapping
measurementand laserDoppler Velocimetry These methods are inteelated and

affect theresults produced in different components of the study.
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Chapter 5

Chapter 5 consistof two pressuremapping measurements on static amignamic
mattressesrespectively The peak pressure is recorded in each of the measurement
and the rangs of magnitudes were analysedhe results of this chapteare the
reference as the working range of tinewly developed computational model in later
chapters.The findings in this chapter will also be used as the last application of the

developed model ilChapter 8

Chapter 6

Z %3 E 0 % E « vie 32 0O AR¥§ HEst oflits kind computational
model capable of demonstrating the deformation @BV Thismodelis utilised and
demonstratesthe effect of the mechanical loads the CBVof a healthy volunteer in
sitting positions. Aaumerical datas provided in terms of the percentage change of

the crosssectional areaf the CBMWvhich is never acquired before.

Chapter 7

Chapter 7 consists of two parts includiSgZz %0 E < v &lvpdn}) "advith the
advancements from the quartered adel andthe effect of a range afmagnitudes of
mechanical loads othe CBVsimulated by thehalvedmodel. This application of the
halved model generates a set of computational data of a range of magnitudes of
applied pressure to thpercentage change of the cressctional area of th€BVThis
isunable to achieve without a relevant computatairmodel ast would be impossible

to measure the percentage change ©BVin vivowhile applying mechanical loads

despite the advancement of medical imaging techniques.

Chapter 8
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Chapter 8consists of two parts including thecquisition of thephysiologicabata by
utilising Laser Dopplgechniqueand establishment of theorrelationbetween the
computationalandphysiological dataA set of computational data is not clinicadlgd
physiologicallyelevant if it is not validated aorrelated to a set ofphysiologicatiata.
Hence, the aira of chapter 8 igo acquire the effect of a range of magnitudes of
applied mechanical loadonthe percentage change in theutaneous blood flow
velocity andcorrelate it to the computational datarhis allowshe computational data

to be clinicallyand physiologicy relevant andan external parameter, i.e. applied
pressure, to be converted to a physiological parameter, cutaneous blood flow velocity.
Thisallows more meaningfudvaluation of the effect of agiged mechanical loads on

the formation of superficial pressure ulceiBhe effect ofa commonly used medical
devices, oxygen delivery mask, thre cutaneous blood flow velocity is demonstrated
by the halved nodel and the establishedorrelation. The secondpplication in the
study is demonstratinghe effect of sme magnitude mechanical load dhe
cutaneous blood flow velocity when the mechanical properties of the cutaneous layers
are varied. This shows that the developed model and the establisbedlation are a
good tool in analysing the effect of different mechanical propertieshe formation

of pressure ulcersThe final application is to evaluate the effectiveness of the static
and dynamic mattresses in terms of a physiological parameter, percentegege in

the cutaneous blood flow velocity. This is the first attempt in evaluating the
effectiveness of a pressure redistribution mattress by analysing not only the interface

pressure but also the physiological effect on skin.

Chapter 9and 10
Chapter 9 and 10 are the discussion and conclusion chapters respectiveldigtess

on all the components conducted in the study and emphasise the contribution to the
20



field of pressure ulcer prevention by the developed model and the established
correlaton for clinicaland physiologicatelevane. The limitations of the developed

modelarediscussed which is also the direction of further study.

Chapter 11

Chapter 1llreviews the project so far and proposésrther developmentswhich
include enhancing the physiological relevancy of the computational model and the
accuracy of the acquired physiologickita as well as increasintpe functionality of

the computational model.
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Chapter 2 Human Skin

2.1. Introduction
Skin ¢ a versatile organ which idarrier of the human bodyprovidingdirect contact
and protection fromthe external environmentMillington and Wilkinson commented
that a healthy and intact skin is required t is vital to maintain a healthy and intact
skin toserve its functions inatding, thermoregulabn and prohibiting pathogenand
chemicaldrom entering the bodyMillington & Wilkinson, 2009)
Dermatology the study of skin healths an extensive andomplex field. Many
parameters and factors are associated widmd have an impact uposkinintegrity,
for instance, pigmention, appendaget) Ale } 0 *3] % E}% ESCU
configurations of cutaneous blood vesseld topology One of theconditions which
can affect skin integritys "pressure ulcerswhich occurdue to different loadseing
appliedon skinthrough a nunber of different mechanismd heformation of pressure
ulcerscanbe investigated fronoth the mechanical engineering atige physiological
perspectiveand some variables in the system which causes pressure alieraore
relatedto the formation of the pressure ulcer than otherfor instance, the thicknesses
of skin, the vascularisation of cutaneous layansl various mechanical properties of
the skin which can be influenced by a wide variety of factings chapter will explore,
from amechanical egineering perspectivegeneral skin properties which are relating
to the formation of pressure ulceisicluding the key cutaneous properties atite

information related to computational modelling.

2.2. Nature and Functionality of Skin
Skin is the largest orgamhich is approximately 4 kg in weight contributing 5.5%

8.33% of thetotal weight of ahuman body(Edwards & Marks, 1995; Millington &
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Wilkinson, 2009)The surface area of skin is very difficult to be measured precisely due
to the presence of the folds on the skin surface Millington et. al.estimatedthat

the skin surface area waapproximately 1.2 to 2.0 square nrets (Millington &
Wilkinson, 2009) Skin is theperiphery ofa human bodycontactingthe external
environment which serves a number of important functions. The thermoregulatory
function of skin enables the human body to maintain a constant temperature. Aside
from the little heat loss contributed by the respiratory system, a human body mainly
losses heat to maintain a thermobalance by controlling the cutaneous blood flow and
thermal sweating on skirHigher temperature differences are achieved by allowing
higher cutaneous lbod flow rate when the human body needs to be cooled down
Sweating is also an effective method of losing large amount of heat energy by
evaporation(Cranston1989) Humansre exposed to a range physical and chemical
stimuli in daily life, for instance, pathogens in the environment, soaps for cleaning the
body, interaction andfriction between skin and textiles at the interface wittothing

or other materials.The structures and the selépairing function of skin enable it to

be a robust barrier to these harmful stimuli. As the main periphery between the
human body and the environment, skfacilitatesone of the five basic senses of
percegion (somatosensation) while the other four senses are vision, audition,
gustation and olfactionSibbalddeemed that Kin can also be an indicator of the
general state of a humalody, for instance, changes in skin colour, turgor or integrity

resulting fom the dying procesESibbald, Krasner, & Lutz, 2010)

2.3. Structure of Skin
Skin is a thredayered organwith the dermisbeingregarded as the primary structure.
The dermis layer of skin is overlaid by a layer named epidermis as shéwguia2.1.

Although tis epidermis is also multilayer, only the superficial layer named stratum
23



corneum(SC) athe outermost of epidermisvastaken separatelyinto accountto the

computational modelling of the formation of pressure uk®n skinin this study

becausethe SCis a layer of dead cells and significantly stiffer than the rest of the
%] @Euls vu "A] o %] Eul]e_X

Stratum Corneum
Epidermis

Dermis

Hypodermis

Figure2.1 Histological échgram of thecutaneouslayers(ISIIP, 2016)

2.3.1. Epidermis

Epidermis is the outermost layer of the cutaneous structwigichis the first contact

with the environment. The epidermis consists of stratum corneum, stratum lucidum,
stratum granulosum, stratum spinosum and stratum germinativum from the
outermost layer to the innermost layer respectivéMillington & Wilkinson, 2009)
Sratum corneum which is the outermost layer tife epidermisis identified byits
distinctive formation mechanism and mechanical properties. The formation process of
the stratum corneum igegarded aghe dying progress of the inner layers of the
epidermis cells of the epidermis move toward the exted environmentand the cells

are flattened and dad The layers of dead coenocytpsovide the structure of the
stratum corneun(Millington & Wilkinson, 2009Y his layer of dead cells is much stiffer
thanthe rest of the layers of the epidermis named viable epiderikendall and Chong

et al. study concurred that the general stiffness of the stratum corneuwmas
distinctively higher compad to the other layers of the epidermigspecially at the
outer side of the stratum corneurdespite the mechanical properties of the stratum

corneum \aryingdramatically with the influence of temperature, relative humidity,
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hydration and chemical¢Kendall, Chong, & Cock, 2007)

2.3.2. Dermis

Dermis layer which is the primary structure of the human skin is hard to be defined as
it merges into the sulwutaneous layerhypodermis. Brmis consists of two layers
which are papillary and reticulaThe m@pillary layer is located in between the
epiderms and reticular layer. The papillary layer consists of fine connective tissue
fibres, fine capillaries loops and nerve endingisick, coarse and densely interlacing
collagenous fibres are presence at the reticular layer of dermis in which they are

mostlyparallel to the skin surfac€Millington & Wilkirson, 2009)

2.3.3. Hypodermis

Theoreticallythe hypodermis is not part of the cutaneous structuieis an extension

of the dermis layetHowever, the behaviours of skin are different with the presence of
the hypodermis layersn computational modellingHencejt would be appropriate to
consider the hypodermis layer in the construction of awyaneouscomputational
model. Major blood vesselsare located in the hypodermis layer, hence, the
hypodermis layer is deemed to bleighly vascularisedSaladin, 2007with the
thickness of hypodermis wing considerably depending on the anatomical locations
andage Taking the abdomen as an examplastlayer could be 10 centimetser even
thicker (Millington & Wilkinson, 2009vhile the hypodermis athe triceps was only
2.96 = 2.35 millimetresnia study conducted by Akkus at. (Akkus, 2012)The
presenceof the hypodermidayer in the computational modeinables the simulations

of more realistic behavioursf the cutaneous layers
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2.3.4. Thickness of the Cutaneous Layer

The thickness of skin is a key parameter to the computational modelling as it directly
affects the geometry of the computational models and ultimately the accuracy and
level of clinicahnd physiologicalelevancy othe analysisHowever, the thickness of

the cutaneous layers depends arrange of factors such #ise anatomcal locations,
genders, agestc. It is difficult to have an absolute thickness to represent members of
the general public. However, some research findings regarding the thicknesa «f sk
summarised iMable2.1. Owing to the thicknesses of the different layers of skin shown
in Table2.1 aredepending on gender, age, anatomical location as well as the types of
testing methods, the values of the thickness in different studies are not directly
comparable. Thexistingstudiesfound and presented ifable2.1 were mostlylayer
specificand as suchnone of the studies focused on every layer of the skin.
Nevertheless, a systematic computational model of skin by Leveque et al. in 2013
provided a set of thicknesses and mechanical properties to the key layers of the skin

which is discussed in detail 8ection2.4.2(Lévéque & Audoly, 2013)
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Table2.1 Summary of thehicknesses adkin

Testing Type of Layer of | Anatomical | Thickness
Environment | Examinatio Skin Location ~...ue+ | Reference
n
In vitro Biopsy Whole Eyelid, 521-1,977 | (Lee &
from live | skin prepuce, Hwang,
patients Epidermis | back, palm, 31-637 2002)
Dermis sole 469-1,942
In vitro Biopsy Stratum Forearm, 11.0-18.3 (Sandby
from Corneum | shoulder, Moller,
volunteers | Epidermis | scapula, 74.9-96.5 Poulsen, &
buttock Wulf, 2003)
In vivo Ultrasound | Whole Upper arm,| 1,930- 2,350 | (Akkus,
skin abdomen 2012)
Hypoderm | anterior, 3,650 -
is anterior of| 17,870
upper leg
In vitro Biopsy Epidermis | Head 29.6-62.6 (Chopra et
from Dermis 758.9 - | al., 2015)
cadavers 1,969.2

2.4. Mechanical Properties of Skin

2.4.1.

Testing Methods of Skin

Skin is thdargestorgan of the human bodywith the mechanical propertiebeing

investigated in an attempb developnew technologies and techniquestnderstand
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behaviour of skin under different types of mechanical loadegimes W vI E[s ~1iide
studyidentifyingthe mechanical properties of skin served different purposes including
understanding the effeciof ageing, evaluating the effects of cosmetic products,
developing better procedures for treatment of skin or skin closure, designing and
manufacturing humanoid dummies for different tesfBesting methods of evaluating

the mechanical properties of skimeacategorised as vivoandin vitro. Thein vitro

tests include tensile, nanmdentation and compression while thie vivotests include
torsion, tension, suction and indentation.

Skin is a live organbtaining asupply of nutrients and water througthe blood
circulationand as suclskin loses its metabolic supply once the sample of skin is
detached from live donorsTheskin samples excised from cadavalsodo not give a

true representation of the skim vivodue to the metabolic supply through dad
circulation ceases immediately followitbe death of the donarThe in vivo test
capturesthe actual behaviours and performance of skin wheleastrotests can give

a comparative evaluation of skin behaviours, but will never give a fully quandtati
evaluation due to the apid deterioration in condition.The use ofin vivotest to
determine mechanical properties of the skawe usually conducted by means of
applying specific mechanical loaditaglive human skiwith the behaviours of the skin
under different magnitudeof loadingbeing observed ancecorded.The limitations of

in vivotest methods are significant due to the damage which can be caused by loading
skin, the range in which skin can be tested therefore is narrow and does not give a
hugeamount of scope for data collectiom vivotensile tesing is a measure of the
force required to elongate a certain area of skin. The magnitudes of the force causing
a prescribed magnitude of displacement on skirecorded by than vivotensile test
machine.In vivotorsion test on skin is performed by attaching solid disc to the human

skin with applied torque. Hence the anisotropic mechanical properties of askin
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evaluated. Thesén vivotensile and torsiontesting methods are applieth plane
mechanical loadings to evaluate mechanical properties of the superficial layers with
minimum effects of the deeper layers including dermis and hypodetmigvosuction

and indentation are two methods which apply mechanical loadings perpendicular to
the skinsurface. Hence, the presences of the deeper tisowedribute to the overall
mechanical properties of the whole ski{roves, 2012)The suction test creates a
decrease in pressuren the surface okin resulting in deformation of skin in vertical
direction to andyse the magnitude of the deformation andtimately the elasticity of

skin affected by the skin layers. As opposite to imevivosuction test, thein vivo
indentation test is applying a mechanical laggnga probeappliedto the skin surface.
The dispacement of the probe isecordedand analysed to evaluate the elasticity of
the skin.In order to evaluate the mechanical properties at different scales, a range of
different sized probes and suction cups can be usBdialler and larger sized
indentationprobes and cups were utilised for evaluating the mechanical properties of
superficial layers and deeper layers of skin respectiflégndriks, Brokken, Oomens,

& Baaijens, 2004)

The in vitro test methods areanother strategy for evaluatirg the mechanical
properties of skinln vitro tests aresimilar to the standard engineering methods for
guantifying the mechanical properties of materialdowever,in vitro tests provide
opportunities for understanding the behaviours of skin under different extreme
conditions, for instance, thaltimate tensile strength of skifGallagher, Ni Annaidh,
Bruyeére, & al, 2012)he orientations of than vitrotest are more fixable. Skin is known

to be anisotropic and the orientation of test affethe magnitude of the mechanical
properties(Panzer, 2018Wang in 2013 discovered that the anatomical locations did
have significant influences on the mechanical properties of the skin by examining the

skin sanplesexcised from micéVang, Marshall, Baba, Gerling, & Lumpkin, 20132
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tests ofextreme condions are not ethical to be conducted on live humans or animals.
Thus,in vitro test is the method of understanding skin under various conditions
including under the influence of extreme magnitudes of mechanical |[d8kia is also

a mult-Hlayered organ ath the mechanical properties of skin are distinctive across the
layers. Foin vitrotests, different layers can be isolated before testing to evaluate the
mechanical properties of individual layers without the influences of other layers.
Therefore, it proides better understanding of the mechanical properties of individual
layers of skin.Wo commonin vitro methods are tensile and naradentation tests.
Unlike the in vivo tensile test, the magnitude of the applied displacement is
predetermined beforeconducting anin vitrotest. There is no limit to the displacement
as the skin sample is detached and the displacement does not cause any harm to the
donors or cadavers. The mechanism of thevitro tensile test isthe same as thén

vivo, to record the magrude of force required to cause a certain displacement in
order to deduce the mechanical properties. Tihevitroandin vivoindentation testing
methods are similarThe in vitro indentation testing is to indent into excised skin
samples as opposed to Vie human participantgasfor in vivoindentation test.Grant
(2012 measured the viscoelastic behaviour of skin by utilising atomic force
microscopy (AFM) as a tool for namalentation. Also, the static moduli of normal skin
and scar skin were determind@rant, Twigg, & Tobin, 2012)his study showescar

skin has weaker viscoelastic creep and capability to orientate fibres but more
importantly AFM isan effective tool for evaluating different mechanical properties of

skin.

2.4.2. Mechanical parameters of skin
The mechanical properties of cutaneous layers are very difficult to be discerned due

to the different methodsadoptedasmentioned beforein Section2.4.1 It was found
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that the values of the mechanical propertialsovary for arange of factors including
age, anatomical locatigriest methods, tetsapparatushydration levels and the period

of the sample being excised from the donors or cadafi€adra & Lowe, 2016MHence,

a wide range of values of the mechaalipropertiesin the literature isfound. The
values of the mechanical properties of skin are summarisddlite2.2. The values of
the parameters a in a range rather than a specific value because of the multiple
sample evaluated omumber of measurements. This posed a challenge in the
computational modding of skin, typically in selecting the relevant values for the

simulations.
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Table2.2 Table of the rechanicaproperties ofskin

Testing Mechanical | Layer of Parameters Reference
Enviornment Testing Skin
In vivo Torsion Whole skin| z}uvP [ D} | (P. G. Agachg
(dorsal 0.42-0.85MPa | Monneur,
forearm) Leveque, & D¢
Rigal, 1980)
In vitro Tensile Whole skin | z}uvP [ D} [ (Edwards &
5-30MPa Marks, 1995)
Ultimate Tensile
Strength:
15-150MPa
In vitro Indentation | Stratum z}uvP][e D} | (Geerligs etal.
Corneum 2.6 £ 0.6MPa 2011)
Epidermis | z}uvP [ D}
1.1 + 0.2MPa
Others Stratum z}uvP|[e D}
Corneum 1MPa
and
Epidermis
In vitro Tensile Whole skin| UTS: (Gallagher et
(backs  of 27.2 £ 9.3MPa | al.,, 2012)
cadavers) z}uvP[e D}

98.97 + 97MPa
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Table2.2 summarisedhe z}puvP[e u} pol] v hosS]Ju § d ve]Jo ""SE& vPSZ ~

by researchers which showed various tests were conducted to understand the
u Pvlisp « }( $Z C}uvP[e ulofiskih. The dtutfes focused on the
influence d mechanical properties of a specific layer of skin and a whole layer of skin.
Luebberding conducted an evaluation of the mechanical properties of skin irdelat
to ageing(Luebberding, Krueger, & Kerscher, 2018hs study highlightethe decline

of the values of theelasticityof skin with ageingA better understanding of skin in
relatingto age was established. Gallagher conducted tensilesfesthe skin samples
excised from cadavers whicdetermineda C}uvP[e u} pope }( 606XOOF
(Gallagher et al., 2012)These two studies demonsteat classic dermatological
measurement toobtain mechanical properties of skinander variousmeasurement
conditions such asnisotropic nature of skin anthe sensitivity of biological samples

to measurement condition8Both Luebberdinget al., and Gallagher's research results
concludeda lack of a comprehensive study on the mechanical properties of skatl for
layers. The studies either focused on tbemplete skin (overall effects across the
layers) or specific layers in relag to specific factors. There is little (if any)
understanding on the influence of the individual cutaneous layers to the global skin

mechanical properties.

Lévéqueand Audoly2013)developed a thredayered twaedimensional finite element
computational model for investigating the influence of the thickness and stiffness of
the stratum corneum (SC) to the global mechanical properties of skin and the
amplitudes and periodicity of fd formation in 2013 Lévéque & Audoly, 2013The
studyalsoidentified difficulties in determininghe influence of individual cutaneous

layers to the global skin mechanical propertiesimywivomethods as the epidermis
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and dermis layers are botoft and complex bi@omposite materiad with distinctive
dimension and structure. Hence, a thrsgered computational model with
respective mechanical properties assigned to the individual layer was develgped
Lévéqueand Audolyto understand the fold formatiorof skininfluenced by the
stratum corneum layednLévéque v } o C [+ ube noedhahical properties of
the stratum corneunwas set from 1 to 12 MPa in which the range of the stiffness was
<W]E (E}u dZ ~ofon]MA <]A u §Z} « v (3afgen Herup)
TZ C}uvP[e u} po] }( SZ %] @E&ule Vv Eul]e A« o 3 &} 1 XA
respectively based on the assumption of softnekthe living epidermis anth vitro
} o EA 8]}vX dZ EZ] lv ee o }( 8Z pud v }ue- theGtréaEm }( ii 8} Ti..
JEV puU Ai..u (}E %] Eule v iUTdA..u (}@ErougEu]e A E
calculation The authorsoncluded that the layer dhe stratum corneum contributed
considerably to the global mechanical properties of skin because of the significantly
stiffer properties of the SC layer. The developed modeEwvéque v | } osfuidy
was proven to be a numerically efficient and a straightfovapplication. Indeed,
the study was a versatile tool and knowledge for various applications, such as for
evaluating the effectiveness of cosmetic produstsich weremainly focugd on the
influence o the change in the properties and dimensions of SCrfayiéhe study filled
the gap of knowledge in the understanding of the individual cutaneous layers by
providing a full set of mechanical properties and dimensions of cutaneous layers. This
had a significant impact of the later research on the computationatelling of
cutaneous layersThis set of mechanical properties of human dkialso adopted in

the currentstudy.
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2.5. Properties of Skin

2.5.1. Anisotro pic p roperties of skin

Skinhas been recognised as anisotropic materiaince arly tests on the mechanical

properties of skin were conductg®upuytren, 1836; Langer, 1978a, 1978k)e early

§ ¢« AE u ]JvoC }v pu 8 C } e EA S]}ve }( 8Z Z VP ¢ }V %o
wounds. Langef1978)discovered that the skin was psressed in specific direction

by observing the punctures created liie awl on cadaverg <lJvX dZ ]E po &
punctures became elliptical holesjuu}vo C Iv}Av ~> v RFigareS.Py Aeand

B of Figure2.2 showthe Langer lines on thanterior and posterior side of a human

body respectively. The discovery of Langer lines had significant impact to different
medical fieldsfor instance, surgical wounds were foutachealbetter with less scaring

if incisions were madparallelto the Langer line@MXP, 2017)Langer also investigated

the mechanical properties of skin by hanging weight on the strips iof skmples

which were harvested from cadavers along and perpendicular to the Langer lines.

More extensions were found on the strips of skin samples harvested perpendicular to

than along the Langer line@.anger, 1978b)However, Millington and Wilkinson

deemed that patterns of Langer lines could change at different physiological situations,

for instance the pattern of Langer lines changed at the abdominal skatidw the

pregnancy ofrom mainly circumferential to adult pattern for infants below the age of

two (Millington & Wilkinson, 2009)
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Figure2.2 Langer lines of human lody (Schierling, 2018)

Figure2.3 presentsa schematic diagram of the Langer lines of a skin sampidich
the red lines represent the Langer lin€Bhe extension ability of skin caused by a
mechanical load was demonstrateég Langer in which higher extensibility was found
on skin sampleharvested perpendiculamatherthan parallel to the Langer lineksittle
attention was paid to theeffect of the Langer lines indirection of the skin irFigure
2.3 due to the difficulty in investigating the mechanical properties 4dirgction. In
fact, notjust the anisotropic aspect akin inY-direction was not well researched but
also the general mechanical properties of skiN-ohirection. This was compounded by
the technical difficulty in harvesting and preparing a valid skin sampledirestion.
dZ 3Z] Ilv e« }( AZ}o «<l]v A « (}pv &} ATi FabBIAT..u =« «Z}
in Section2.3.4and the skin samplgas too thinto be clamped for examining the
mechanical propertiesn Y-direction. However, it is reasonable to assume that the
extensibility of a skin sample harvested Yrdirection is higher thann Zdirection

because, theoreticallyhe Y-direction was also perpendicular to the Langer lines as
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the skin is a @limensional material or structure.

Figure2.3 Schematic thgam of theLangerlines

2.5.2.  Non-linearity of skin

Linear property of a material means the relationship of an extension of the material
is linear to the magnitudes of the applied loading. Howekamanskin is far from a
linear material (Millington & Wilkinson, 2009)The extensibility of skin charge
significantly with the magnitude of the applied mechanical lo&dgure 2.4
demonstratesthe behaviourof skin under different magnitudes of applied loddheX
axisand Y axisn Figure2.4 represens the strain and stress respectively. The stress
and strain are defined as the magnitude of load divided by the eessonal area
and the magnitude of deformation divided by the original length respectively. As
opposed to a linear graph, the curverigure2.4 is non-linear. Theskinshowedthree
distinctive phases during the loading progress labelled as |, 1l andFigjure2.4.

InPhase I, the skin exterdignificantly with relatively low magnitude of applied stress.
In Phase I, the skin starts to be stiffened and less amount of strain is caused by
relatively hgh magnitude of applied stress. By the end Bhase Il, most of the fibres

are found to beorientated toward the direction of applied load and straightened. In
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Phase lll, the extensibility of the skin is mainly contributed by the stiffness of the fibres,
thus, only little strain was fouhwith high magnitude of stregMillington & Wilkinson,

2009)

Figure2.4 Stressstraincurve of awhole skin (Millington & Wilkinson, 2009)

2.5.3. Viscoelasticity of skin
The viscoelasticity consssdf two distinctive phenomea: creep and stress relaxation.
E % Vv *SE& + E 0 £ S]}v & (1v e NdZ }vS]vpulue (}E
pv  E JveZ vS e3(E ¢+ §Z 3 ]+ A oo 0}A ]85 C]l 0 %}]vd_ C ¢
("creep," 2015) v The reduction in stress with time when the strain is kept constant
in a timedependent material. C $Z ] §]Mediagicdl(Engineerin(stress
relaxation,” 2013) respectiely. One of the examples of stress relagat in
physiological conditionsithe urinary bladder. The biological function of the urinary

bladder highlight the importance of the stress relaxation function. The stress/
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pressure only increasavith a small armount when the urine flowin urinary bladder
ensuring the urinas notback flowedto the kidney due to the high pressure from the
bladder (Klabunde, 2007)In contrast, the degree of creep is a measurement of the
increase in strain at a constant magnitude oéss with time. Skin demonstragereep
property shown by different research. Agache etim000discovered that the creep
phenomenon were divided into 3 phases, stage |, stage Il and stage Ill corresponding
to the purely elastic deformation, viscoelastic phases and constant creep phase
respectively shown ifigure2.5 (Agache, 2000However, Khatyr et aldentified that

the model developed by Agache could not always represent the reality due to the fact
that the creep behaviour suggested by Agache would tend to infinity with time as
shown inFigure2.5 (Khatyr, Imberdis, Vescovo, Varchon, & Lagarde, 2004act, it

was very difficult to monitor the creep or stress relaxation responses because the key
responses occurred immediatehfter the initial stretchingasthese responses were
usually in exponential decgillington & Wilkinson, 2009Hence the accuracy in the

acquired figures or data in the viscoelasticity of skin was not certain

Figure2.5 Creep menomenon ¢ skin (Agache, 2000)
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2.5.4. Ageing effect of skin
Ageing phenomenon of skielates tothe field of skin integrity and the ageing effects
Ageing effect®f skin was investigated domoth skin sample of humaim vitro, in vivo
and on skin samples of rat over the years. Valistoveredthat the parameters of
ultimate load and tensile strength of rafs e | Jimcreased with agereachedthe
maximumat the age of 12 monthand decreased after the age of 24 mon{vogel,
1976) For human experimens, skin samples were harder to be harvested and
thereforein vivo +3p ] « A E }v p §  XtudEby usifg the suction cup
method demonstrated that the elastic modulus of the participantseasedvith age
and higher averaged values were found in female subjects than male subjects.
(Grahame, 1970)Diridollou found an increase of thickness of skin from 0 to 20 years
old for human participants and a decrease in thickness after the age of 60, however,
the decreas trend was not significant for men. In the same study conducted by
JE] }oo}pU z}puvP[e u} pope }( +Ilv A« (Jpv 8} Jv & + A]S:
years old(Diridollou et al., 2001)Iin general, skin is stiffer, thinner, less tense and less
flexible as a result of ageir{§awlaczyk, Lelonkiewicz, & Wieczorowski, 20%8hilar
to the values of the mechanical properties and thicknesses of skin presented in
Section2.3.4and 2.4.2 it was very difficult to have an exact value &gpresent the

effect of ageing oskin as tle characteristics of skin variegnifcantly.

2.6. Vascularisation of Skin

The vascularisation of skin is a transportation system for providing nutrients, removing
metabolic wastes at the cutaneous layers and alsegulating system of temperature

for the human body. The vascularisatisnelating to the formation of pressure ulcer

on skin especially to the aetiology of ischemia. Ischemia resulting from an obstruction

to the cutaneous blood vessels is commonly found related to the formation of the
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Category | and Il pressure ulcers caused by raédievices. This section covers
different aspects of the vascularisation of the cutaneous layers including the locations,

dimensionsand orientation.

2.6.1. General vascularisation of cutaneous | ayers

Four cutaneous layers whidcire essential to the development of a computational
model in relathg to the formation of pressure ulceare the stratum corneum,
epidermis, dermis and hypodermis. The stratum corneum shown in the S&c8os

part of the epidermis layer with distinctive mechanical properties due to the formation
of this unique layer. For the whole epidermis layer including the layer of stratum
corneum, it is an avascular layer. Téneascular nature of the epidermis layer means
that nutrient is supplied to the epidermis layers by diffusion from the underneath
dermis layerKaufmann, 2018)The dermis layer is vascularised and p&erf blood
vessels is parallel to the body surface and at the superficial positions of the dermis
layer. Another horizontal plexus of blood vessels is located at the ddrmppaidermal
junction. These horizontal plexuses which are in the scale of arteraie joined up

by ascending arterioless shown irFigure2.6. Capillaries networks are from the lower
plexus of arterioles to surround the coiled seat glands and béicles.(Démarchez,
2011; Millington & Wilkinson, 2009)The hypodermis layer of skin is highly
vascularised and the blood supplied from the lower plexus of arterioles from the

dermis layer(Millington & Wilkinson, 2009; Saladin, 2007)
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Stratum Corneum

N Epidermis
= ',h s Horizontal Arterioles
L . Dermis
: 4 5 Ascending Arterioles
— Hypodermis

Figure2.6 Cutaneous asculature(Démarchez, 2011)

2.6.2. Dimensions of the cutaneous b lood vessels

Different types of blood vessels are presentha human body which are ranging from
arteries to capillaries. Blood vessels with different diameters located at different
anatomical locationallowvarious flow ratsof blood The diameters of different types

of blood vessels are shown Figure2.7 (Kaufmann, 2018)Figure2.7 showsthe
relevant blood vessels size at the cutaneous lagadthe diameters of the terminals

of the arterioles and capillaries are small.
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Figure2.7 Vessediametersof different vesseltypes(Kaufmann, 2018)

Although the diameters of the arterioles and capillaries were always provided with

]1(( € v8§ E vP ¢« (E}u Sp C 8} «Sp CU DJoo]JvPsS}v § o[ E]
§Z pusS v }ue ES EJ}o ¢ v % ]oo E] « A E i6 8§} 10..u v
(Millington & Wilkinson, 2009)For the case of #h transition from arterioles and

capillaries, the diameters values of the terminal of the arterioles and capillaries were
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ifi..u v i 8} i1...u E(Ye¥%& Bravermah, 1976)

2.6.3. Computational modelling of blood v essel

VP]}P v ¢]e ] (the formati®dn of new blood vessels, which occurs during
wound healing and is promoted by growth factors ¢ }v ] D ] o ] §]}v CEC
(2015) and he compuational models of angiogenesis aremainly aimed to
demonstrate or replicate the experimental angiogenesis patterriehese
computational models built up the understanding of angiogenesis for gene therapy or
cancer treatment. Szczerbdeveloped a computatinal model which mimicked the
pattern ofin vitroangiogenesis experiment as showrFigure2.8 (Szczerba & Székely,
2005) It is a complicated fieldecau® of theinvolvementof multidisciplinary factors
for instance with tension and compression for physical foesebshear stress for flow
guantity. The computational models in angiogenesis are far too complicated to be
implemented in the computational modleng in prevention of pressure ulcers. A

simplified configuration is introduced @hapter 6

Figure2.8 Left: pattern found inIn vitroangiogenesigxperiment Right:pattern

mimicked by the developed computational mod8kczerba & Szdke2005)

2.7. Integrity of Skin

Although skin is subjected to various external physical and chemical stimuli, the
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structure of skin enables ibtmaintain its health. The collagen structure of skin allows
it to deform and recoil extensively for the purposébody movement. However, the
public generally neglestthe importance of maintaining a healthy balance for skin
leading tothe failuresin the integrityof skin consequently. Different types of failures
of skin include acne, infection, skin cancer, ptge ulcers, friction blister, etc. The
failure of skinis affectedby different factors. For instance, acme affectedby hair
follicles blockageéNHS, 2016a)Skin cancer (Melanoma) is caused by the abnormal
development of skin cells. The ultraviolet light is one tbé most important
contributing factors which causes the melano(NHS, 2017)Some of these failures
of skin areaffectedby factors which are irrelevant from the aspect of the mechanical
engineering. Therefore, this sémh focuses on the failures of skin which are directly

contributed by mechanical loadings, for instance, friction, pressure and shear.

2.7.1.  Friction blister

The aetiology of the friction blister was investigatud a range oéxperimentswvere
undertakento recreate and understand the formation of friction blisgetypically
caused by aubbing technique(Akers & Akers, 1985; Cortese Jr, Griffin, Layton, &
Hutsell, 1969)which requires a mechanical probe to continuously apply linear
circular force across the skin surface. As a result, the stratum corneum firstly had slight
exfoliation followed by reddened area appeared around the rubbieg(Nayla, 1955;
Sulzberger, Cortese, Fishman, & Wiley, 19@®6) participants in the experiments
suddenlyhadstinging or burnindeelingswith a pale narrow area formed around the
rubbing area. With the continuation of the rubbing, the pale area subsequently
enlarged to the entire rubbing area and be elevated from the underlying skin and the

cavities were filled with fluigknapik, Reynolds, Duplantis, & Jones, 1995)
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The main contributig factorscausinghe formation of friction blister is the magnitude
of the applied forcethe number of cycles for experimenand duration for actual
friction blister incidents. For a higher magnitudaf force appliedJower numbers of
cycles of rubbingre capable of formindriction blisters(Chimata & Schwartz, 2015;
Comaish, 1973)Thus, the magnitude of applied force is inversely related to the
number of cycles and presumably the duration required for aagt@tients of friction

blisters for norexperimental environmerst

Friction blister is a common failure of skin in the field of athtetand military. The
marathon is one of the athletic activities that friction blisters are commonly found.
Mailler published a review paper on more than 15 marathons from 1973 to 1995. It
showed as high as 26% of participants in one marathon were found to have blisters
related injuries on skinMailler & Adams, 2004)A study conducted by Bust al.
revealed that 120 blisters were presented in 2,130 recruitsvitary training which

was equivalent to 2.05 blisters per 100 recsnonths. It is the most common
dermatological injury and contributed 10.7% to the total clinical diagnoses. The
recruits with blisters resulted in 159 clinic visits, 103 days of assigned light duty and
177 lost days of training. The overall costs relating to the friction blisters was at least
USD29,529 and further calculation revealed the approximate expense of 085D69

annually regarding the blisters of the recruiBush, Brodia, & Shaffer, 2000)

In recent years, due to the advancement of the computing technology, finiteeglem
computational moded were developed toprovide abetter understanding of the
causesof friction blisters. A computational model was develogsd Xing et. alto
investigate the performance of a friction blister under different loading frequencies.

Thenatural frequencies of the friction blister model were calculated and compared
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with the loading frequencies by human gait (for both walking and running). It
concluded that the frequencies of the human gaiting cycle were far lower than the
natural frequenaes of the friction blister. Therefore, no resonance could be caused by
gaiting(Xing, Pan, Zhong, & Maibach, 200iMe computabnal modeldeveloped by
Xing et. alallowed the investigation on the performance of friction blister in such a
way thatin vivoexamination is infeasible. The finite element model demonstrated the
performance of a friction blister with the accurate input of the mechanical properties

of cutaneous layers.

2.7.2. Pressure ulcer

Pressure ulcattion is a global issue and occursaithgeogaphic locationstegardless

of race gender orage group Two advisory panels including European Pressure Ulcer
Advisory Panel (EPUAP) and National Pressure Ulcer Advisory Panel (piBUAS)
guidance on preventivaaterventions and precautiong.he sevaty of pressure ulcers
vary from slighty discoloured skin to serious full thickness tissues losluding the
deeper layers of the human body, i.e. muscles and bonesselbeverities are
determined by the depth of the ulcer on skand identified in 4 ategories; category
refers to the perfectly intact skin but just discoloured aradegorylV refers to the skin
with open wounds and exposed bonesd extra categories including deep tissue
injury refers to the injury at the deep tissue with intact sujigal layers and
unstageable refers to the ulcers which cannot be evaluated due to the obstruction on
estimating the wound depthsThe presences of pressure ulséwwer the quality of
lives of patients, nobnly limit their physical mobility but also thenental health.
Development of a pressure ulcer, particular category Il and IV, can lead to sepsis, osteo
myelitis necrotizing fasciitis and gas gangresred in the worst case mortalityThe

mortality rates as high as 60% for the older people with pressicers within 1 year
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after hospital dischargéRichard M. Allman, Goode, Patrick, Burst, & Bartolucci, 1995;
Thomas, Goode, Tarquine, & Allman, 19%)en though the presence of the pressure
ulcer did not directly contribute to the deaths, it contributed to the malfunctions to
other parts of the human body. Despite all the research and precautions suggested by
the advisory panelghe prevalence ratef the pressure ulcers was still high across the
globe. 24,674 patients developed new pressure ulcers between April 2015 and March
2016 in Englandhccording to the data from the NHS Safety Thermometdre
treatment costs of the pressure ulcers contribut€8.8 million every day to the total
expenditure of the National Health Service (NHEHS, 2016b)Ischemia and
excessivestress caused by the application of mechanical loads including pressure,
friction and sheamvere the aetiologiesof the formation of the pressure ulcerswo
loading thresholdsre related to theaetiology of pressure ulcen which mechanical
loading exceeding the lower threshold requires longer period of time to cause a
pressure ulcer comparing to loading could result in a pressure ulcer in a shorter period
of time if the magnitude exceeds the higher thresholds. However, thenitef
magnitudes of the thresholds and loading periods are patient dependent. The
anatomical locations for pressure ulcers varies depends on the aetiologies, for instance,
pressure ulcer caused by excessive stress is located at load bearing locations i.e.
sacrum and heels while pressure ulcer caused by ischemia coutdliéng from the
attached medical device and located at fingers and n&kKerent computational
models were developed and experiments were conducted over the years toehave
better undeistanding on the formations of pressure ulcers especially relating to the
aetiology of excessivaress andaleformation of deeper tissue. A computational model
was developed with the presence of magnetic resonance imaging (MRI) by Makhsous
et al. The geomey of the finite element model was developed with the captured

imagining by the MRI. It demonstrated the compressive pressure was 55 to 80kPa for
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skin, fat and musclé@Makhsous et al., 2007Yhe computational model allowed the
investigation of the stress and deformation in deepusssvhich was infeasible to be
examined byn vivoexperiment. The study demonstrated the necessity of developing
computational models to understand the behaviours iof vivo conditions. The
development of computational models facilitate the understandinfy io vivo
conditions and the models can also be predictive indicators for the possibilityeof th
formation of pressure ulcers. However, computational model on ischemia condition
cannot be found which is also the aim of the study to investigate and previdmted

tool in such area

2.8. Conclusion s

The literature wasreviewed from a mechanical engineering perspective which
highlighted the related and essential characteristics of skin in nglatb the
computational modelling of the cutaneous layers and the formation of pressure ulcer.
Although the mechanical properties of skin yawith different factorsthe ranges of
values of the mechanical properties and thicknesses of the cutaneous lagees w
investigated and acquiredrom the literature The stratum corneum layer was
essential to be treated as a separated layer in computational modelling as the
mechanical properties of such layer was found to be distin@s@mpaedto viable
epidermis The set of skin mechanical properties provided_Byéque is deemed to be

most relevant and adopted in the current study for computational modelling.

The effect of the Langer liseontributed to the anisotropic mechanical properties of
skin, however, noesearchevidence showed the direct effect of the Langer $iteethe
mechanical properties of skin in depth directigrerpendicular to the skin surface). In

fact, limited attempts were madeto investigate the mechanical properties of skin in
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depth diredion for the individual layes of skin. It is théact that skin is relatively thin

and skin samples in depth direction is impossible to be clamped on the tensile test
machine. However, théwo-dimensional effect of the Langer lisés clear that the
mechanical properties of skin parallel to the Langer lines are higher or stiffer than
perpendicular toLanger linesbecause of the orientation of the fibres. This is a

common phenomenon on fibrous materials.

The stressstrain curve of skin presented Figure2.4 demonstrated the nodinearity
of skin. HoweverPhasd and Il of the skin were fairly linear if the curve was treated
as threeindividual PhasesThePhasell of the curve was a transitional period from

NZIPZ «SE v pe C O}A ¢SE +¢ 3} "0}A «SE ]Jv - C zZ]P

The vascularisatiomf skin is a complicated subject and research had shown its
vascular structure of the cutaneous layers. Tha&lermis is an avascular layer and two
main arterioles plexuses are located at the epiderdesmis junction and the deep
layers of the dermis layers. The dimension of blood vessels in human body is within a
wide range of diameters from 2.5 centimetre @ny) to 4 micrometre (capillaries). It

was found that the cutaneous blood vessels were relatively small wiinge from 4

to 26 micrometre and the translational size of arterioles to capillaries is 15 micrometre.

The importance of maintaining an intaskin was demonstrated. Loss of skin integrity
could lead to the occurrences of friction blister commonly founthenfield of athletic

and military and pressure ulcers on the hospitalised immobilised patients. The
cutaneous injuries or loss of skinegtity are regarded as minor and unimportant by
the public. Research had shown that these injuries not only just lower the life quality

of patients but also become financial burdens to the governments across the globe. In
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some of the serious cases, losskin integrity could become fatal incidents.

An increasing prevalence and trend of financial expenditure of the pressure ulcers is
definitely a globalissue Only a few research in recent years had been conducted on
the medical devices relatedsuperfical pressure ulcers which are often
misapprehended as relatively minor or not as serious as deep tissue injury. Hence, it
is the aim of this project to develop an effea tool to demonstrate the effect of
mechanical loathg onthe formation of superficialpressure ulcer. This tool can be
utilised by the medical device developers to evaluidte effect of their products on

the cutaneous layers in relatyto the formation ofpressure ulces:.
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Chapter 3  Pressure Ulceration

3.1. Introduction

Pressure ulcationisa commoncause ofoss of integrityof skin across the globe. The
chapter focuses on an illustration of the severity of pressure ulcers, the implications of
the occurrences of pressure ulcens suffering patientandhealthcare providers. The

risk factos associated with the formation mechanism of pressure ulcamrs
highlighted and the preventive methodse discussed. The two important aetiologies

}( % @E eep@E po Ee "]e Z u] _ varedigéussed] A detdiETke
aetiologies and existingpmputational models in relatgto the formation of pressure
ulcersare broadly overviewed which arthe key elements in the existing research

project.

3.2. Background of the Pressure Ulcers

The terminologies for describing pressure ulcers \&oier the certuries with the

investigation on the aetiologies of the pressure ulcers. It was originally named as

N ]S v e (E] . S]eepn C t}Zoo v ]Jv i666X
recognition of such failure of skinenturies ago, the aetiology research did 1stert

until 1942 by Grot{EPUAP, 2014The terminology of pressure ulcers evolfeam

Aop ]8pe A S ]S po E_ v A]e Z u]l po Ee_ AlJS3Z 3Z %G
aetiologies research over the yeafidosiak, 1959; Reichel, 1958} conference in

relating to the aetiologies of the pressure ulcers was held in Glasgow in 1975 with a

%l 0] 3]}v v ou e A e}E Jlu Zv]e_ AZ] Z wedrs] 3§ 3Z %o
with beds despite the understanding by that time that pressure ulcers could occur

AZ v «I]v A« Jv }vs 8§ Al3Z VvC I]v }( *HU%o%}ES suE( X
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terminology} ( "W@E eepE& ~*}E _ A « thed980s @ minimidesthe bed

E 035 % E %S]}vX "WE **upyE& ho E_ 5§ ES 8§} e (CE
dZ 8§ Eu "WE **pE& ho E&_Z]PZo]PZS <}u % E c*puE&E po &E
of skin are ot intact and the cavities of wounds are exposie to the definition of

pHo E ~ & | ]Jv Vv %]SZ o] o cpE( | & | Jv §Z «l]v AS
(Concise_Meidcal_Dictionary, 201%jowever, some of the pressure ulcers are not

necessarily with visibly opened wound cavities. These pressure ulcerstaeeform

}( Jvd Ev o JVIHE] » A]SEZ Jvd 3 ep% E(] 1] 0 0 C E+ }( *I]v Az
d]eepy /VIipEC _ ~ d/<(BRURPERO0:4AEhe t€rminologiescludedin this

section are still commonly used by the public, clinicians and patients. Although a new

§ Gu]Jv}io}lPC }( "WE e¢*pE& /VIHEC ] E vVvSoC }%S ]v <}u
including South ¢S ] U H*SE 0] v EA e« ovUZS3Z 8§ Eu]v}o}PC
pHo & _]e *S]oo u}E& }uu}lvoC upe ]v (EBUYAR, 2044p&eESZ u E]
of the clinicians also expressed theoncerns regarding the new terminology i.e.

A"WE ¢*uE /VILEC X WE e*pE&E JVIHEC Jv O * SZ JVIipE] « }
high-pressure impact whit is fundamentally caused with different aetiologies. The

§ Eu]v}o}PC }( "% E e*uyE po E_ A« E }uu v §} pe C g
Service (NHS) of the United Kingdom because this terminology is consistent with the
European Pressure Ulcer Advisory Parie ~ Wh We (Jv]8]}ve v §Z }uu}lv p
across the UKNHS Improvement, 2018) , v U §Z S Eu]v}o}PC E "WE *uC

is adopted in tis thesis.

3.3. Categories of Pressure Ulcers
The most commonpressure ulcergrading systemare those developed by the
European Pressure Ulcer Advisory Panel (EPUAP) and National Pressure Ulcer Advisory

Panel (NPUAREPUAP&NPUAP, 2000)dZ & GEu]v}o}P] « }( "*8 P _ v ~ 3§
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in the grading of pressure ulcefsave been usednterchangealy in numerous

research paperEPUAP andNPUAP describe the category of pressure ulceration as

3.3.1. Category I: n onblanchable erythema

Category | pressure ulcer is the mildest and the layers of skin are still astattown

in|Figure3.1| The skincan appeardiscoloured andnay be warmer, cooler, firmer,

softer comparing to the adjacent skin surfacPain can be result from the pressure
ulcers for the patientsThe appearance of the Category | pressure ukeed colour

in Caucasians but purple or blue for people with darker skin tones

Figure3.1 Category pressure lcer (EPUAP, 2014)

Left: Schematic diagram of only discolouration of skin
Right: Red mark on patient with Category | pressure ulcer

3.3.2. Category ll: partial thickness skin|  oss

Category Il pressure @cis in a form of open wound. Superficial layers and deeper

layer of dermis could be damaged shown iffFigure3.2] The wound of the pressure

ulcer looks similar ta slough or a blister but not bruising. The occurrence of bruising

is an indicator of possible deep tissue injury.
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Figure3.2 Category Il pessureulcer (EPUAP, 2014)

Left: Schematic diagram of ordpen wound
Right:Open woundon patient with Categoryl pressure ulcer

3.3.3. Category lll: full t hickness skin loss

Category lll pressure ulcer is a damage of full thickness of skin. The subcutaneous fat
may also be visible without the exposure of tendon, muscle and bone. The depth of
the pressure ulcer fallen in this category varies on different anatomical locatibes. T
depths of the pressure ulcers occurring at the nose and ear are shallower than those

at other anatomical locations with more adiposity. The appearance of this Category lll

pressure ulcer looks like a caviéyg shown ifFigure3.3

Figure3.3 Category llpressure lcer (EPUAP, 2014)
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Left: Schematic diagram of only open wound affecting hypodermis layer
Right: Open wound with the exposure of hypodermis

3.3.4. Category IV: full thicknesst issue loss

. e (E] C sz S PYEC S]S50 "&uo0o SZ] Iv s d]eepy >}ee U

skin but also other supporting tissues including muscles, tendons and bones are

affected by the Category IV pressure ulcas shown ifFigure3.4| For instance, the

bone as a supporting structure may also be exposed. The depth of the Category IV
pressure ulcer also depends on the anatomical locaiiorwhich deeper wound
cavities forthe pressure ulcers located at the higher adiposity locatibmglermining

and tunnellingare likely to occur for Category IV pressure ulcer. Patients with Category

IV pressure ulaeare susceptible for fatal iattion.

Figure3.4 Category I\pressureulcer (EPUAP, 2014)

Left: Schematic diagram of woumdfecting all tissues
Right: Open wound on patient with Category IV pressure witthrthe exposure of
bone

3.3.5. Unstageable
Unstageable is an extra category which is not within the four classic categories of the

pressure ulcers. However, due to the high prevalence of the unstageable pressure
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ulcers, it is currently adopted as one of the categories for the pressure ulcer grading
system. The severity of the pressure ulcer is usually categorised by the depth of the
wound and the types of the affected tissues. A pressure ulcer falls to a higher level of
category when the wound is deeper and/ or deeper layers of tissue are affected.
However, some wound cavities of the pressure ulcers are covered by slough or eschar
whose appearance could be in different colours in yellow, grey, green or brown. The

slough obscures the actual depth of wound and the determination of the types of the

affected tissuess shown iEigure&S Hence, this kind of pressure ulcer is categorised

Al8Z "hves P o _X

Figure3.5 Unstageablgressure icer (EPUAP, 2014)

Left: Schematic diagram of unstageable pressure ulcer
Right: Wound on patient with undetermined depth

3.3.6. Deep tissue injury

Deep tissue injury (DTI) is a specific type of pressure ulcers in which the superficial
layers of skin is intact but the deeper layers of tissue is damaged. The DTI pressure
ulcer may be difficulto be recognised for the people with dark skin tones. The skin
may be intact with an appearance of discoloured, purple, maroon colour, or blood

filled blister because of the damage contributed by pressure or shiedeeper layers
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as shown ifFigure3.6| The deep tissue injury may ocairthe tissue that is painful,

firm, mushy, boggy, warmer or cooler as compared with surrounding skin surfaces. A
DTI pressure ulcer ot quickly turn into a Category Il or IV pressure ulcer when the

superficial layers of skin are broken and the deeper layers are exposed.

Figure3.6 Deeptissueinjury (EPUAP, 2014)

Left: Schematic diagram of deep tissue injury
Right: Discoloured skin indicating deep tissue injury on patient

3.4. Prevalence of Pr essure Ulcers

According to the statistics from NHS Safety Thermometer, the pressure ulcer
prevalence ratdor allcategories was approximately 4.36% across all setimagding
actual hospital ward, community hospital ward, mental health community, nursing
home and residential care honfeom July 2017 to July 2018 in the United Kingdom
(Safety_Thrmometer, 2018) The prevalence rate of hosp#atquired pressure ulcer

in the United States of America between 2006 and 2007 was @.ydeér et al., 2012)
According to the Agency for Healthcare Research and Quélihe U.S. department

of Health & Human Services that pressure ulcers affected 2.5 million patients every
year(Agency_for_Healthcare_Research_and_Quality, 201 Local Health Districts

and Speciality Health Networks conducted a study in Australia in 2016 that 5.3% of the
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inpatients among 10,255 patients involved in the survey were found to have pressure
ulcers (Clinical_Excellence_Commission, 201%6)gudy conducted by Woodbury
found that the prevalence rate of pressure ulcers in all healthcarenggtin Canada

was as high as 25.2% to 26.8% between the year of 1990 and(R2a8ibury &
Houghton, 2004)Over 2.26 and 9.6% of the prevalence rate of pressure ulcers in
Japan was found in general acute hospitals in 2006 bgnsau@nd indngterm care

hospital in 2013 by Igarashi et.al. respectivgdarashi et al., 2012; Sugama, 2008)

3.5. Financial Implications of Pressure Ulcers
Despite the efforts on understanding the formation of pressure ulcers and
development of the risk assessment tools for pressure ulcer formations and preventive
measures recommendens over the years, the prevalence of pressure ulcers is still
high among various groups of patients and causes a financial burden to the
governments across the globe. Pressure ulcer is deemed to be one of the most
expensive type of wound to be treatdGraves & Zheng, 2014)he increasing trend
of the financial resources spent relating to the pressure ulcers was significant over the
years. Financial spending on pressure ulcer related issues was a very good indicator for
the severity of the pessure ulcers. The public always underestimates the impact to
both of the healthcare providers and the patients with the formations of the pressure
ulcers. The statistical figures in this section highlight three main points:

X Pressure ulcer is a globe cleale;

X The influencing magnitude of the pressure ulcers to patients and health

care providers; and

X An increasing financial input for treating pressure ulcers.

Anumber of pressure ulcer advisory panels were setup to address theassiugome
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countries areassociated with thenfpr instance, the United Kingdom, the United State

of America and Japane. European Pressure Ulcer Advisory Panel (ERUB&ppe,

National Pressure Ulcer Advisory Panel (NPUA®R)e United State of America and

Pan Pacific Pssure Injury Alliance (PPPiIA)he SouthEast Asia. These three advisory

panels jointly developed and issued clinical guidelii¢€<E Jves v U §Z ~WE A v§])
v dE& Su vsS }( WE s*pE& ho E-W mwhichtheWadkgréund, 'n] o]v _

prevertion, interventions, treatmentnd statistical data were includ¢&PUAP, 2014)

Despite all the effortspressure ulcers are still posing a huge financial burden to the

governments across the globe. GBP3.8 million was spent daily by the National Health

Service in relatigto pressure ulcers in the United Kingdom((IKHS, 2016kgnd total

annual cost was GBP1.4 to 2.1 billion which was approximat&¥y df the total NHS

expendituresn 2000(Bennett, Dealey, & Posnett, 2008 ressure ulcers cost USD9.1

to 11.6  billion annually in the United State of America

(Agency_for_Healthcare Research_and_Quality, 20The esmated annual cost

across all states in the Australia was AUD983 million which was 1.9% of all public

hospital expenditure and 0.6% of the public recurrent health expendi{Nguyen,

Chaboyer, & Whitty, 2015)These significant expenditures indiedtthat pressure

ulcer is definitely a global issue which requires more efforts to prevent it from

occurrence.An increasing trend of the cost associated with pressure ulcers was

noticed from the statistics over the years. The treatment cost of each presdoer

was increased from GBP1,064 to 10,551 to GBP1,214 to 14,108 from year of 2004 to

2012 Bennett et al., 2004; @ealey, Posnett, & Walker, 2012) was estimated that

the treatment of pressure ulcers cost the NHS GBP60 million annually in 1973 while

the cost associated ith pressure ulcerss GBP3.85 million every day in recent years

which B approximately GBP1.41 billiannually(NHS, 2016b; Torranc&983)

59



The costs fotreating pressure ulcersre not only limited to wound dressing but also
those intangible services forgotten or neglected by thajorities of the public which
include the visits by general practitioners, practice nurses, camity nurses,
specialist nurses andambulance services, diagnostic tests, devices and the
prescriptions for druggGuest et al., 2016)The prolonged hospital stay was also one

of the key expenditures associatedth the pressure ulcers. Studies showed that the
average hospital stays were prolonged by 4 days approximately due to the formations
of the pressure ulcers(R. M. Allman, Goode, Burst, Bartolucci, & Thomas, 1999;
Graves, Birrell, & Whitby, 20Q5)he cost of the treatments depends on tta&tegory

of pressure ulcer. The expected cost associated with Category | to Category IV pressure
ulcer was GBP1,214 to 14,108 per pati€@t Dealey et al., 2012Jhe cost of the
nursing time associated with the treatments contributed to 90% to 96% of the total
costs for treating different categorised pressure ulcélMiCE, 2014)From the
perspectives of the management boards of the healthcare providers or clinicians in
practice, the incidences of pressure ulcers should be minimised beltzuseits were

also involved. It was shown in the website of the Agency for Healthcare Research
Quiality that more than 17,000 lawsuits were associated with pressure ulcers annually
in the United Statement of Americd@hat was the second most common claiftea
wrongful death (Agencyfor Healthcare Research_and_Quality, 2014he jury
awarded an 86/earold woman USD16.7 million in punitive damages and USD2.5
million in compensatory damages regarding the disregarded procedures for preventing
pressure ulcers in 2015. A jury awardd&D5.4 million to a man who developed a
Category IV pressure ulcer on his hip four days after the admission against the

defendant hospital in New Yoflenesio, 2016)
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3.6. Implications of Pressure Ulcers to Patients

The occurrences of pressure ulcers or other types of losskof integrity are
underestimated (Health_Sevice_Executive, 2017)The general public have the

% E %S]}ve }( "%ouSS|VP v P }v 8§z Alpuv v 18 A}puo Z

occurrences of pressure ulcers are not just only financial burdens to the governments

around the globe as discussedSectio @but also serious physical and psychological
impacts and limitations to the suffering patients. Needless to say, pressure ulcers can
also be fatal whe it turns into blood poisoning, bone and joint infection, necrotizing

fasciitis or gas gangrerespecially for the highly categorised pressure ulcers

3.6.1. Health-related quality of life

The Healthrelated quality of life (HRQoL) survey is one of the methods for quantifying

the implications on the patients suffering from pressure ulcers. This HRQoL survey

takes physical, mental, emotional and social functioning factors into account ingludi

"% ZCe] o (pv 8]}v]vP _U ~E}o o0]u]d 8]}ve ~%ZCe+] o+ X dA}

conducted by Franks and Essex in 2002 and 2009 respediegbyesentedin this

sectionto highlight the implications of pressure ulcers to patients as showrabie

3.1|(Essex, Clark, Sims, iviaer, & Cullum, 2009; Franks, Winterberg, & Moffatt, 2002)

The attributes listed iF able3.1|were significantly affected with the presences of the

pressure ulcergTable3.1|presented the difference in the values given by the patients

with and without pressure ulcers (values given by patients without PU minus values

PIJAV C % 3] v3e A]SZ WheXPWAC](}pv(pd} 313y }( 3Z wu}es
outstanding attributes among the many. The score for patients suffering from pressure

ulcer was lower than those without pressure ulcer. This indicated that the physical
movement of patients was limited because of thegence of the pressure ulcers. The

~Z}o >]ul8 8]}ve ~WZCe] o0 A . u *dE u vs }( o]Ju]s S]1}v }(
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physical problems as shown in both of the studies. Some of the attriby
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life of patients were lowered by the presences of pressure ulcers.

Table3.1 Data of lealth-related quality oflife surveys

*Spu] U (JE&

v E o Z

showed that the general healttelated quality of

Attributes

Study conducted by

Franks et. al. (2002)

Study conducted by

Essex et. al. (2009)

Physical Functioning 37.6 23.52
Social Functioning 33.9 0.79
Role Limitations (Physical) 11.8 21.5
Mental Health 0.7 2.94
Vitality 3.0 11.48
General Health Perception 3.8 10.4

3.6.2.

Patients fperspectives of pressure u Icers

Aside fromthe evaluation of the implications of pressure ulcers to the patients by the

guantitative research shown igection

3.6.1

qualitative research also played an

important part which could reflect the feelings of patients and their perspectives on

the occurrences of pressure ulcetaterviews to investigate the quality of life of the

thirty patients with different severities of pressure ulcers from Category | to Category

IV in a study were conducted by Gorecki et. al. in the United KingGamecki, Nixon,

Madill, Firth, & Brown, 2011)he participants of the study were aged between 22 to

94 years old and mixed genders which aimed to represent a wider range of populations.
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The participants exssed the feeling of restricted and incapabilityparticipating in
the social and leisure activities. The participants with the prolonged hospitalisation for
the treatment of pressure ulcers also caused the isolation perceptions, claustrophobic,
disconrected and lacking mental stimulation. One of the interviesef the study had

the following comment.

N Z Av[§e v VC}CU/ Z A v[$ v }us }( 8Z2] &}}u ~]v Z}«

Z}A u vC u}v8Z+YXX uC € ]Jv ]* E o00C iawEim@inoR Jv Z E v}$§

dZ +3u C o0°} ]*}A E 8Z 8§ % E3] ]|%ofBe hospikal @& %o E %oS
risen because of the formation of pressure ulcers. Participants had negative feelings
on hospitals where the pressure ulcers on patients originally developed and
deteriorated. The participants had the perceptions that the hospital care would
primarily foas on the acute conditions while and the pressure ulcers as a secondary
condition were inadequately addressed. Some participants even believed that they
would have better and more individualised care at home while only severe pressure
ulcers should be traad in hospital setting as the community clinicians were lack of
resources to manage complex wounds.

In terms of treatments by clinicians, the participants of the study worried about the
inconsistency of the treatment techniques among hospitals and ina@idurses. In

some occasions, nurses just placed a wound dressing on a pressure ulcer that deemed
to be a completed treatment because of the heavy workload in clinical practice. The
daily routines of the participants were disrupted because of the treatirfen the
pressure ulcers. Another interviewef the study conducted by Gorecki et. al. also
commented:

A ]oC E ee]VP Je ] EU%S]A U Clpv A E IVIA AZ v 82 C ~ }
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Discomfort feeling on support surface was another issue for the patients, for instance,

the uncomfortable pressure relieving mattresses and cushions. The participants of the

study described those pressur€E o] AJvP «<p]% ulu$}lE3 v U ~§}} Z}§ U
Av}]eC _"A] E 8§ X D}*3 Ju%}ES vVE0CU % v A « Juulv o ve §]
suffering from pressure ulcers. Interviewers of the study expressed the view that the

pain was usually unrecognised or ignored by the clinicians and analgesia was

ineffective for pain release in some situations.

3.6.3. Mortality a ssociated with pressure ulcers

Pressure ulcer is not just a skin breakdown and its implications are not limited to pain/
sores or capability in socialising but also fatal. A study conducted by Baug et.
showed that the mortality rate of the #patients with a pressure ulcer w&s8 times
higherthan in-patients without a pressure ulcgBauer, Rock, Nazzal, Jones, & Qu,
2016) A nortality rate of fivefold increase in the elderly patients with pressure ulcers
wasdemonstratedby Grey et. al(Grey, Harding, & Enoch, 200Redelings also found
that 114,380 persons equivalent to 3.79 per 100,000 population were reported dead
with the cause of pressure ulcers in the United States of America betweeyear of

1990 and 2001Redelings, Lee, & Sorvilkf)05)

3.7. Risk Factors of the Formation of Pressure Ulcers

Risk factors for the formatiof pressure ulcersan becategorisedasintrinsic andor

extrinsic(Carol Deay, 1997; Ousey, 200figure3.7|presents examples antrinsic

and extrinsic factorghat may contribute tgpressure ulceformation. The arrow after

each of the risk factor indicasethe nature of the factarupward and devnward
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pointing arrows represent an increase and decrease of the likelihood of the formation
of pressure ulcers. For instance, the higher mobility of the patients, therigs®of

pressure ulcer development

Figure3.7 Risk &ctors of theformation of pressureulcers

3.7.1. Extrinsic factors of pressure u Icer

Pressure

EAESE]ve] ( S}E- ]Jv op %o E eeuE& U (E] SJ}v v «Z EX WCE

}A & v "|ERuation3.1| demonstratesthe magnitude of pressurea higher

magnitude of pressure would be causetien the applied force is increased and/or

the loaded area is decreased.

(KN7?A Equation3.1 Equation ofpressure

2NAO £AY

In fact, skin is an organ which can healthily withstarrélatively high magnitude of
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pressure. Ahmed Gabr set a new world record on scuba diving at 332.38& uneler

the sea level in 201@45uinness_World_record, 2018)he equivalent applied pressure
on the diver was 3440.86kPa. Howeverrelatngto pressure ulcedevelopment as

little as 5.99 kPahas been identifiedDinsdale, 1974)The loading direction is the
critical factor of the capabilitin withstanding the pressure by skilm the case of scuba
diving, the hydrostatic pressure coming from all directions equally imgboseskin but

the applied pressure for causing a pressure ulcer is localised and created localised
stress to the tissue. Therefora relatively low magnitude of pressure could result in
forming a pressure ulcer. An applied pressure on skin with the madgitigher than

the capillary pressure slows the blood flow down resulting in insufficient supply of
oxygen and nutrients as well as deficient removal of the metabolic w@stdoor,

1999; Ousey, 2005)

Friction

Friction asanother common mechanical load found at the interface between patients
and support surfaces is also an extrinsic factor for the formation of pressure ulcers.
The most significant study regarding pressure ulcer formation and the application of
friction wasconducted by Dinsdali@ 1974 Friction and pressure were applied the
posterior superior iliac spines of female pigs while only pressure was applied on the
other side. Repeated pressure and friction were applied to one side of the pigs in every
15 minues for 1.5 hour every day for the first week and pressure alone was applied
on the opposite side for the following week. Inglsitudy, it was proved thaipplication

of friction reduced the magnitude of applied pressure required for the development
of pressure ulcers. Only 45mmHg of pressure waicientto form a pressure ulcer

with the application of friction while 290mmHg of pressure was required to form a

pressure ulcer without the presence of frictigBinsdale, 1974)Equation3.2|is the
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coefficient of friction for two surfaces in contact and perpendicular force taaimg
the surfaces to be in contact respectively. For the prevention of pressure ulcers,
clinicians attempt to minimise the magnitude of friction as it reduced the pressure

required for the formation of pressure ulcers.

(NE?PIEXQ Equation3.2 Equation of fiction

Shear

Shearing force was recognised as the third extrinsic factor for the formation of
pressure ulcers. The definition of shearing foafeen leads to cliniciam confusiors

due to the difficulties indifferentiating with friction. According to the dictionary of

u Zv] o vP]v &]vRlibrmzf defojmation of a fluid or solid in which
adjacent planes in a material are displaced in opposite directions
(Dictionary_of Mechanical_Engineering, 2Q18) clinical setting, shear occurred
when friction resisted the motion of the superficial layers of skin of patients from
sliding down caused by the gravity while the deeper tissues under the skin would slide

down. The distortion of the tissue resulted excessive stress at the deep tissue and

cells started to be damaged which is discussed in detaBeictior]3.8.3 A study

conducted by Manorama demonstratelat the presence of shear reduced the blood
perfusion in addition to theeduction initiallycaused by the normal load (pressure)
(Manorama, Baek, Vorro, Sikorskii, & Bush, 20IBis study conducted by Manonza
indicatedthat shearing force played an important role in the formation of pressure

ulcers.
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3.7.2. Intrinsic factors of pressure u Icer

There are a range of intrinsic factors associated with the development of pressure

ulcers.Significant factorare included in this section and presentegFigure3.7

Immobility

Impaired nobility has been highlighted ame ofthe risk factosthat can increase the

risk of pressure ulcer developmer{David, 1983; Carol Dealey, 9. The reduction

on the mobility of a patient or a completely immobilised patient is un&bleposition

the body The reposition to relive the pressure at the body is a curial preventive
method for the formation of pressure ulcers. It is unrealistic and unfeasible to rely on

§Z o]Jv] ] ve (}@& & %o}*]S]}Vv]vP % 8] vS8e[ } ]+ n S8} 8Z
therefore the immobilised patients are at higher risk of forming pressure ulcers.

Study condcted by Versluysen indicatethat 66% of pressure ulcer incidences
included in that studyvere found in patients who suffered a fractured neck of femur

in other words reduction on the mobilifversluysen, 1986)

Sensory Loss

The sensory ability of a patient is the awareness of the needs of repositioning and
reliving the pressure due to the uncomforted feeling or even pain at localised area of
the body. Typical loss of sensation abilitglides patients with spinal cord injury,
neurological disease or loss of consciousness. In some occasions, the loss of sensory
ability was deemed to a morerucial &ctors than immobilitGebhardt, 1995)The
immobilised patients could request repositioning or pressure relived interventions
even if they were incapable of reposition themselves. However, the patients with loss

of sensory ability could not recognise the needs of repositioning, thus, it was deemed

to be more crucial factor than immobility.
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Ageing

The properties of skin change with ageing. The skin is stiffer, less elastic, thinner, less

tense and less flexiblas discussed iBection2.5.4 These changes in skin properties

increase the risk of forming pressure ulcers for the aged patients. Statistics from
studies showed that the population of having pressure ulcers were mostly in elderly
patients, for instance, 85% of patients with pressuteers were over 65 years of old

in a study conducted by David et. al., and 46.4% to 62.9% of patients were over 65
years old in two prevalence surveys conducted by Dealey in a teaching h{iSpital,

1983; Carol Dealey, 1994) showed that aged population was more susceptible to

the formation of pressure ulcers than other age groups.

Nutrition Level

Research showed that the adequate level of riign is vital to both the prevention
and healing of pressure ulcers. The study conducted by Pinchdoésky
demonstrated that all the 17 severely malnourished patients were all suffering
pressure ulcers while the other 215 patients were not affecteduttiog those with
moderate malnutrition(Pinchcofskypevin & Kaminski, 198@erlowitzindicatedthat
impaired nutritional intake was significantly related to the patients with the presence
of pressure ulcers and the development of new pressure ul@eslowitz & Wilking,

1989)

Blood Pressure
Blood pressure which sne of thekey indicatos of health status of human beings.
Low blood pressuralso plays a role in the formation of pressure ulcers. Systolic blood

pressure drives the blood to floanda reduction in systolic blood essure, the flow
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of the blood decreases. Schubeliscoveredthat the systolic blood pressure of the
patients with pressure ulcers were significantly lower than those in the control group

(Schubert, 1991)This phenomenon was related to the reactive hyperaemia respon

which is discussed in Sectjdr8.2

3.8. Formation Mechanisms of Pressure Ulcers

In order to prevent of pressure ulcdormation, it is essential to understand the
causativeamechanisms of pressure ulcers. Two primarily distinctive mechanisms for the
(JEU 3]}V }( % E eep®Ee+ Fiou]Es VENYE e¢]X ASE P SZ -
mechanisms lead to the occurrences of pressure ulderslifferent categories
Superfical pressure ulcer are usually resulting sthemiawhile excessive stress

usually causes Category Il or IV /andleep tissue injury of pressure ulcers.

3.8.1. Duration and magnitude of | oad

There are two key parameters that are responsible for determining the formation
mechanism of a pressure ulcer which are the duration and magnitude of the applied
loads. The initial research of the relationship between the duration and magnitude of
load daed back to 1961 when Kosiak applied the localised pressure on albino rats. The
main finding of the experiment was that a critical time interval was identified in which
pathologic change occurrgkosiak, 1961 However, the graphic representation of the
critical time interval or labelled as the threshold of acceptable magiei$ of load was
unavailable until 1976 when Reswick conducted over 980 observations on the damage

on the superficial layers of skin on humans as sho@'g’ure&S (Reswick & Rogers,

1976) It showed that the acceptable magnitude of pressure was ddpgnon the

duration of the application of load on humans.
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Figure3.8 Acceptablemagnitude ofpressure vsluration ofload gplication

(Reswick & Rogers, 1976)

The curve presented jRigure3.8|indicated that an infinite magnitude of force was

required to form a pressure ulcer in a very short period of time while an extensive
amount of time was required to form a pressure ulcer with extremely low or no
pressure. LindeGanzdevelopeda more realistic gproach that there was a threshold

of pressure required to form a pressure ulcer at very short and very long duration of

load application as showed|Figure3.9| Thefilled and hollow data points |Figure

3.9represented the required time of cell death and no damage respectively in studies

including the study by Kosiak in 1961. The region above solid line represented death
of cells while the region below the dotted line was no damage to the cells. The area in

between the lines was deemed to be uncertain. It vessential tonote that the

individual tolerance to the mechanical load was different, thereféigure3.9|shout

be deemed to be a reference rather than for quantitative evaluation.
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Figure3.9 Revised pessuretime cell death treshold
The shapes of the data points represent different participants of the study

(LinderGanz, Engelberg, Scheinowitz, & Gefen, 2006)

Although the definite acceptable magnitude of pressure for individuals was not

demonstrated byFigure 3.9| It was clear that there were two thresholds in the

UPVISH }( 8Z % %0] % @& *+uE X dZ (]E+§ §ZE +Z}o }E o

which appeared at the beginning of load applicat{and circled in re@n the left)up

to about 60 minutes iEigureS.g Formation of pressure ulcer in such period started

when the magnitude of the applied load was higher than the first threshold in a

relatively short period} ( SJu X dZ « }v SZE «Z}o }E& o 00 « "0}A ¢
was the magnitude of pressure required for a formation of pressure ulcer in a relatively

long period of time which was indicated from about 120 minutes onw@rts circled

in redon the right)in|Figure3.9| It was a transitional period in between 60 minutes up

to 120 minutes in which the threshold value changed significantly with duration.
Similar transibnal periods were found ianother study(Gefen, van Nierop, Bader, &

Oomens, 2008)
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From the scientifi@aspect of a single cell leveltime study conducted by Gefen et. al.,

the cell behaviour or response to the applied load was similar to the trend presented

in|Figure3.9| The responses of the cells depended on the magnitudes of loads which

were classified as low loads, high loads and intermediate loads. Cell survived and
sometimes could have sai¢pair under the applidzon of low loads. High loads on the
other hand caused the cells failure catastrophically by deforming the cells and
disrupting the structural integrity of the cells. Intermediate loads similar to the second

threshold (lower threshold) |rl¥igure3.9for a prolonged period of application could

lead to cell death graduallGefen & Weihs, 2016)

For the formation mechanism of pressure ulcer, ischehg@pensat the lower

threshold of the curve shown |iRigure3.9] Any magnitude of applied pressure higher

than the secondhreshold (lower threshold) isufficient to cause a pressure ulcer with
the aetiology of ischemia while magnitude of applied pressure is required to be higher
than thefirst threshold (higher threshold) for causing pressure ulcer with the aetiology

of excessive stress.

3.8.2. Ischemia

/+ Z u] aheinddequate flow of blood to a part of the body, caused by constriction
or blockage of the blood vessels supplying@oncise_Medical_Dictionary, 201%)

the formation of pressure ulcers, ischemia happens when prolonged pressure loading
is applied on skin resulting in occlusion of the cutaneous blood vessels. Consequently,
the blood flow in the occluded cutaneous blood vessels is restricted and the
transportation of the oxygeand nutrient supply and removal of the metabolic wastes
are impaired. The lack of nutrient and oxygen and accumulation of metabolic wastes

leading to a change in pH value resuitin cells damagéEPUAP, 2014The duration
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for the formation of pressure ulcers caused by ischemia usually requires a prolonged

period of time of the loading applications which associated with the second threshold

(lower threshold) ifFigure3.9land the intermediate loadapplied in the single cells by

Gefen et. alin the responses of single cells presented in Se&i8ril

dZ %Z viu viv }( ] Z u] ]- o | }( 0}} ep%%oC AZ] Z o

(11v C }( }AECP v ]v(Ditignasy sof uBiology, 2016After the relief of

% %0 0] %o E sep@E& AZ] Z pe ]+ Zu]l] VvV ZC%}AE] U §Z
%o E * V W A& e+ 0}} Jv 8Z A ee 0 eu%%o0C]VvP
(Concise_Meidcal_Dictionary, 201d)curs(Rendell & Wells, 1998The reaction of
hyperaemia is to supply more oxygen and nutrient, and remove the accumulated
metabolic wastes from the location used to be hypoxiae Hatients with lower
systolic blood pressure had less hyperaemia effect which, consequently, leads to

higher risk of pressure ulcer formations.

>V Je[e *Spu C P v E o0C %S SZ § SZ %]oo EC o0}}

32 mmHg from venous to arteriolg.andis, 1930X dZ > v Je[* A% E]Ju v A e

direct contact with the cutaneous capillary ladfpy removing the dried epidermis.
However, Bridel argued that the concept of setting 32 mmHg of applied pressure as a
threshold was inappropriate due to the fact that the response of the cutaneous
capillary network (deformation or degree of collapse) watermined by the collagen
content of the dermigBridel, 1993)From a mechanical engineering perspective, this
argument by Bridel was logical and realistiecause the cutaneous capillary is
embedded in the cutaneous layers. The magnitude of deformation in the response of
the capillary would be significantly affected by the mechanical property i.e. stiffness

of the primary material, skin. Ischemia had beawestigated since very early years,
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however, more research efforts focused on the aetiology of excesdressas it

caused severe Category Il and IV pressure ulcers in recent years.

3.8.3. Excessive stress
In contrast, pressure ulcers caused by excessthess vere investigated more heavily
with a presence of the advancementtiechnology. The pressure ulcers formed with

this aetiology usually associated with a higher magnitude of applied pressure which

exceeded the first threshold (higher threshold) prated qualitatively ifFigure3.9(or

the high load associated to the single cells experiment conducted by Gefen et. al.

presentedin Section3.8.1 The higher magnitude of applied pressure on skin could

result in a development of pressure ulcer in a relatively short period of timessure
ulcerscaused by excessive stregxu at the deeper layers of tissues, i.e. musistne
interface. Within this aetiology, interface pressure between a patient and a support
surface is not a good indicator of the likelihood of the formation of pressure dlber.
interface pressure could remain approximately the same while the internal tissue is
experiencing 1.50ld or higher stress and distortiofElsner & Gefen, 2008Wluscle

was stressed the most among all the soft tissuethibyhigh magnitude of applied load

by the weightof the patient which was located immediately below the ischial
tuberosity (Makhsous et al., 2007)This explained the pressure ulcers caused by
magnitude of applied loads exceeding the first threshold (higher threshold) were
commonly fallen in Category Il or IV.

The pressure ulcercaused by excessive stresse resulting from the application of
shear, frictionand/or pressure ashte application of pressure not just only causes
compression to the cutaneous layers, deeper tissue i.e. muscle and fat, but also causes

uneven distortionand stressasdemonstrated i+ﬁgure 3.10{(Wounds_ International,

2010) The surface pressure was evenly disturbed however, different types of stress
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imposed on the deeper tissue due to the geometry of bone.
This excessivdress caused pressure ulcappearsin deep tissue in a relatively short
period of time. This injury initially is recognised as deep tissue injury and it turns into

a Category Il or IV pressure ulcer when the superficial layers of the skin are broken.

Hgure3.10 Uneven dstortion oftissue aused byevenloading(Menon et al.,

2012)

3.9. Medical Device Related Pressure Ulcers

Aside from the pressure ulcers commonly caused by the body weight of patients,
medical device related pressure ulcers tire result ofthe direction contactdetween

u ] o A] + Vv % S&]The&ffect bfwedical devices causing pressure
ulcers become more significaaspecially the ischemia and excessive stress are more
aware by the clinicians in recent yeass study conducted by Black foundathover
one-third of the patients who suffered hospitacquired pressure ulcers were medical
device related (39 out of the total number of 113 incidents). The patients who were

with medical devices wertound to be2.4 times more likely to develop a psese
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ulcer than those who were without medical devices. This highlightedetfffects of
medical devices othe formation of pressure ulcers. The pressure ulcers related to the
medical devices were mostly found to be in Category | and Il while only a small

percentage was in Category Ill and none in Categoly.IWl. Black et al., 20185

shown inFigure3.11] The remaining 24% was contributed by Unstageable. From the

Categories of the majority of the medical device related pressure ulcers, it is
reasonable to assume that the mediaevice related pressure ulcers were caused by
ischemia rather than excessive stress. The superficial layers of skin were found to be
damaged the most. In contrast, deeper tissue for instance muscle was damaged

resultingin Category IV pressure ulcavas 0%and only 6% of deep tissue injury.

Figure3.11 Distribution of thecategory ofmedicaldevice related pressureleers

(J. M. Black et al., 2010)

Any type of medical devices could cause medical device related pressure ulcers
regardless of the materials, shape and fuactlities. Hence, a wide range of medical

devices was reported to associate with pressure ulcer formations including
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endotracheal or nasotracheal tubes, nasal cannulas, cervical collars, stockings or
compression devices, immobilisers, splints, bracespsviand draingJ. Black et al.,
2015) The shapes of the medical device related pressure ulcers were often found to
be in the patterns or shapes of the causing devices. In some occasions, the medical
devices with improper fixation method could increase the possibility of pressure ulcer

formation by acting like a tourniqugtl. M. Black et al., 2010)

3.10. Common Anatomical Locations for Pressure Ulcers
A dggnificant difference was found on the common anatomical locations of the

pressure ulcers between those related and unrelated to medical devices.

3.10.1. Anatomical | ocations of general pressure u Icers

For the pressure ulcers which are unrelated to medicalab=svare often caused by the

weight of the patients themselvagigure3.12|and Figure3.13|showed the potential

supporting anatomical locations of patientssimpineand sitting positions respectively.
The weight of the patients is mainly supported by the area in black. Some of the
anatomical locations are bony prominences which increase the risk of the formation

of pressure ulcers including sacrum, heels and elbows. These areas are more

susceptible to the formation of pressure ulcers because as demonstr{@}im&lo
that stress wasmposedat the deep tissue around the bone. In fact, any area of the
body can develop pressure ulcers under the situation conditions for the formation of
presaire ulcers. However, study conducted by Peterdestoveredthat some of the
anatomical regions were statistically more prevalence in pressure ulcers than others,
for instance, 96% of pressure ulcers were found below the level of umbilicus in which

67% araind the hip, 29% on the lower limifNl.C. Petersen & Bittmann, 1971)
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Figure3.12

Figure3.13

Potential amatomicl locations forsupporting in apine position

(Ousey, 2005)

Potentialanatomical dcations forsupporting in gting position

(Ousey, 2005)
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3.10.2. Anatomical locations of medical device related p ressure ulcers
However, it is a complete different situation when it comes to the medical device
related pressure ulcers. The common anatomical locations of occurrence of pressure
ulcers depend on theapplications and locations of the medical devices. The

anatomical locations are no longer limited to the common load bearing areas of the

human body for instancthe areagpresentedin|Figure3.12| Theanatomical locations

associated with medical device related pressure ulcers included lips, tongue, nose,
ears, chin, fingers, forehead, neck, ankles, arms, ribs depending on the type of medical

devices aplied (J. Black et al., 2015)

3.11. Prevention of Pressure Ulcers

Different policies, risk assessment tools and pressure relieving devices were developed
over the years to prevent the formation of pressure ulcers. Xakellis et al, deemed that
the prevention of the occurrences of pressure ulcer was more-efigttive than

treatment (Xakellis & Frantz, 1996)

3.11.1. Risk assessment tools

Risk assessment is the core of the preventive measures for pressure ulcers. It is a key
method utilised by the clinicians to identify the patients who are at risk of developing
pressure ulcers or eveavaluatethe likelihood of the formation of pressure ulcers.

However, it is rather a very complicated process that many factors have to be taken

into account including all the factors detailed in Seqgt®or Over the years, different

scoring systems were developed to calculate the risk and the first attempt dated back
to 1962 by Norton. The first scoring system developed by Norton targetedldeele

patientsand pver thedecades, other scoring systems for assessing patients at acute
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care, general medical ward, nursing home, orthopaedic and community were
A 0}% X dZ e o }E]JVP ¢C+3 ue }Ive] E % 5] v8e[ %ZC+] O
mobility, nutritional level, fluid cosumption, body mass index (BMI), age, gender,
medication, sensory perceptiofiBergstrom, Braden, Laguzza, & Holman, 1987;
Lowthian, 1987; Milward, Poole, & Skitt, 1993; Norton, 1962, 1975; Pritchard, 1986;

Waterlow, 1985)

3.11.2. Pressure reliving d evices

Different types of pressure reliving devices were available in the market, more
precisely, over 200 in the year of 200Busey, 2005&nd many more in the present
They were designed by commercial companies with different purposes and rationales
and tested for various postures to patients. Although the international daths of
pressure relivinglevies in terms of terminology, category or testing method from the
International Organization for Standardization (ISO) or British Standard Institution (BSI)
were unavailableOusey in 2005 distinguished the pressure reliving devices into three
groups irluding static, dynamic and turning. Static redistributing devices were
designed to allow larger contact area of the body resulting in lowering the magnitude
of interface pressure. Dynamic redistributing devices were designed to alternate the
load bearinganatomical locations of the body in contact with the support surfaces
usually by the means of inflating and deflating thie cells inside the devices. The
turning type of redistributing devices altered the centre of gravity of the patients and
repositioned the support system systematically which were usually found in specific

wards(Ousey, 2005)
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3.12. Computational Modelling of Skin in Relati  ng to Pressure
Ulcers

Different types of computational models were developed over the years to understand

the behaviour of skin under pressurer other mechanical loadsfor instance

computational model regardinfgiction blister(Xing et al., 200@nd folding behaviour

of skin(Lévéque & Audoly, 2013yhe computational models related to the formation

of pressure ulcers were elaborated in this section.

3.12.1. Aetiology and indicative c omputational model of p ressure ulcers

The needs of understanding theffect of external mechanical load othe internal

loading regime wademonstratedby Makhsous et.al. in 2007 and a thréienensional

finite element computational model was developed withe aid of Magnetic
Resonance Imagining (MRI) technology. The MRI images provided the structure of
buttock-thigh of a healthy male volunteer aged 24. The finite element model was
reconstructed by this acquired structure from the MRI. Two loading conditveere

captured by the MRWhich werewith and without sitting pressure. The volunteer was
supported by customu %0 % E Spue U }( %0 3] (}u Jv Az] z §Z
%o E sepE& S P _Z V} %o (E e e EhighPHoweer,Sptessynes was|

applied to the buttockS§Z]PZ C SZ epu%%}ES]VP %% & Spe S §Z
imaginingto acquire the deformation of the internal tissue of the volunteer. The finite

element model was developed to evaluate the internal pressure and stress distribution

in the anatomical location of the buttock and thigh. The model was validated by
comparing the deformation of the FE model and the MRI imagifiég results

acquired by the FE simulation of pressure applied on surfaces on the biliigtk

were showed irIEFigure3.14 The model on the left indicated the locations of the

highest magnitude of the internal pressure while the locations of highest magnitudes
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of stress werdndicatedin the right model. The highest magnitude of pressure and
stress were found at the fat and muscle layers at the location immediately beneath the

ischial tuberositfMakhsous et al., 2007)

Figure3.14 FE model onternalloading onditions anatomical location of
buttock thigh. Red circles indieathe peak stress location, i.e. mustiene

interface (Makhsous et al., 2007)

A similar computational model was developed by Gefen in 2010 to understand the
aetiology of the pressure ulcers locating at the heels. This computational model not
just only served to be a demonstratof the internal loading conditions but also to be

v ]v] S}E }( SZ &E]°l }( §Z (}EuU S]1}v }( %o@E& e*pE po
model was developed with the simplified structure of a heel. Despite the fact that the
heel consisted of many bones andhtions, the calcaneus of the heel was usually the
load bearing anatomical location. The geometry of the lower calcaneus which was in
contact with the support surface was simplified as a sphere slifiress obone was
much higher than the cutaneous layermhus, the calcaneus was assumed to be
completely rigid. Hence, the model in this study was a rigid sphere with the overlaying
layers representing the skin at the heel. Different internal conditions based on the

changeable parameters including, foot weigfapplied pressure) and the elastic

U} puope v W}l]lee}v[e €& 3]} }( 8Z <}(8 8]eepn A E UlvesSE S

graphics showed |kigure3.15|(Gefen, 201Q)The higher magnitudes of the internal
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pressure indicated highergssibility of the formation of pressure ulcer.

Figure3.15 Indicativeinformation by the omputationalmodel ofheel (Gefen,

2010)

3.12.2. Device related ¢ omputational model of pressure u Icers

A two-dimensional computational model was developed by Levy et. al to evaluate the
effectiveness of one type of ageltbased cushions to the patients suffering regdi

cord injury (SCI) and tissue scarring. The geometric features of the computational
model were designed against the inesgacquired by the magnetic resonance

imagining (MRI) on a SCI male patient one year after the injury. The results from the
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computational simulation with tissue scarring showed lower peak stress value in the

soft tissue of the buttocks comparing to the nenarred simulations when seated on

the aircelkbased cushion as shown|kgure3.16(|Figure3.16|(a) was the internal

stress distribution for norscarring whilelf to d) were the internal stress distribution

for different severity of scarrinf_evy, Kopplin, Gefen, & Bs, 2014)

Figure3.16 Internalstress dstribution onair-celtbased ashion(Levy et al., 2014)

The computational models facilitated the understandaighe aetiologies of pressure
ulcers by demonstrating the internal conditions typically under different mechanical

loads. For instance, the twoomputational models described in SectiE.lZ.l

depicted the internal stress and pressure distribution. It allowed the researchers and
clinicians to understand that internal stress was usually higher than the applied stress
at the muscle and fat layers due to the irregular shape of the bones. The model
developed by Gefen could also be an indicative tool for the likelihood of the formation

of pressure ulcerat heels However, the developed computational models were
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focused on the aetiology of excessive stress which was the cause of Category Ill and
IV pressure ulcers. There is also a need in developing a computational model in a
similar manner to indicate the likelihood of the formation of pressure ulcers in
superficial layers of skin typically in Category | and II. Such a tool could be utilised by
the dinicians to evaluatehe effect of medical devicesn patients and also medical
devices developers to understand tleéfect of the medical devices atme skin in

relatingto pressure ulcers at the developing stage.

3.13. Conclusions

Pressure ulcer is a seriolsss of skin integrity and the severity could range from
slightly discoloured skin to serious full thickness damage to tissues or even fatality. The
treatment and prevention of pressure ulcers were found to be financial burdens to the
healthcare provideracross the globe. The treatment cost depends on the Category of
the pressure ulcers.

Pressure ulcer not justases huge financial resourceshe healthcare providers but

0¢} 0}A E 3Z %o 3] v3e[ <pu 0]83C }( o]( X dZ « hygicaBe A E

aspect of patients i.e. mobility but also emotion instability. Patients felt being isolated
for prolonged hospitalisation due to the treatment of pressure uld@srecki et al.,
2011)

The aetiologies of pressure ulcers were highlighted which were ischemia and excessive
stress. The pressure ulcers caused by ischangiasually in Category | andaffecting

the superficial layers of skinhile the pressure ulcers caused by excessive saBss
usuallyin Category Ill and I¥ffecting thedeeper tissue.For ischemia, the prolonged

load caused the obstruction to the cutaneous blood vessels which limited the delivery

of oxygen and nutrient tthe cutaneous tissue and the removal of the metabolic waste
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resulting in the change in pH value and cells deaths eventually. Excessivasthess
deep tissuecaused by the mechanical loads was the primary reason for the cell deaths
for the pressure ulaes found in Category Il and IV. The internal stress and pressure
were found to be much higher comparing to the applied pressure at the surface.
Medical device related pressure ulcers were a specific type of pressure ulcers which
were caused by the medicdévices. These pressure ulcers were usually caused by the
aetiology of ischemia and there was no limitation to the anatomical locations. This
type of pressure ulcers could occuraatyanatomical locations including lips and nasal
bridge.

Existing computional models were developed over the decade understand and
demonstrate the formation of pressure ulcers. These models could depict the internal
stress and pressure distribution which would not be possible without the aid of the
computational simulatins. However, these models were limited to simulate the
situations of excessive stress. There is no related model in the ischemia aetiology.
Hence, this PhD study aims to develop a computational model in order to be an
indicator for the clinicians and arssessing tool for the process of medical devices

development in relatigto the formation of pressure ulcers.
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Chapter 4 Methodology of the Designed Evaluation

System

4.1. Introduction

Understandingthe aetiology ofpressure ulcerds essentialfor maintainng skin
integrity as many pressure ulcers amdated to the application of mechanical loads
including pressure, friction and she&n engineering approach has been adoptad
the study A typical engineering technique named Finite Element Method (Fias1)
been usedoy variousresearchergo illustrate thein vivoconditions of a human body
under different loading condition&efen, 2010; Makhsous et &007) In this chapter,
details of FEM are discussed assiadopted to develop a tool fapproximating he
effects of mechanical loads the cutaneous blood vessels in relajto the formation

of superficial pressure ulcers.

As theinput data of a FEMcomputational model has to be clinibalrelevant,this
chapteralsoexploresmethods of acquiring the input datahich ispressure mapping
The computational model will beorrelated to a set of acquirepghysiologichdata by
using Laser Doppler Velocimetry and the related information will also be discussed in

this Chapter.

4.2. Finite Element Method

The fnite element method (FEM) snumerical methodusedto simulateconditions
for instance, stress distribution, deformation magnitugeheat transfer and fluid
dynamic under the influences of different parameters. FEM provides resultich

could be utilied as an indicator of the efficiency of an object or tygroximated

deformation caused by different loawngs
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4.2.1. Development of finite element method

Finite element method or sometimes named finite element analysiFEA)was

originally developed in 1950s in the field of aerospacainly by Boeing and Bell
Aerospace in the UniteStates of America and BoRoyce in the United Kingdoithe

first journal paper on the idea of FEM was published by Turner et.al. in 1956 in which
§Z 8§ Gu ~(]Jv]d o u v3_ A (Jumnk§ Clough-Magin, & Topp, 1956)
For many years, FEM was developed as an approximated method without
mathematical proof. Mathematicians in late 1960s demonstrated that the finite
element solutions converge to the correct solution of the partial differential equation
when the elements are sufficily small. The first FEM software was developed in
early 1960s which was a freeware but limited to tdinensional stress analysis. A
general purpose threelimensional FEM programme was developed in 1965 funded
by the National Aeronautics and Space Adntiai®on (NASA) and this programme

was named NASTRAIRrom that time onwards, differenFEM programs were

developed for various purposes and some of the common programmes are Ansys and

Abaqug(Fish & Belytschko, 20Q7)

4.2.2. Flow of the finite element m ethod simulation

The basic idea of FEM is to discretise the domain of interest in order to obtain an
approximate solution of the gtial differential equatios by a linear combination of
basic functions defined within each subdomairhen the assembly of subdomains
puts the finite elements back into their original positions, resulting in a discrete set of

i §]}ve AZ]1 Z & v 0}P}ue 3} §Z }E]P]Vv(Rovittos 2016) § |

The FEM simulation mainly consistdieé stages vinich are presented

frigured.l
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Figured.l1 Fivestages of a FEMimulation

The finite element method simulatiors initiated by defining the domainto be
modelled All thelater stages are based on the definition of ttlemainwhich has to

be sufficientlyclose to reality to ppduce results of the desired accura@dye second
stage is to characterise the problem by inputting the basic information for instance
Z}UVP[e u} pope v W}eAftkpr moddlingjth& domain the boundary
conditions of the problem have to be determined. This is a procesdespretingthe
conditions facedn reality b the FEM systenin order toapproximat the response of

the domainto the boundary conditionghe keyprincipleof the finite element method

is to discreizethe domain into small finite elements. It is known that the finite element
method is a series of approximations which is accurate when the approximating target
is small and smooth. The final stage of the FEM simulation is the actual approximation

of the change in thelefineddomainby solving a set gfartial differential equatios.
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The approximation for the first element is followed by determining the influence of
the change in the first element to the adjacent elementsthese elements are in
contact with other elementsTheintegratingresults of each elements result in the

approximation of theglobal domain.

4.2.3. Mechanical deformation simulated by FEM

Asmentioned before the FEM can be utilised in different fields and it is commonly
adopted for demonstrating the deformation of a structure in the field of civil and
mechanical engineering. This type of stress or deformation simulation by the finite
element method is oftemamed finite element analysis (FEA). This section focuses on

the implementation of the FEM to the deformation simulation by FEA.

The definedoroblem or the domain described in Sect|i4;12.2is usually in form oén

object which is commonly developed by computer aided design (CAD) programmes.
The geometry of the model is usually similar to the object in #ality unless it is
symmetrical. In such case, the objeaiuldbe presentedn partialwhen the expected
response is also symmetrioahich save the computing resources for the simulation.
dZ usS E] 0 %E&}% ES] U (}E& ]JveS v U z}uvP[s D} pOue Vv
system at the characterising stage. §tenables the system to understand the
behaviour of material under different magnitugdef loads. The material properties
could be linear, nonlinear, viscoelastic, anisotropic depending on the type of
simulation and assumptions mad€hedescriptions of tle conditions are labelled as
application of boundary conditionshichcould be in the form gfloads,mmobilising

the model in a certain direction or even in any direction or symmetry condition in
deformation analysis. The face, edge or point where theliaption of boundary

conditionsis at and the choices of boundary conditions are the descriptions of the
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confinement or the restrictions of the problem in reality to the F&&tem The
discretsation of the model is required before the actual computatadrsimulation
which are labelled as meshing. The meshing process is usually conducted
automatically by the FEA however it is necessary to pay attention to the relatively small
or curved features of the models well as the locations where stress gradiesnts
expected to be highThe automatic meshing process may not result in an appropriate
meshes over the whole modahd manual meshing is requirddence, the size of the
mesh had significant influence on the accuracy of the simulation. After solving the
partial differential equations, the FEA provides the results of the problem which can
be in term of coloured visual representations or numerical data of the deformation.

These results can be utilised to be indicators, for instance, factor of safety.

4.2.4. Finite element analysis and the current study
In this study,FEA is the main tool for evaluating the behaviour of skin under the

influences of mechanical loadingSkinis a combination of tissues with distinctive

material properties. As discussed@mapter 2 skin is a thredayered organ including

epidermis, dermis and hypodermi¥he witaneous blood vesselre located inthe
dermis and hypoderis layers and obstruction of tiseblood vessels would result in
ischemia and the occurrence sdiperficialpressure ulcersA FEA simulationf skin is
capable of approximating the deformations of the different layers anddfenge in

the crosssectionalarea of thecutaneous blood vessels. It is challenging to the design

of a FEA simulation and a thregmensionalskin model because of the physical

dimension of the cutaneous blood vessels which is discusgébapter ¢ The aim of

the study is to develop a tool favaluating the effects of mechanical loads on the
cutaneous blood vessels. This tool could be utilisethbymedical device developers

to evaluae the efects of the products orthe cutaneous layers and clinicians to
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understand he effects of mechanical loads dme skin of patients in relatimto the
formation of pressure ulcers typically with the aetiology of ischerbiaspite the
capability of FEA iapproximatng the deformation of cutaneous blood vessels, the
clinical relevancy of the FEA simulations depends on the characteristics of the model,

the influencing factors and thieterpretation of the FEA results.

Characteristics of the Model

The study cnducted byLévéque et. alprovided a set of material properties of skin
which was also utilised as the characteristics of the computational model presented in
that study(Lévéque & Audoj\2013) Hence this set of material properties of skin is
utilised in the current study to be the characteristics of the FEA model as the set of
material properties was proven to be inteorrelated and accurate for computational

modelling(Lévéques Audoly, 2013)

4.2.5. Material law for the FEA model

For computational models developed over the years in the field of pressure ulcer
prevention, mainly three different material laws were adopted including, elastic linear,
Neo-Hookean and Ogde(Bavonnet, Wang, & Duprey, 201&)astic linear assumes

the material Z A JE JvP 8} ,}} [+ 0 A AZ E +8E ¢« v +3E v
can be represented by a linear relationship while Mémokean and Ogden were

adopted for materials in which stressrain relationship is nofinear. For the current

study, the magnituds of pressure were within the range of 20 to/18mHg (from the

pressure mapping measurement presente¢dhapter $ which is under 0.018 MPa.

According to the stresstrain curve of ski+Figure2.4 the applied load is still well
within Phase | which is linear. Hence, an elastic linear material law is used in this study

for the smulation.
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4.3. Pressure Mapping

The pressure mapping technique is commonly used in the field of engineering to
evaluate the interface pressure between two surfaces in contact. A pressure mapping
system is utilised in the current study to serve for two fuois: to evaluate the
pressure intensity commonly found in clinical settiimg order to determine the
working pressure range of thedmputational modeland to be a force measurement
tool in conjunction with the laser Doppler for acquiringhysiologicaldata. A
commercially available pressmapping system from Tekscarutilised in the current
study. For the purpose of the study, two types of sensors from Tekiscatilised
including a matrix pressure sensor-3can 5051 for capturg applied forcein
physiological data acquisition and a Conformat 5330 for pressure mapping

measurementt simulated clinical setting.

4.3.1. Structure of pressure mapping S ensor
According to the technical information from Tekscan, the pressure mapping sensor is

made of four layes as shown i‘rIFigure4.2 The top and bottom layers are ultthin

flexible substrates which provide an enclosed space for the electrons located in
between by adhes® and lamination. A layer of dielectric is located in between the
two flexible substrates to prevent the electrons from short circuiting. A layer of
pressuresensitive material is also located in between the enclosing layers. This
pressuresensitive layeiis the core of the pressure mapping sensor and is located
precisely at the intersecting points of the rows and columns of conductive materials.
Hence, each of the intersecting point of the rows and columns is a single and

independent sensing point whichs 00 o A ve 0_X
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Figure4.2 Structure of thepressure mappingsensor(Tekscan)

4.3.2. Pressure mapping s ystem

The pressure mapping system consists of three components which are the pressure

mapping sensor discussed in Secj#B.] a dataacquisition electronics and data

processing software as shownhigure4.3

Figure4.3 Setup of gpressure nappingsystem(Tekscan)

Theintersecting points of the rows and columns of conductive material also named as
AN yge  E A] o o S3E] o E )3 v e }v 8Z ]v3 ve]3C }(

dZ A op }(8Z o S3E] o0 E *]*3v }(8Z ~Mveo_ ]e ]VA E-

pressure as showblue linein|Figure4.4X dzZ Z vP }( SZ & °*]*S v § §z ~n
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is transmitted by the conductive materials to the data acquisition electronics which is
further converted into digital signal and transmitted to and analysedheyTekscan

software installed on a computer. The digital signal is an arbitrary vejuesented

by the red line ifFigure4.4|which relies on the calibration in der to be related to the

engineering standard units, for instance, Pascal (Pa) and millimetre of mercury (mmHg).
These intensities of pressure captured by the sensor are displayed in form of numerical

and graphical data by the software.

Figured.4 Relationship of thelectricalr ]38 v }( ™ veapplied v

pressure(Tekscan)

4.3.3. Models of the p ressure mapping s ensors
Two models of pressure mappisgnsors are useth this study, which are sensor |
Scan 5051 and Conformat 5330. The detail of these two sensors are discussed in this

section.

[-Scan 5051

[-Scan 5051 is a general purpose pressure mapping sensor and the related parameters

are illustrated inTable4.1|(Tekscan, 2015}t is a flexible and ductile sensor which
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could be utilised in measuring the pressure between two solid surfaces.

Table4.1 Details of {Scan 5051

Parameters Values

Number of Sensels 1,936

Height of the Sensing Area 55.9 mm

Width of the Sensing Area 55.9 mm

Overall Length 252.5 mm
Overall Width 81.3 mm
Working Range of Pressure 0 to 48kPa; 6360 mmHg
Conformat 5330

Conformat 5330 falls in the category of medical sensors which is mainly utilised to
capture the interface pressure between a human body and a support surfaimallyp

in seating osupinepositions It is more flexible coparing to Scan 5051 because the
enclosing layers are made of material similar to normal textile fibres and, most
Ju%e }ES vSoCWr 82 ~CE % o0 }(independestlyw Mence, the

Uu}A o A~ ve obe inthe shape of the human anatomyhd& details of the

Conformat 5330 are illustrated|ifiable4.2|(Tekscan, 2016)
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Table4.2 Details of Conformat 5330

Parameters Values
Number of Sensels 1,024
Height of the Sensing Area 471.4 mm
Width of theSensing Area 471.4 mm
Overall Length 571.5 mm
Overall Width 627.4 mm
Working Range of Pressure 0 to 34 kPa; 9255 mmHg

4.3.4. Roles of pressure m apping in the study

The pressure mapping system utilised in this study contributes mainly to the
determination of the working range for theomputational modehlnd the evaluation

of the applied force in conjunction with the laser Doppler fihysiologich data
acquisition The acquisition of intensity of pressure commonly found in clinical setting
is mainly contributed by the Conformat 5330 because of its flexibility and the large
measuring area. Two Conformat 5330 are utilised simultaneously with two data
acquisition electroits for capturing the interface pressure at sacrumattress and
heelmattress interfaces. fie digital signafrom the pressure mapping systesrare
analysed by a Tekscan SoftwareScan ver. B0-30l, in order to provide
undergandable values of pressuratensities.I-Scan 5051 is utilised to measure the

force applied on the probe of the laser Doppler in order to acqpimgsiologichdata.
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4.4. Laser Doppler Velocimetry

Laser Doppler Velocimetry (LDV) is a technology for measuring the flow velocity of the
particles within a transparent or sertransparent fluid. The laser Doppler consist

two sets of laser beams which are split from a single beam to ensure the coherence of
the two beams. The two beams intersect at the focal point and a set of fringes is
generated. Light is reflected and analysed by the laser Doppler velocimetry when a
particle is flow through the fringes, hence, to deduce the flowing velocity. A
commercially available LDV is utilised in the current study to evaluatpdteentage
changein blood flow velocity with respect to the magnitudes of the applied

mechanical loasl

4.4.1. Laser Doppler velocimetry of the s tudy

ComponentPF 5010t LDPMof the PeriFlux System 5000 from Perimedtitised as a
Laser Doppler Velocimetiy the current studyThe LD\¢aptures the change in the
microcirculation typically cutaneous blood flow in the current study. The LDV provided
by Perimed is total local microcirculatory measment which captures the

microcirculatory for capillaries, arterioles and venulathim the measuring zone. The

functional details on the Periflux System 5000 and PF 5010 are ligf€abla4.3

(Perimed, 2018)The measurig depth of the LDV depends on tissue properties for
instance the structure and density of the microcirculations. i.e. the measuring depth
is reducedin bloodrich omgars typically kidneyPerimed, 2018)The LD\fprovides
arbitrary measurements in which thehange of the measurements indicat¢he

percentage changm blood flow velocity due to thapplied mechanical loads.
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Table4.3 Functional @tails ofPerifluxsystem 5000 and PF 5010

Parameters Values
Wavelength of Laser 780nm
Measuring Depth 0.5 to 1 millimetre
Measuring units of blood flowelocity Arbitrary

4.5. Technologies of the Novel Evaluating System

Finite element method, pressure mapping technique and laser Doppler velocimetry
are the three key technologies utilised in the current stugipite element method
typically finite element aalysis (FEA) is the main tool which approximates and
demonstrates the deformation of the cutaneous blood vesselgelating to the
formation of superficial pressure ulcefBhe pressure mapping technique is utilised to
determine the working range of the amputational model by investigating the
commonly found intensity of pressure at cliniche pressure mapping system is also
utilised in conjunction with the laser Doppler to determine the change in cutaneous

blood flow due to the application of differemhagnitudes of mechanical loads. The

relationship of the three technologies is illustrategFigure4.5

100



Figured.5 Technologies inhte novel evaluatingsystem
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Chapter 5 Pressure Mapping Measurement

5.1. Introduction

The clinical relevamoof a novelevaluaton tool developed in this study is dependent
on the input parameters anedn understanding anddetermination of the working
range based on the commonly found intensity of interface pressarskin The input
parameters includ dimensions of the cutaneous layers and blood vessels and the

material properties of the cutaneous layers based on existing knowledge discussed in

Chapter ZandChapter 3 The aim of this chapter is to determine tbieically relevant

working range of theomputational modeby acquiring commonly found intensity of
interface pressure w#h pressure mapping equipent. This Chapter presents the
designand results of tw@ressure mapig testing for static andynamic mattresses.
The captured interface pressure loging Conformat 533Will be presented which

determines the working rang®r the computational model

5.2. Methodology of Pressure Measurement

The working range of theomputational modelis determined bythe intensity of
interface pressure found in this pressure mapping study. The pressure mapping
measurementsare conducted byusing the Confortmat 5330 forcapturing the
interface pressure between the volunteers and the mattres3ego categories of the
pressure mapping measurements were conducted in this ststdyic mattress teting

anddynamic mattress testing.

5.2.1. Static mattresst esting
Two static mattresss manufactured from the same compawhich were made of

different grades of foamvere used Fourhealthyvolunteers participated in the static
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mattress testingBody Mass Index (BMI) of the volunteers were from 19.5 to 28 which

were within the ranges of healthy weight and slightly overweightH. S. NHS, 2016)

Both of the Confortmab330were connected to the data acquisition electronics and

the Tekscan software on a computer as showfFigure5.1| The two Confortmat

utilised for the measuremens were calibrated before conducting the static mattress
testing.After four two-kilogram of known mass weighitas put on thewo Conformat
pieces laicbn the rigid floorfor calibrationthe two mattresses were put on a hospital
bedding allowing the volunteers to be in clinical relevant postures when the backrest

was inclined to 30 and 45 degrefes testing

Figureb.1 Pressure rappingsystem forstatic mattresstesting

The volunteersvere in supine positioln the mattresses after emptying the pockets
and removing hard objects from the bodies including belts and shoes. The irgsnsit
of the interface pressure at the sacrumattress and heeinattresswith the backrest

inclined at 0, 30 and 45 degree anglere measuredor each of the four volunteers.
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5.2.2. Dynamic mattresst esting

The dynamic mattress testing consistedigé dynamic mattresses which first four
were designed by hospital setting and the fifth one is for community seltyripree
companiesDte to the physical size of the community mattress, it could not be placed
in the hospital bedding and it was tested on the floor ofilijie dynamic mattresses
consisted of a number of air cells which allowed the sections of mattresses to

inflated and defhated independently enabling theelocation ofthe load bearing

location. The same setup proceduneentioned in Sectio|r5.2.1were conductedor
the dynamicmattress testing for the pressure mapping sensor, Confortmat 5330.
Three participants witra BMI from 20.6 to 2@ook part in thedynamic mattress

testing

Operationof the dynamic mattresses were more complicated as compared to the
static mattressesEachdynamic mattress consisted of an air pump which drovenair
and out the air cells of the mattresses and controlled the level of pressure
redistribution. The level of pressuresdistribution referred to the amount of air
flowing into the air cells whit could be adjusted to maintain a balance between the
intensities ofthe pressureat patientmattress interfaceand stability of the mattress.

All mattresses were sedt the highest level of pressureedistribution in order to

evaluate the best performancghichalsoreflected the realities of clinical practice

The dynamic mattress testing consistedtufee stages including
X Air pump off- Pressure mapping measurement is conducted without air pump.
x Settling The dynamic mattresses are settled with tae pump in order to

ensure sufficient air is pumped into the mattresses
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X Operating with air pump Pressure mapping measurement is conducted with

air pump

First Stage

The first stage of pressure mapping measurement was conducted on the dynamic
mattresses without the operation of the air pumps. This is a stage whichowlgs
conducted withthree of thedynamic mattresseas this is not a suggestéanctioning

condition inclinical practiceHowever, it does happen in clinical practice.

Second Stagand Final Stage

The second stage of the dynamic mattress testing togsovide asettling period in
between 5 to 10 minuteallowingthe dynamic mattress to be fully inflatedfter the
settling period, pressure mappingeasurementsvere conducted with the operation

of air pumps. Té measurementperiod was plannedn line with theduration of a
complete air cells inflating and deflating cycle of the whole mattresses. As these
dynamic mattresses were distinctive models from three different companies, the
operating cycles were different for each mattress. The operating cycles were
approximately 15 to 20 minutes according to the information provided by the
companies. Hence, in ordeo obtain the intensities of the interface pressure, ten
pressure mapping measurements were conducted at the sagnattress and heel
mattress interfaces during the 15 to 20 minutes measurement period for each
mattress and volunteefThe whole procedureof the dynamic mattress testing was

repeated with the backrest at 0 degree and inclined by 30 and 45 degrees.

5.3. Interface Pressure Measurement for Static Mattress

Pressure ulceformation is often caused blpcalised excessive pressure applied on
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skin whid collapses the cutaneous blood vessels and obséniet microcirculation.
Hence, peak pressure was the key parameter comgbdo the average interface

pressure

Measuredpeak interface pressures in millimetres of mercury (mmidgdrdedat heel

and sacrum of each volunteer 1 to ate presentedin|Table 5.1 and|Table 5.2

respectively. There weratotal of 48 measurementsfrom 4 volunteersat heel and

sacrum on two different mattresses

Table5.1 Peak mterfacepressure(mmHg)at heelfor static nattress

Mattress Degree | Volunteer 1| Volunteer 2| Volunteer 3| Volunteer 4
1 0 20 57 39 34
1 30 23 41 21 31
1 45 28 69 37 35
2 0 21 28 23 33
2 30 20 24 24 24
2 45 30 28 39 28
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Table5.2 Peakinterface pressure atacrum(mmHg)for static mattress

Mattress Degree | Volunteer 1| Volunteer 2| Volunteer 3| Volunteer 4
1 0 32 41 31 27
1 30 27 44 34 38
1 45 37 52 49 34
2 0 27 36 26 22
2 30 26 37 39 37
2 45 28 42 36 35

5.4. Interface Pressure Measurement for Dynamic Mattress

The dynamic mattress testing consisted of five mattresses and three volunteers. The

pressure mapping measurements were conducted with the backnebhed at0°, 3@

and 4%. Ten measurements were conductéat each dynamic mattresses. An extra

measurement was conducted without the operation of the air punips three

mattressesat all backrest anglgéospital setting ones)ntotal 762interface pressure

measurements were recordedt the sacrum and heel Three parameters were

presented for the dynamic mattress testing including

X Average Peak Pressure (AvAR)PP is the average value of the peak pressure

values provided by each set of the 10 measurements during the mattress cycle

with the operation of the aipumps.

X Absolute Peak Pressure (AbPR)ADPP is the maximum value of the peak

pressure values from each set of the 10 measurements.

x Peak Pressure Without Air Pump (PPWAPPPWAP is the peak pressure

measuredwhen the volunteelin supine positioron the dynamic mattresses
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without the operation of the air pump.
All the pressure magnitudes presented in this section were in millimetre of mercury.

5.4.1. Average peak pressure of the d ynamic mattresst esting

Table5.3|to|Table5.6|present the average peak pressureeasuredby the pressure

mapping system at the sacrumattress and heemattress interfaces for hospital

settings and for community setting with no inclirati of backrest

Table5.3 Average peaknessure (AvVPP) falynamic nattress 1

SacrumMattress Interface HeelMattress Interface
Backrest 0 30 45 0 30 45
Inclination
(degree)
Volunteer 1 41.6 47.8 56.0 47.8 47.8 4.7
Volunteer 2 27.6 44.8 101.3 47.8 88.3 44.5
Volunteer 3| 60.4 125.9 103.4 37.4 24.1 314

Table5.4 Average peakngssure (AvPP) falynamicmattress 2

SacrumMattress Interface HeelMattressinterface
Backrest 0 30 45 0 30 45
Inclination
(degree)
Volunteer 1| 66.2 76.7 70 29.5 26 24.5
Volunteer 2 37.0 52.4 63.2 28.7 38.6 26.2
Volunteer 3| 40.6 59.4 69.5 25.7 28.3 31.1
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Table5.5 Averagepeakpressure (AvPP) falynamicmattress 3

SacrumMattress Interface HeelMattress Interface
Backrest 0 30 45 0 30 45
Inclination
(degree)
Volunteer 1| 42.2 46.5 55.4 53.8 83.7 71.3
Volunteer 2| 60.6 56.8 63.7 61.0 60.8 61.4
Volunteer 3| 51.8 54.7 57.6 40.2 66.3 47.8

Table5.6 Averagepeakpressure (AvPP) for dynamiattress 4

SacrumMattress Interface HeelMattress Interface
Backrest 0 30 45 0 30 45
Inclination
(degree)
Volunteer 1| 40.1 41.3 52.3 52.0 55.0 60.3
Volunteer 2| 63.5 53.6 53.0 51.7 38.6 56.4
Volunteer 3| 37.2 57.3 49.4 37.3 33.5 47.8
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Table5.7 Average peaknessure (AvPP) falynamic nattress 5

SacrumMattress Interface HeelMattressinterface
Backrest 0 0
Inclination
(degree)
Volunteer 1 29.8 29.1
Volunteer 2 51.6 36.2
Volunteer 3 81.4 38.9

5.4.2. Absolute peak pressure of the dynamic m attress testing

Table5.8|to|Table5.12

present absolute peak pressuraeasuredby the pressure

mapping system at the sacrumattress and heemattress interfaces for hospital

settings and for community setting with no inclination of backrest

Table5.8 Absolutepeak pessure (AbPP) falynamicmattress 1

SacrumMattress Interface HeelMattress Interface

Backrest 0 30 45 0 30 45
Inclination
(degree)

Volunteer 1 45 55 63 51 55 82

Volunteer 2 31 55 116 55 96 57

Volunteer 3 67 137 137 71 35 37
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Table5.9 Absolutepeak pessure (AbPP) falynamic nattress 2

SacrumMattress Interface HeelMattress Interface
Backrest 0 30 45 0 30 45
Inclination
(degree)
Volunteer 1 73 82 79 39 31 35
Volunteer 2 47 67 114 35 55 33
Volunteer 3 51 67 82 31 39 43
Table5.10  Absolute makpressure (AbPP) falynamicmattress 3
SacrumMattress Interface HeelMattress Interface
Backrest 0 30 45 0 30 45
Inclination
(degree)
Volunteer 1 47 57 66 68 129 87
Volunteer 2 69 76 72 74 74 78
Volunteer 3 57 66 66 52 57 65
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Table5.11  Absolutepeak pessure (AbPP) falynamicmattress 4

SacrumMattress Interface HeelMattress Interface

Backrest 0 30 45 0 30 45
Inclination
(degree)

Volunteer 1 44 a7 57 78 58 68

Volunteer 2 72 69 57 58 45 78

Volunteer 3 a7 59 53 42 39 55

Table5.12  Absolute peak ssure (AbPP) fatynamic nattress 5

SacrumMattress Interface HeelMattress Interface
Backrest 0 0
Inclination
Volunteer 1 37 45
Volunteer 2 71 47
Volunteer 3 96 61

5.4.3. Peakpressure of dynamic mattresst esting without the Operation
of air pump
Three mattresses including mattress 1, 2 and 5 were involved in the additional stage

for the comparison of the performance of dynamic mattresses with and without the

functioning air pumpsTable5.13|to| Table5.15|present the peak pressunmeasured

without the operation of air pump for each volunteallowing the dynamic system to
function as a static system .

Table5.13 Peakpressurewithout air pump (PPWAP) fatynamicmattress 1
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SacrumMattress Interface

HeelMattress Interface

Backrest 0 30 45 0 30 45
Inclination
(degree)
Volunteer 1 37 67 67 20 55 41
Volunteer 2 49 53 75 45 88 24
Volunteer 3 51 94 122 24 31 26
Table5.14 Peak pessure withoutair pump (PPWAP) fatynamic nattress 2

SacrumMattress Interface

HeelMattress Interface

Backrest 0 30 45 0 30 45
Inclination

(degree)
Volunteer 1 55 55 59 24 27 37
Volunteer 2 27 41 a7 27 27 57
Volunteer 3 31 51 73 26 24 45
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Table5.15  Peakpressure without a pump (PPWAP) fatynamicmattress 5

SacrumMattress Interface HeelMattress Interface
Backrest 0 0
Inclination
(degree)
Volunteer 1 24 20
Volunteer 2 106 37
Volunteer 3 75 26

5.5. Discussions
The measuredintensities of the interface pressure for all the pressure mapping
measurementsare discussed in this sectipnnter-testing comparisons were also

conductedand discussed

5.5.1. Clinical relevant intensity of interface p  ressure

The primary aims of this studyere to develop a novel evaluation tool for both
clinicians and medical device. Hence, the intensities of the interface pressure were
measuredwith different static and dynamic mattresseghich are available in the

commercial market. Thesmeasuredintensties of interface intensitiegeflect the

realities inclinical practics. [Figure 5.2[ shows the number ofoccurrencesof the

intensities ofmeasuredpeakpressureagainsthe respective ranggheseoccurrences
include peak pressureeadingsfrom static mattress testing, absde peak pressure
(AbPP) for dynamic mattress testing, peak pressure from the dynamic mattress
without air pump.Over91%o0f the measuredpressure vasin the range of 20 to 79

mmHg approximately 8% of measurementsvere out of this range. There were no
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intensities of pressure within the range of 0 to 19 mmHg due to the fact that all the

intensities presented in this chapter were peak pressure. Thegpressure within

the range of 0 to 19 mmHg in the pressure mapping measuremémseirrelevant

to the study as the pressure ulcelevelopment onlyoccurs at the area of the peak

pressure.
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Figureb.2 Range ofntensities of themeasuredpeakpressure

5.5.2. Relationship of backrest inclination and interface p ressure

A total of 768 pressure mapping measurements were conduatethe hospitaktatic

and dynamic mattress testing whielith the backrest inclined by 0, 30 and 45 degrees.

Interface pressures of the static mattress testing, and Average Peak Préasini)

and Absolute Peak Pressure (AbPP) of the dynamic mattress testing were compared

with different backrest inclining angles as shown

Figure 5.3

The comparison

presentedin|Figure5.3jinclude the measurements conducted on balie sacrum and

heels

Figureb.3|showsthat the intensities of the interface pressure were higher when
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the backrest was inclined. This phenomenon was contributed by the change in
postures of the volunteers. The weight of the volunteers were evenly distributed on
the mattresses by spreading the load across the iHmack when the backrest was
not inclined. However, the weights of the upper bodies significantly loaded on the
lower end of the elevated sectigthe sacrumwhen the backrest was elevatdxy 30

and 45 degreedndeedheels of the volunteers loaded heaviwhen the backrest was
elevated. This phenomenon was contributed by attempting in stopping the sliding
down of the body due to the elevated upper part of the body. The intensities of the

interface pressuremeasuredwere the highest in the majority of theomparisons

when the backrest was inclinday 45 degree|Figure5.3{demonstratesa significant

phenomenonthat the elevation of the backrest reselllin a higher interface pressure

at both sacrum and heels whicbould lead to a higher risk of pressure ulcer

development The percentages presenteth |Figure 5.3[ are the percentage of

comparison met théollowing (E]8 E] ]X X "% E c*puE& S oA v i

A% @E sopU@E & O PE ]e §Z Z]PZ *§_ V "% E sopuE
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5.5.3.  Dynamic mattress without the operation of a ir pump

The intensities of pressuraeasuredand presented in Sectigih4.3were the interface

pressures between the dynamic mattress and the volunteers without the function of

the air pump. The resultsomparethe intensitiesmeasuredin Sectios.3/from the

static mattress testing even though the participants to the pressure mapping
measurement were differerfbr static and dynamic mattress testinghe comparisons

were conducted with the average values among all the volunteers to be more objective.

Table5.16[ highlights 6 comparisona which the intensitie®f the interface pressure

between the dynamic mattress without air pump were generally higher than
intensities of interface pressureneasured in static mattress testing. Dynamic
mattresses in general consisted of a number of air cells which allowed tflbted

and deflated for the purpose of redistributing the load to different anatomical
locations. These air cells were made of plastic and the air cells were deflated after
switching off the air pumps. Hence, the volunteers were in contact with plas@snwh
the dynamic mattresses were switched off. In some of the designs, there were foam
inside the air cells, and the patients were laying on top of a plastic with a layer of foam
underneath The effect of the foam was uncertain and depeddn the stiffnessof

the plastic material of the air cells. In contrast, the static mattresses consisted of foam
even without the capabilityin re-distributing the loads to different anatomical

locations, the static mattresses were capable of lowered the intensities offaci

pressure by allowing higher submerging area. [Mable 5.16| showed that the

volunteers experienced higher intensities of interface pressure comparing to adopting
static mattresses when the air pumps of the dynamic mattresses were switched off.
Thus, clinicians may consider offering static mattresses to those patients who refuse

to be on dynamic mattresses.
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Table5.16 =~ Comparison of the interface pressure from tldynamic mattress

without air pump and sitic mattress

Sacrum Heels
Backrest 0 30 45 0 30 45
Inclination
(degree)

Dynamic Higher Higher Higher Lower Higher Higher
Mattress
without Air

Pump

Static Lower Lower Lower Higher Lower Lower

Mattress

5.5.4. Standardising pressure mapping p rocedure of mattress
Theprocedures for thgressure mappingneasurementf both the static and dynamic
mattresseshave been uniquely designed for this study. There are no certialy
available tests that are able to determine, with accuracterface pressure between
the patient and mattress found in British Standard systemd International
Organization for Standardization (ISO). The majority of the standard associated with
the mattressrelate to the ignitability of the mattressBS EN 592015 (British
Standards, 201&nd onlya fewstandardgelateto the loading aspect of the mattress
BS EN 1957:2017British Standards, 2012)The absece of a standard testing
procedure guidelinesesults in mattress testing that is not comparable and prevents
cliniciansbeing able todetermine efficiency omattresses Testing guidelines should

not be only limited to the primary function but also to the factors associated to the
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efficiency of the products. Hip prosthesis, for instance, testing standards were not
limited to the primary loading function of the rigoral headsBS ISO 720860:2018,

but also to the factors that could determine the efficiency, surface fiBISHSO 7206
2:2011+A1:2016For the pressure reliving mattressegich are mainlyused for
hospital and elderly care setting, interface pressure is one of the key factors associating
with the efficiency. Hence, there is an urgent need to establish international
recognised testing guidelines for both static and dynamic mattresgésh these
standardised testing methods, the results of the pressure mapping from different
institutes are meaningfuland comparable so thathe clinicians are capable of
understanding the efficiency and performances of the mattressesasindatesuitable

mattressedor the patients.

5.6. Conclusion s

A comprehensive pressure mapping study was conductedwan static andfive
dynamic mattresses. The aim of the study was to developraputational modefor

both the clinicians and medical device developers and one of the factors to ensure the
tool is clinical relevant is the working range. It was determined that the majority of the
interface pressure was within the range of 20 to 79 mmHg and the wholgeraf

peak pressure was in between 20 and 137 mmHg whibih of thepressure mapping
testing.

The elevation of the backrest was discovered to increase the intensities of pressure at
both of the interested anatomical locations, sacrum and heel. Interfaessure was
found to be the highest in over half of the instances when the backrest was inclined
by 45 degree. For the patients who lost of sensations are more susceptible to pressure
ulcer formation when they are laying on bed with timelinedbackres, interventions

should be applied for instance body turning in more frequent manner.
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Higher interface pressure wameasuredon the dynamic mattresses without the
operation of the air pumps comparing to the static mattresses. Clinicians may consider
to provide patientswith static mattresgs when patients are unsatisfied with dynamic
mattresses to preventing them from switching off the air pumps.

Standardised guidelinesf measuring interface pressure on mattress are essential in
the field of pressure ulcgorevention. However, there was a lack of guidelines which
were significant when the pressure mapping study was conducted for both the
mattresses. There was a lack of pressure mapping guidelines for any kind of static and
dynamic mattresses. Different strtures of mattresses are available in the commercial
market with different working principles, it is crucial to establish guidelines for
evaluating the effectiveness of these mattresses as so to provide objective data for the

clinicians.
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Chapter 6 Quartered Model

6.1. Introduction

As outlined in the literature survey, there was a gap in the understanding of the
deformation of cutaneous blood vessel€BV)under mechanical loads including
pressure, friction and the combination of both. Also, there is a lack of tools for

evaluating the effects of medical devicasthe blood vessels.

Fnite element analysis (FEA) is a conventional method of evaluatingraalicting

the behaviour and deformation of material under different circumstances in
engineering.This methods adopted in this study to demonstrate the deformation of
CBV.A group ofhealthy volunteers was studied to determine the effects of the
mechancal loads on their skin.tAree-dimensional FEA quartered modgtleveloped
which B capable of demonstrating the behaviours of the cutaneous blood vessels with
the application of pressure, friction, and the combination of bofne quartered
model was &o presented in the Journal of Wefdeung, Fleming, Walton, Barrans, &

Ousey, 2017)

6.2. Background, Aim and Objectives

It is noted that theras a lack of tools to analyse and evaluate the deformation of blood
vessels underneath the skin surface caused by different mechanical loads on skin
including pressure and friction. Ischemia is a known cafigeessure ulceréEPUAP,
2014) Prolongedmechanical loadings appligd skin restricts the cutaneous blood
flow (EPUAP, 2014As a resultthe lack of oxygen, accumulation dig metabolic
wastes anddecreasein pH value would ultimately cause cells deaths and the

occurrences of pressure ulcdidarrison & Walker, 19793 large amount of research
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has been condued to understand the mechanisrof pressure ulcers formatign
excessive stresandprotocolsfor pressure ulcer prevention have been established by
clinicians Howeverlittle investigation has beecarried outon the deformation ofCBV
in different loading situationsTwo types of loadings can cause the formation of
pressure ulcer including patients resting on mattresses, caused byaigiiht, and also

§§ Z u ] o A] + }v % 3dr méniforing Jpurpose, caused by the
fixation force. The dfects of the mechanical loadselfweight and fixation forceon
the deformation ofCBVare essential for the design of medical devices. Aside from the
functional aspect of the medical devices, thd#luence of the devicesn the CBV
should also be considered especially when the desace directly in contact with skin
The first step of successfully evaluating the blood vessel deformation caused by
mechanical loads is to develop a computational model to demonstratddading

conditions.

The aim of thishapteris to develop a threglimensional FEA model which is cajeab
of demonstrating the behaviours of tHéBWvith the application of pressure, friction

and the combination of both.

The study reported in this Chapter has three objectives:
X To acquire pressure mapping measurement of volunteers sitmgpam and
rigid support surfaces
x To develop a-&limensional finite element analysis model to represent skin
x To study the deformation o€EBVunder the influence of sitting on foamnd

rigid surfaces

122



6.3. Finite Element Analysis of the Quartered Model of Skin

Finite element aalysis is awell-established numerical technique for solving
engineering problems. It has a variety of functions for instance evaluating the stress
and strain of prosthesiéColic et al., 2016)For this study, finite element analysis is
usedto demonstrate the deformatiotehaviourof the CBV AbaqusCAE 6.14siused

to developthe model and conduct the simulatisnThis Chapter presesan initial
model whichis developed to demonstrate theeformations ofblood vesselgaused

by sittingon foam.

6.3.1. Features of the q uartered model
The initial computational model of skimasin the shape of a quartered cirglaence,
it is named as quartered modellThe quartered model consisted of four layers

representing three different skin layers includirggpidermis, dermis and hypodermis

as shown ifFigure6.1{ The extra horizontakyerin the modelwas stratum corneum

whichis a sublayer of thepidermis in physiology. This extra layer was created in the
model because of theignifcant differences irits mechanical propertierom the
remaining epidermis. Each of the layers wasdelled with different mechanical
properties to accurately predict their behaviours under different mechanical loads.
The blood vessels were located at tbentre of thequarteredmodel. The quartered
model was designed and developéal be excessivelyarge so that the boundary
condition of theperipheralsurface had minimum effect on the deformation of the
blood vessels located at the centrehichwill be discussed laten this Chapter. As the

model was in the shape of a quartered circle, it was symmetrical in X and Z direction

while Y was the vertical depth of skas shown ifFigure6.2
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Figure6.1 Horizontallayers of the quartered model

Figure6.2 Directions of the quartered odel

The modehad a radius of 20,600 micrometres (20.6 millimetres) and was partitioned
into 9 radial sections in totakllowing elements wittdifferent mesh size could be

adoptedin eachsection. The radial sectiorgse namedl to 9, section lat the centre

and the sedbn 9 beingthe outermost as shown ifFigure6.3
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Figure6.3 Radialsection 1 to 9 and artitioning

Abaqus CAE 6.14 default to Sl units and it cannot bhangedThe quartered model
was developedn the micrometre scale téacilitate the design of th€BV The input
of the mechanical properties and the magnitudes of the loadiribas, require

suitable conversionghich will be explained in later section in this Chapter.

6.3.2. Blood vessels

The blood vesselrelocated at the centre afection 1 i+Figur%.3 The blood vessels

JWW(JPUE 8]}v Jv 8Z <y ES E u} o A+ «]Pv }JE JvP 8} D
research whahas beenan expert in Dermatology and Cosmetics for 30 years. Two
vascular plexuses are located e dermis layer whilethe superfical and deep
vascular plexus are located close to the epiderdesmis interface and dermis
hypodermis interface respectively. These horizontal vascular plexuses are joined by
vertical ascending arteriole®émarchez, 2011; Millington & Wilkinson, 200%he

blood vessels configuration in the quartered model was designed accordviighe!| «
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discovery in the location of cutaneous blood vessdiEnce, in the quartered model,
there were two horizontacircular tubes in the dermis layer close to the epidermis
dermis and dermihypodermis interfacesrespectively Both the horizontal and
vertical tubes in the quartered modelese 15 micrometrein diameter to represent
the transitional blood vesselsom arterioles and capillariefren & Braverman, 1976)
The hypodermis was deemed to be highly vascularisétlington & Wilkinson, 2009;
Saladin, 2007hut exact location of blood vessels is yet to be determined due to the
amount of blood vesselshence an additional seven tubes were created the
hypodermis layemwith random spacingThese ninehorizontal vasculatubes were
namedblood vessel 1 to om the superficialto the bottom. These 9 blood vessels

are joined by two vertical ascending arterioles represented by two sateowith 15

micrometrein diameter as shown (figure6.4{ Although theCBWlexuses would be

in a more complex configuration physiologically, the simplified blood vessels
configuration in the computational model ddave locatiomal and dimensional
relevance Blood vessels aralso spread across the skin aredblood vessel plexus
rarely stands aloneHowever, theres only one set of blood vessel plexassn this
model for simplification in this FEA simulatidrhis is an initial attempt in developing

a computational model or tool to evaluate the effect of mechanical loadghe
deformation of cutaneous blood vessels. Even with #ienplified vasculature
configurations, the effect of mechanical loads can be evaluated. This is a step forward

and provides a tool in this underdeveloped area
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Figure6.4 Bloodvesselconfiguration in thequartered nodel

On eachof the horizontal blood vesselhere are three sectionsof interest as shown

in

Figure6.5

Thesesectionsof interestsare labelled A to C from left taght and the

number following the letteiindicates the vertical locationof the 0}} A ee 0eX ~ |_

indicated the firstsectionof interest from the left on the first blood vessel frotme

top. All thesesectiors of interest were established by partitioning theodel. As a

result of assigning theectiors of interest on the bloodiessels and partitioningf

edges there were four key nodeat eachsectionof interest enabling the calculation

of the change incrosssectional areas due to the application of mechanical loas

the superficiaburfaces
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Figure6.5 Sections ofniterest on theblood vessels

6.3.3. Mechanical properties and dimensions of skin | ayers
Research had been conducted tihre mechanical properties «fkin layers and the
respective thicknesses. It was hard to determine the mechanical properties of skin as
it is an anisotropic material and its mechanical properties change with factors including
temperature, hydration level, age amuitrition. As this quartered model is anitial
step toward amore complete model, irepresents ageneral healthy skin condition
Thus, the most representative skin mechanipabperties in the literature will be
adopted. Hvang (Hwang, Kim, & Kim, 2016ypund that the thicknesses of the
%] Eu]eU Eul]e v ZC%} Eule A E i1 &} 87 ..uU 6006 8} i
1,066 ...u E <% $]A& resDi wiZe acquired from differeskin regionsof 12
cadavers. A computational skin model was developed in 2012W§quen which the
stratum corneum thickness was calculated as 10 to.2QiLévéque & Audoly, 2013)
The dermis layer was setto iU16A ..u AZ] Z A « ]Jv o]v A]3Z ,A vP[* (]
2016. From the compational model developed blyévéque the elastic moduli of the
stratum corneum, epidermis and dermis weteto 12 MPa, 0.05 MPa and 0.6 MPa
E *% 3]A oCX >] vP[«2000 fajmd}skis thicRndss and moduli bsing

spectraldomain optical coherence tomography (OCiang & Boppart, 2010 he
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thicknesses of stratum corneuand epidermis of forearmA G i ..u v #A0OX06 §}
06XT ...u E *% S5]A oCX dZ % amexseptiqigly thisk sZatdm

JEV pu AZ] Z A « i168X0%.]uEwW]e }( 61X0 ...uX dZ z}uvP[e u} po
volar forearm, dorsal forearm and palm were 101.180 kPa, 68.678 kPa and 24.910 kPa

E *% S3]A oCX dz 0 po 8]}v }( >] VP[e ¢8u C eepu 3Z § §Z
glcnm? v W}]lee}v[e & 3]} }( 1XheXdatg foundoi¢ thpviieraturethe

mechanical properties and dimensions of the different cutaneous layers adopted in

the quartered modehre summarised ifTable6.1| It was noted fromiChapter :ilhat

there was a lack of robust and comprehensive study in the elastic moduli of all the
cutaneots layers. However, the set of mechanical properties input for the model
developed byLévéquen 2016 was closely related to the current study hence the set

of mechanical properties was adopted.

Table6.1  Mechanical properties am dimensions of all cutaneousaylers in

guarteredmodel
Skin Layer Thickness Z}YUVP e z}uv P[] Poisson's Ratig
(.m) Modulus Modulusin of Skin

(MPa) Abaqusg(MPa)

Stratum 10 um 1 MPa 1x10% N/ .m?

corneum 0.5

Epidermis 42 ym 0.05 MPa 5x8 N/ .m?

Dermis 1,285 pm 0.6 MPa 67" N/ .m?

Hypodermis 1,913 um 0.11 MPa 1.17N/ .m?

As mentioned in sectid6.3.] the quartered model was developed with respect to
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stratum corneum was 1x10calculated as shown beloand presented in the fourth

column inTable6.1

1 N/m? = 1x102 N/ .m?

1 MN/m? = 1x16° N/ .m?

6.3.4. Boundary c ondition

The boundary condition represents the fixation method of the component. It was hard
to assign boundary conditions to the meldvhich was representing, demonstragin
and behaving like skin as i& soft and deformable. There were three boundary

conditions assigned to the quartered modaelthe peripheralsurface, bottom surface

and side surfaces as showrlil—‘i'rgure6.6

Figure6.6 Three surfaces of thequarteredmodel
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As the quartered model represented skin in a circular shape, the side surfaces were
assigned with thesymmetricboundary conditions. In Abaqus CAE, gynmetric
Juv EC }v ]8]}ve AE o oo e A"y"zDD ~hiAhZtAhZiAie_
UREhZTAie E]JA% CS}v §Z SA} ] eeuE( <+ ]v AZ] Z *h_U ~hzZ_U
E % E « v8 ~3CE veo 3]}v o u}A uvs U ~E}S 8]}v o ulA u vs_L
]JE 3$]}v. v ~lv e JE 38]}v_ & <% S]A oCX C % %0C]vP §:
conditions, the queered model would represent the skin in a circulergion
Superficial pessure ulceron bony prominence where little fat and muscle are in
between the skin and the bones. Therefore, it was assumed that the bottom
immovable in depth direction and mmum deformation in X and Z direction which is
the condition set for the bottom surfacdt represented than vivocondition of skin
attached toabone surface and would onbe subjected tominimum displacemenior
the bottom surfaceln Abaqus, it was teelled as zero movement for all £8land UR4

3 including all translational and rotational movement. TWRBVasdescribedn section

6.3.4werelocated at the cente of the modelradial section 1. Any spot on skimvivo

is surrounded byskin with similar mechanical propertieghich, to some degrees,
restricts the deformation but it is still deformable. For Abaqus CARis complex
situation, only some degrees of deformability caused by neighbouring skin, is not
easily modelled with the available boundacgnditions Therefore, theperipheral
surfaceof the modelwas designed to be distaftom the centre to minimise the edtt

of the appliedboundary condition otthe peripheralsurface orthe deformation of the

CBVlocated at the centre. As shown|kigure6.7| a comparisons conducted with

A(pnooC_  wondtfained on the %o E]%Z E 0 *uE( ]Jlv Azl Z ~(pooC_
constraina restricted any translational and rotational movement and no restrictions

at all respectively. The blue and red bars represented the esesBonal area
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reductions of thesectiors of interest of theCBV The reductios were caused by the

application of pessure at thesuperficialregionwith a magnitude of 38.6 kPa which

was themagnitude ofpressure required to form a pressure ulcer without the presence

of friction (Dinsdale, 1974)As there was almost no difference between thé pnoo C _

APV _

}veS @ dach respectivesection of interest, it was proven that as the

peripheralsurface of the quartered model was distanough so that the two extreme

boundary canditions, » (1 0 0 C un_songtrainal, would have minimum effect on the

deformation of theCBMocated at the centre.

Percentage Change for the Cre3sctional
Area of the Cutaneous Blood Vessels
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m Unconstrained m Fully Constrained
Figure6.7 Comparison between fully and monstraint at theperipheralsurface

6.3.5.

of the quartered model

Loading and loading a reas

The magnitudes of the loads tfe quartered model including pressure and friction

which were applied at thsuperficialregionneeded to be clinically relevant in order

for it to be a useful tool for evaluating the deformation of tHéBV As mentioned in

Section

6.3.4

there were nine radial sections. Each of the sectibas its own
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superficid regionand the superficialregion of section 9is indicated ifFigure6.3|for

demonstration purpose TheCBWvere located in section 1 which was thein focus
of the simulatiors. Evan though the deformations adectiors 2 to 9 were not relevant
for evaluating the changes in the cressctional area of th€BYthey werenecessary
to determine optimal loading area. Hence, it was necessary to perfosimalation
test run on the quartered model in order to determine which sectiosaperficial
surfaces should be loaded to provide the maseaningfulresults of the deformation

of the CBVThe loading of the simulation test run was 38.6 {Pasdale, 1974)

The aim of the quartered model was to demonstrate the deformations of GBY/
resulting from being seated on foarithe unit of friction in Abaqus defaulted to be
Newton persquare mete, hencethe quartered model wa developed with respective
to the micrometre.Hence, he units of pressure and friction were both Newton per

square micrometreN/ ...%). The magnitude of the appliedidtion for the quartered

model was calculated witlEquation6.1| The coefficient of friction wa6.79 which was

found to bethe highest magnituddor the interface between medical textile and

human skinn a study conducted by Vilhena in 2006lhena & Ramalho, 2016)

(NE?P:BKL& U0 Equation6.1 Equation for frictional force

where B @and 0 were the magnitude of friction, coefficient of friction between

medical textile and human skin, and normal force on skin surface respectively

6.3.6. Meshing
Two types ofmeshingelement were adopted in the current model which were

tetrahedral and hexahedul. Tetrahedral elements arenade up of triangles and
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consisted of four nodes which were adopted in section 1 wiieeeCB\Wvere located.
The flibility of tetrahedel elemens enabled the meshing of section 1o
accommodag the complicated geometries of thEBV Hexahedal elements which

have8 nodes allowed economic and mdigthful approximation andare adopted in

sections2 to 9 of the FEA model as demonstratedrigure6.8| Thecore of the model

in|Figure6.8|is meshed with tetraheddl elementsto accommodate the complicated

geometries of theCBVwhile the rest of the mdel weremeshed with hexahedral
elemens. The mesh size of the model was also increasetligtly with the distances
from section 1 because only the deformation of section 1 diasctly related to the

deformation of theCBV

Figure6.8 Meshing of thequartered nodel

(Radial section 1 is located at the left hand side ofRlgrire6.8

6.4. Pressure Mapping

Pressure mappingneasuremens wereconducted with 3 healthy volunteers with body
mass indexes (BMI) of 19.9 to 30. The pressure mapping measuresavire
conducted with TEKSCAN CONFORMathich was calibrated before uses. The
volunteers were instructed to have the sarsieting positionon both rigid support and
foam support surfaces with their upper bied vertically upright. Their legs were not

supported and bngfreely from the seat. The healthy volunteers weaisoinstructed
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to sit with minimum movement and the madude of the pealcontact pressure after

settlingwascaptured by the pressure mapping system.

The result of the pressure mapping measurement of the healthy voluntéér tive

BMI of 19.9 sitting on the foam suppos shown ifFigure6.9

The colour of the box

in|Figure6.9|representsthe intensity of the pressure while the numberin the cells

are the magnitudes of contact pressure in millimedref mercury (mmHg). The

magnitude of the peak contact pressureside the light green boix|Figure6.9|is 63

mmHg. The valid measured area of the pressure mapping was in the shapes of

buttocksand two legs which was the contact area between the healthy volunteer and

the foam. The last line of the pickup at the bottom of

fRigure6.9

was not caused by

the volunteer but by stretching of the CONFORTMat insteatlit is irrelevant
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Figure6.9 Capturedinage d ahealthyvolunteer sitting on arigid support

surface

The six pressure mapping measurements including all three of the healthy volunteers

are summarised ifTable 6.2] It shows that the magnitudes of the peak contact

pressure of volunteers sitting on the foanewe lower than sitting on the rigid support
surface. The foam was a soft cushiohieh preventedthe bottom of pelvic girdle to

be in direct contact with the support surface. However, the magnitudes of the peak
contact pressure between the rigid support surface and volunteer 1 and 2foenel

to be the same even with significantly different BMI. Thighest magnitude of peak
contact pressure was 89 mmHg which was adopted to be the magnitude of the applied

pressure for the quartered model. Asentionedthe input of the Abaqus neexto be
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in Newton per square micrometsethus, the 89 mmHgof pressurewas converted to

1.1865x108 N/ ... 4 The peak contact pressure caused by the higher BMI volunteers

wasfound to be lower than the lower BMiolunteer. he fat contentwas believed to

spread the body weight ta bigger contact area.

Table6.2 Results othe pressure nappingmeasurement

Volunteers (BMI) Volunteer 1 Volunteer 2 Volunteer 3
Supporting Surface (19.9) (26) (30)

Foam 63 mmHg 60 mmHg 28 mmHg

Rigid 89 mmHg 89 mmHg 51 mmHg

6.5. Results of the Simulation Test Runs

The results of the simulation test rurege presented in

Figure 6

.10l There were

twenty-seven sectiors of interest m the quartered modelthree on eachof the

horizontal blood vesselThe simulation test rundemonstratedtwo trends of the
sectiors of interest. Thesectiors of interest on the horizontal blood vessels at the
dermis layer of the quartered model generally had less reductiocrasssectional
areas than thesectionsof interest located at the hypodermis layer. The explanation of
the significant differencewill be discussed in Secti@

0O 00 « Adi_ 8} ~d6_ A E

were incremented as followed:

x

X

x

x

}v u S

Eight simulation test runs

X dz

T1: Loading on the superficsurfaceof radial section 1

o} JvP &

T2: Loading on the superficglirfacesof radial section 1 and 2

T8: Loading on the superficial surfacésadial section 1 to 8

T3: Loading on the superficsurfacesf radial section 1 to 3 and so forth
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The more superficial regionsvere loaded,increased convergencef reductiors are

found as shown ifFigure6.10|especially in T5 to T8 simulation test ryfggure6.10

is a convergence grapkhich showsthat the reductiors of the crossectional areas

at the sectiors of interest converged when moseiperficialsurfacesare loaded.The

reduction trend was found to be convergedthre T8 simulation, thusfor therest of

the simulatiors, the pressure and friction &ve loaded on the superficiaurfacesof

section 1 to 8. These simulation test runs were an essenifhisationof the loading

area and minimised the possibility of affecting the deformatiorC&Vby applying

mechanical loas on differentsuperficialsurfacesof the radial sections.

Percentage change of the cressctional
area of the point of interest on the
cutaneous blood vessels
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Simulation Test Run (T1 to T8)

Figure6.10 Results of thesimulationtestruns

(The data points are thpercentage change in therosssectional area bthe

sectiors of interest in which the upper and lowerrogerged trend areepresent

areas athe dermis and hypodermis layers respectively)

6.6. Calculation of Friction

The magnitude offriction applied on the quartered model was calculated with

Equation6.1

In the guation of a healthy volunteesitting vertically upright, the
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friction would be against]S[e $Z (}&E Pv & S u EHeRe S S|V P
friction would bedirectedradialy outward and upward assuming the bottom part of

the pelvic girdldhasa spheical shape. The magnitude foiction would be affected by

the average contact pressure surrounding the cewtiréading The magnitude ofite

average contact pressure was found to be 35 mpaHg66.3 N/nd, from the pressure

mapping measuremenBy usingEquation6.1| the calculated friction per unit aregas

3,686.3 N/n? which was further converted into 3.686&.0° N/ ... ifor the quartered

model

6.7. Data Processing

Thefocusof simulations T1 to T&as the deformation of the cutaneous blood vessels
caused by the applied mechanical loads. The patkage Abaqus CAE 6.14, did not
allow direct measurement of the crosectional area of a feature. Hence, the cross
sectional area of the cutaneous blood vesselthe quartered modelvas calculated

from the coordinates of thekey nodesat the sections of inteest.

6.7.1. Locating key nodes and node n umbers

The keynodes referred tahose were at the four specific positions #te sectionof
interest on the cutaneouslbod vessels which were the topottom, left and right
most positions.These four key node locations were created on the sectioned vessel
edgeand a key node would be allocated to timersection of two section lineat the
vessel edge

There were 141,251 nodes in total for the whole quartered model to facilitate the
simulation, however, only 108 nodes wetbe key to the calculation of the
deformation of the cutaneous blood vessels. The datquisitionprocessbegan with

locating thekey nodes.
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The coordinates of the kayodes were acquired by probinbe nodes in the meshing
module ofAbaqus. The coordinates of theynodes wergecordedin an Excel spread
sheet. e X, y and z coordinates were s@guently combined into one singtll
usingthe “Concatenate function. A data sheet wasrpvided by Abaqus when the
simulationwas submitted whictihasall the coordinates of all the nodes of the model.
The same method was adopted to combine all the coordinates of all the nodes from
the data sheet and compared with the coordinates of #&ynodes by thdunction of

Nlookup_X dZ v} vpu & -keynddes ingiehusacquired.

6.7.2. Data acquisition and calculation

Thecrosssectional area reductions #te sectionsof interest on theCB/were the key
data from the FEAimulations and the focus of thssudy. However, the changes in the
crosssectional area, asentioned were not directly provided byAbaqus. Hence,
changesin the coordinates of thé&eynodes were the only method of indicating and
computingthe changs in the crosssectional area of the cutaneous blood vessels.
After the simulations were conatted, thedisplacedcoordinates of the keyodes
were acquiredvith % E Rlu A (pv §]} e vigudigation module of Abaqus. The
original anddisplacedcoordinates of the kepodes were acquired bypputting the key
node rumbers.Thecoordinatesof the four key nodewere subsequentignalysed and

the charge in the crossectional area athe sections of interest on theCBVwere

computed as demonstrate [iFigure6.11||Figure6.11|isthe calculationprocessof the

change in the crossectional areat the first sectionof interest from the left of the
top horizontal blood vessels alsmmed Al The full set of spread sheets including
pressure only, friction only and pressure with friction simulations of this sardy

included inAppendix |

140



Figure6.11 Computingthe change incrosssectionalarea of the citaneousblood

vessel

6.8. Results of the Finite Element Analysis Simulations
Three sets of results were producdyy the FEAsimulations which werenamed

NoE sopE IVOC ~WKe U "% ®E»puE AJIP] EFhnd}ep C ~&Ke

loadings of the respective simulations are listedaile6.3

Table6.3 Loading of theespectivesimulations br quartered model

Simulations Loadingsto the Superficial Region o

Sections 1to 8

Friction Only (FO) 3.6863x10° N/ ... %of frictional force

Pressure with Friction (PF) 1.865x108 N/ ... 4of pressure and

3.6863x10° N/ ... %of frictional force

PressureOnly (PO) 1.865x108 N/ ... 4of pressure

The percentage chargs in the crossectional areas ahe sectiors of interest of the

cutaneous blood vesse{€BV)are presented ifFigure6.12} The new crossectional

areasare compared with the original areas. As discussed, A taliCatte the location
of the sectiors of interests on the cutaneous blood vessels fieftito right while the

numbers indicate theertical location of thélood vessels frorsuperficialto bottom.
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Al to C2 hee an average of 1.79 percent of increase, 1.70 percent of decrease and
3.34 percent of decrease in the cressctional area ithe simulations oFO, PF and

PO respectively. The charggef A3 to C%re5.77 percent of increase, 13.02 percent

of decrease and7L07 percent of the decreases in the simulationg=@f, PF and PO

respectively.

Figure6.12 Percentagehange of thecrosssectionalareas atthe sections of

interest m the cutaneousblood vessels

6.9. Discussion on the Finite Element Analysis Simulations
There was a significant difference in the percentage charfginen crosssectional
areasat * i 8§} 1_ v 7 I gegtiobsof interest on the CBV The percentage

change regardless of increase or decreaseralower for ~ i §} 1 AzZ] z A &

located atdermis layer. This phenomenon was caused by dhferences in nodal

displacement whichvill bediscussed in detail in secti@9.2

6.9.1. 3) UL F WVR@R@)imulation

dZ e<Jupo 3]}v }( "&E] 8]}v KvoC _ A elyillustratipi or} tho us $]}v o0
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effects of friction and the simulatioralso aimedo demonstrate the capability of the
guartered model in approximating the deformation of cutaneous layers caused by
applied frictional force.The frictional forcein FO simulatiorincreased the cross
sectional ara of the cutaneous blood vessglsiswas contradict to the understanding

of friction increase the possibility ithe formation of pressure ulcers. The frictional
force applied parallel to the superficiaurfaceswhich shear the materials including
the blood vessels imradial section 1.However, the method of computing the
percentage change in the cressctional area by the coordinates of the key nodes did
not account for any out of plane effect. Thus, an advancement of computing method

is required whichshould align the key nodes on the same plane and compute the

actual crosssectional area which will be presenteq@napter T However, friction is

impossible to be aplied in reality without pressur¢Equation6.1{showed that the

frictional force would be zero with the absence of normal force (pressure). The most
relevant simulatios would be simulations of PF and PO especially in clinical setting.
Asmentioned, the purpose of F8imulation is to show the capability of the quartered

model and it raised the needs of an advancement in the method of computing the

percentage change ohe crosssectional area of th€BYV

The area in red |Figure6.13|shows the location which hathe highest magnitude of

deformation in Xdirection caused by the agpt frictional force. The locatioaf the
highest magnitude of deformation ind{rectionisfurther away from the centreclose
to the intersection of section 8 and Because the frictional force was only loaded at

section 1 to 8. The two surfaces pointedthg red arrows ir{FigureG.lB are applied

with symmetricboundary conditons, therefore, thereare equaladial frictional force

at the symmetricpart as well
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Figure6.13  Deformation of thequarteredmodel inx-direction (} & ]*"§{Ev }voC _

only simulation

6.9.2. 33 UH YV VoXxQ®&imulation

The crosssectional areas at thesectiors of interest onthe CBVreduced by
approximately 3.34 v i6Xi6 % E vS (}& ~i 8§} i_ v ~0d S8} 0_ E %
pressure applied at theuperficialsurfaceof section 1 to 8 causkthe compressiorof

the quartered model. The sigitant differencebetween the reductios of the cross

sectional areas ahe sectiors of interest at érmis and hypodermis layers weaused

by the different magnitdes of the displacements nbdes. The centre line (red lcair)

of the quartered models wsed to demonstrate thalisplacementof the respective

nodes as shown jRigure6.14] Thereare sixty-four nodes on the centre line atermis

and hypodermis layers and theyre named N1 to N64 fronbottom to superficial

respectively. The quartered model underwent a compression when a pres@ase
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applied on thesuperficial surfacesf section 1 to 8. The nodes on the centre line
consequatly displaced downward. The nodes closer to theperficial surfaces
displaced more than those below thebecause the displacement of each nodas

an accumulabn of the displacement of aflodes below them. Net displacement of
each node on the centre line was calculated by subtracting the displacement

experienced by the nodes below it. The resualts presented ir|EFigure6.15 The red

and green points iEigureG.lS representthe net displacement of the nodes, N1 to
N64,at hypodermis and dermis layers respectivdliie red and green lineare the

lines of best fit of the red and green points respectively which show the trends of the
points. A significant increasa net nodal displacement was found at the secti®mof
interest at hypodermis layer. Thindicateshat each node at the hypodermis layer
displaced significantly more than the nodes below it, thus, the diameter of the-cross
sectional areaat the sectiors of interest at the hypodermis layer were decreased
significantly.Even though higher magnitudes of netdal displacements were found

at dermis layers, the relative displacement of two successive nodes were similar. The
distance between two nodes, therefore, remained approximately the safie

difference in net displacement for nodestht dermis and hypodrmis layesare also

represented by the slopes of the two lines of bésin|Figure6.15
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Figure6.14 Red centrdine of the @ntre model

Figure6.15 Net nodal deformation at dermis and hypodermis layers

6.9.3. 33UHVVXUH DQGirhulatieW LRQ" ™ V
The magnitudes of the deformation at theectiors of interest onthe CBVin PF

simulation were in between the results dfFOand PO simulations. As discussed in

sectior}6.9.1anc 6.9.4 friction opened up the blood vessélscause of the computing

method which requires advancemewhile pressure collapsed the blood vessels. The

combined effects were demonstrateth PFsimulation. The results acquired iRF
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simulation were the most clinically relevant. The healthy volunteers who participated
in the pressure mapping measurement were subjected to both pressure and friction
simultaneouslywith the vertically upright sitting poste. There were approximately
1.70 andl3.02 percentlecreag inthe crosssectional areas at the sectisrof interest

on the CBV at the dermis and hypodermis respectivelfhe PF simulation
demonstrated the capability of the developed model, quartered elpdin
approximating the effect of both applied pressure and friction simultaneously on the
percentage change in the cressctional area of th€BVThis is an initial attempt and

it is novel in terms of its capability in the field of pressure ulcer praoa.

6.10. Conclusions
A threedimensionalFEA quartered model was developed to represent skin and

demonstrate the effects of echanical loads othe cutaneous blood vessels.

Pressure mapping measurements were conducted on three tinealolunteers
supported by rigid and foansurfaces. The highest peak contact pressure was 89

mmHg.

Loading areas of thquartered model was determined ksirmulation test run 1 to 8.

The trend of convergence was shown in the convergence graph of théasiomutest

run and is convergedt the 8" test run shown ifFigure6.10| Hence, thesuperficial

surfaces of section 1 to 8 werdetermined to be the adequate loadirayea forthe

subsequenfFEA simulations.

The changsof the crosssectional ara atthe sectionsof interest on theCBWere

unable to be directly acquireftom the FEAcackage The percentagechanges of the
147



crosssectional area wereomputedby analysing the data of original and dehed

coordinates of the kepodes.

The significant differences the magnitudes of the reductiom the crosssectional
areas athe sectiors of interest at dermis and hypodermis layersrevcontributed by

the difference innet nodal displacement.

dZz&E & eJupo SJ}v Jv op JvP "% E e*p&E }voC_U ~(&E] S]}v

(E] 8§]})v_ A & }v p § oKthd Zppliéd méehanical loads the cross

sectional areas dhe cutaneous blood vessels astemonstratedin| Table6.4

Table6.4 Effects of theappliedmechanical loadings dhe aosssectional areas of the

cutaneous blood vessels

Mechanical Effect Percentage Change of the Cross
Loading sectional Areas on the Cutaneous

Blood Vessels (Percent)

Dermis Layer | Hypodermis Layer
Pressure Decrease 3.34 17.07
Friction Increase 1.79 5.77
Pressure and Decrease 1.70 13.02
Friction

The purpose of FO simulation was to demonstrate the capability of the quartered
modelin illustratng the effect of applied frictional force on cutaneous blood vessels.

An advancement in the method of computing the cresectional ara of the
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cutaneous blood vessels wascessary which will be presenta{@hapter T

The objectives of this chapter were to:
X To conducpressure mapping measurement of volunteers sitting on foam and
rigid support surfaces;
x To develop a 3dimensional finite element analysigjuartered model to
represent skin; and
X To study the deformation of cutaneous blood vessels under the influence of

sitting on a foam.

The aim was fully satisfied lilge development otthe quartered model which was
capable of representing skin and demonstrating the deformatb&BWy different

mechanical loadings including pressure, friction and the combination tbf bo

Pressure mapping measurements were conducted on three healthy volunteers with
different BMI on foam and rigid support surésc The highest magnitude pkeak
contact pressure (89 mmHg) was used to berference of thepressureapplied to

the quariered model.

Sectiors of interest were introduced to th€BVand the changein the crosssectional

areasat the sectiors of interest were demonstrated by the three FEA simulations.
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Chapter 7 Advanced FEA Halved Model for

Cutaneous Blood Vessels

7.1. Introduction

By usingthe finite elementmethod, the quartered model presented |Ghapter ¢

demonstrated its capabilitin approximating the changes in the cressctional areas

at the sectiors of interest on cutaneous blood vess@BZBV)n the sitting condition

The gquartered model was an initiattempt to develop anovel tool to evaluate the
effect of mechanical loadsn cutaneous blood vessell. was capable of simulating
conditions where only pressure and/ or radial frictional force is applied. However,
some conditions, for instance, singl@ection friction could not be simulated. An

advancement in developing a computational model based on the quartered model will

be presentedn this chapter. Also, as discussefCihapter 6 an advanced method of

computing the crossectional area of the cutaneous blood vessels will be presented
in this chaper for taking the out of plane effects of the key nodes into account. This
newer method of computing the crosectional area can be adopted in quartered
model for simulating aforementioned conditions which could be more economical due
to the size and nutmer of mesh of the quartered modeTlhe development of an
advancedmodel, ralved modelis presented in this Chaptexrhich aims to simulate
more conditionsThe advancement in the models is also presented inPttoeeeding

of the Institution of Mechanicatngineers, Part H: Journal of Engineering in Medicine

(Leung, Fleming, Walton, Barrans, & Ousey, 2019)

7.2. Advancement in Application of Friction
The most significant limitation of the quartered model whs inability of applying a

singledirection friction resulting from the application of asymmetric boundary

150



condition on each side of the model as expéd inSectio+6.3.4 The applicatiosof

asymmetricboundary conditiorenabled the FEA packatgebe aware othe presence
of other symmetric parts of the modelBy definition, however tie symmetric

boundary conditionsvere not only applied to the physical geometries but also to the

loading conditionsThree loading conditionare presented inFigure7.1in which blue

coloured setions representhe quartered model and the grey coloured secti@e

the mirrored pars based on the two appliedymmetricboundary conditions. The red

arrows ir{Figure?.l (a) and (b) represent the friction applied on thaperficial surface

of the quartered model in two opposite directions. The directions of frictawa

mirrored by the two applied boundary conditions, hence, the directions of frictions
become to and outward from the middle of the model whaxe not clinically relevant

because friction rarely appeam skin inoppositedirections. In contrast, frictiom

Figure7.1|(c) is applied in radially outward direction which simwatthe loading

condition of sitting on a supporsurface. This shaswthat the quartered modelvas

only capable of simulating limited conditions.

(@) (b) ()

Figure7.1 Possible friction wections of thequartered nodel

Developments in the model were required to allow thienulaion of more clinically

relevantloading condions especially when friction is asingle direction as well as in
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a radial direction. Hence, they A ~Z oA _ isiin tlee shape of a sernircle.

Threeloading directions of frictioare presented ifFigure7.2[in which green seains

arethe halved modeand the grey sectiorsithe mirrored parsimulated by applying
a symmetricboundary conditionin the middle The fricton gplied to the halved
model canbe ina single direction andhis same direction of frictions simulated on

the mirrored part as shown {ﬁigure?.z (a) and (b). Thishangeallowedmore clinical

relevant loading conditionso be simulated for instance, patients sitting up on an

inclined bed

(@) (b) ()

Figure7.2 Possibldriction directions of thehalvedmodel

7.3. Features of the Halved Model

Similar to the quartered model, there ageradial sections as showr|kigure?7.3{ The

sizes ofthe radial sectionsare smallest in thecentre and aregradually increased
radially from the centreRadial sction 1 s thefocusof the model where theCBVare
located. The halved model congsif four layers which represenstratum corneum,

epidermis dermis and hypodermis from the outerrsido the innermost
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Figure7.3 Radial sections of the halvedoatel

The number of horizontal blood vessels rensdite sameas the quartered modeind

thereisan additional vertical blood vesdel connectall the horizontabnes as shown

in[Figure7.4| Thereare six sections of interest in the halved modw®i each of the

horizontal blood vessels labelled asdAF compare to onlythree in the quartered
model Thereare in total 54 sectionsf interestand 529,032 nodes in the halved
modelin which nodedocatedat the four specific positions #éhe sections of interest
are regarded as keyodes. Theraare in total 216 key nodes andby analysing their

coordinates, percentage changes in the vessel esestional area are calculated.
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Figure7.4 Cutaneous lmod vessels in the dlvedmodellocated inradialsection

1

7.4. Boundary Conditions and Loadings of the Halved Model

Two boundary conditionsre applied to the halved model in order to simulate the
conditions of skin under the influens®f mechanical loasl A symmetric boundary
conditionis applied to the gie surfaceof the model which enabkthe FEA package

to aware of the symmetric part of the model including the physical geometries as well

as the loading conditionas shown i+Figure7.5 By definition of the symmetric
boundary condition, the translation movement perpendicular and rotational

movement parallel to the plane of symmetric are all zero. A fix boundary condition is
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applied to the bottom surface of the modehsiar to the quartered modeib simulate

the skin on a bony prominence. It wabkownin Section6.3.4that the boundary

condition at the peripheral surface has ansignificant effect orthe changes othe
crosssectional areas of the cutaneous blood vesssiated at section lhence there

was no boundary conditioapplied on the peripheradurface.

Figure7.5 Three surfaces of thedivedmodel

Similar to the quartered model simulation test run was conducted to determine the
number of superficial surfaces which should be loaded to minimise the effect of

loading area on the chang@ the crosssectional areaf the cutaneous blood vessels.

Figure7.6[shows the average percentage chaeg of the crossectional area athe

sectiors of interest onCB\8. There werén total 12 and 42 sections of interest Hie
dermis and hypodermis layer respectively and the percentage changes in the cross
sectional areas converged in thé S8imulation test rurin which thesuperficial surface

of section 1 to 8 wex loaded. The chamgof thecrosssectional areas ahe sectiors

of interest at the hypodermis layers increased significantly wie increase in loading
areafrom the first to the sixth simulation tesun. Thisdemonstrates that more area

should be loaded to minimise the effeof loading areaon the deformation of the
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cutaneous bloodessels

Loading Area vs Percentage Change in the €ross
sectional Area of the Cutaneous Blood Vessels
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Figure7.6 Percentagechanges irthe aoss sectionalareas of thecutaneous

blood \essels under thanfluences ofoadingarea for thehalved nodel

7.5. Advanced Method to Determine Cross -sectional Area of
Cutaneous Blood Vessels
In this sectionthe advancedmethod of computingthe crosssectional areaat the

sectiors of interest on theCB\Ms discussed

7.5.1. Deform ed shape under the influence of applied pressure
Theoriginal crosssectional areas dhe sectionsof interest on theCBWvere calculated
with the formula of thearea of a circle because the diameter of ttwganeous blood
vesselsA « |v}Av A op U if.axis @ Sodipsendsional simulation was

conducted to demonstrate the deformation of a circular hole under the influence of

an applied pressure on theuperficial surfacgFigure7.7|demonstratesthat the CBV

is deformed into an elliptical shapghenthe pressure was applied. The same result

was seernn both of the threedimensionaimodel, quartered andhalved.Hence, tle
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formula of the area of an ellipse is usatbngside with the coordinates of the key

nodesfor computingthe change in the crossectional area athe sectiors of interest

onthe CB\Waused by thepplied mechanical loads.

Figure7.7 Two-dimensionalsimulation on the dformation ofthe cutaneous

blood vessel under the influence gbalied pressure

7.5.2. Deformed shape under the influence of a pplied friction

Theoriginalmethod of deducing the crossectional area waapplicablewhen theCBV

deformed on a plane, i.e. the initiglositions of the fourkey nodesat a section of

interest were on glane and the four nodes were deformed the sameplane under

the influence ofanapplied pressure. However, tltisplacemenbf the four nodes was

out of the plane when the deformation was caused by friction as the nodes closer to

the superficial surfacevere subjected to more influences of the applied friction than

the nodesat the bottom due to the fix boundary condition applied on the bottom

surface The original method of deducing the cresesctional area of the cutaneous

blood vessel presented in Sect

arb. 1

was not meaningfulwith respect to applied
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friction. The displaced nodes are no longer on the perpendiqui@neto the vessel

axis as shown |kigure?7.8| The computing of the crossectional area of the blood

vessels would therefore be faulty increased. The blue, red and green gigsiia7.9

are the vesselaxis, original perpendicular axis and tilled axis caused by applied friction.
The distance between the key nodes represented by the black dotes are increased

because they are not on the same axis.

Figure7.8 Vessel ais andperpendicularaxis

Figure7.9 Schematiadiagram of the crossection of blood gssel

The advanced method ofomputingthe crosssectional area of the deforme@BV
under the influence omechanical loadaligrs all the keynodes on the samaxisprior
to analysing the distances between tliksplacednodes and calculating the cress

sectional area. The steps of the advanced method were as follows:
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x Original coordinates of Keynodes (A, BC, D) on aectionof interest
A (% Ya, Z), B (%, b, 2), C (¥ Yo, Z), D (¥, Yo, )
x Digances between the keyodes aml the middle axis of the model at their

respective depth (irection)

A ¥TSSE\PAB ¥ToP E S C ¥ TS E WD ¥ T8 E O
X New 2D coordinates on the same plane of the 4 nodes

A(¥TPE ¥, B ¥ TP E &, w),

C (¥Te® E RO, ya), D ¥ T.% E 5, ya),

x Two diameters on the same plaaeetherefore calculated

Diameter AB: 8 :¥ TS E \b® F ¥ o6 E EP:6 E >0 F W6

Diameter CD:§ :¥ TP E W0 F ¥ T,6 E \(0;6 E 1> F U6

x Deformed AreaComputd by the Advanced Method Equation 7.1
N
L—V§:¥T©6 EVG® F ¥T6 E K86 E g F L6 Advanced
method of

HE ¥TPEVS F¥TOE WSO E HeF U8 _
computing the

crosssectional
area of the
cutaneous

blood vessels

This advanced methgEquation7.1{ in computing the crossectional area of the

sections of interest on th&€BVprojects the key nodes on the same perpendicular
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plane. Hence, the actual cressctional area could be computedthout any false

increase by the out of plane effect due to the applied frict|{Gingure7.10/is the

calculationof the change in the crossectional area of th&€€BYwhere column K is

inserted for the xcoordinate inthe new coordinate system.

Figure7.10  Advanced rethod ofcomputing the banges ircrosssectional areas

of the cutaneous bod vessels

The changes iorosssectional area athe sectionsof interest on the cutaneous blood
vesselscalculatedby this advanced methoavere demonstratedby a frictioronly

simulation withthe halved model. As shown |iF\igure7.11 the most significant

reduction is found athe sectiors of interest located on thenost superficiahorizortal
blood vessels because it csosest to the superficial surfacghere the frictionis
applied. The singidirection friction reduce the crosssectional area ofthe sections

of interest with different magnitudes on the same horizorgataneous blood/essels.

It is consistent thatsectiors of interest A and F were affected the least due to the
orientations ofthe sectiors of interest with respect to the direction of the applied

friction.
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Figure7.11 Percentage ltange of thecrosssectionalarea of thesections of

interest on the cutaneous bloodegsels

This advanced method of deducing the crssstional areat the sectiors of interest
on the cutaneous blood vessetsddopted in the rest of the study to ensure the cross

sectional areas accurately reported

7.6. Convergence Tests for Halved Model

Mesh sze B known toaffectthe approximations of a FEA model and the results of the
simulations, hence, ther&eretwo convergence tests conducted on the halved model
with respect tothe deformations of the cutaneous layers and the changiéetross

sectionalareas of the cutaneous blood vessels.

7.6.1. Convergence t est on the change of the cross -sectional area of
the cutaneou s blood v essel
The mesh size of the radial section 1 was amended for the convergence test because

the key focus of the stud¥;BY were located atthis section A consistent mesh size
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was impossible to be adoptedor the whole model because it would exceed the
capacityof the availablecomputationalpower and itwasnot necessaryThere were

four mesh sizes assigned to the radial secfidor the convergence tesivhich were

AU 01U iA v.|Figure7.u2/demonstratesthe changes of thaverage cross

sectional areas dhe sectiors of interest orCBMocated at the dermis and hypodermis
respectively. The resulsonvergeat approximatéy 0.067of an inverse of mesh size

which wasequivalenttotheu «Z ]I }( ifi...uX

Figure7.12 Convergenceest ofthe change in crossectional area of the

cutaneous blood essel

7.6.2. Convergence test for m iddle axis

The mddle axis of the halved modei red inFigure7.13jandis located in the centre

of the radial section 1. Th&€BVare surrounding the middle axis, hence, the
deformation of the middle asiaffectsthe deformation of theCBVand consequently
the percentage changeof the crossectional areas athe sectiors of interest. A
convergence test was performed regarding the deformation of the middle axis with

respect to the mesh sis®f the radial section 1 to minimise the effect of tadopted
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mesh &e onthe deformation of the middle axis. Five distinct nodes on the middle axis

were pinpointed by the coordinatewith respectto the junctions of the cutaneous

layers

Table7.1

shows the five distinct nodes, A to E, from tiseiperficialsurfaceof

the radial section Abovethe Stratum Corneuno underneath the hypodermis layer.

All the x and z coordinates of the distinct nodes were zero because the nodes were on

the middle axis and at the centre of the halved model.

Table7.1 Positioning of thdive dstinctnodes on themiddle axis

Distinct Nodes| Junction of the Cutaneous Layers Coordinates
Y, 2)

A Superficial region on the Stratum (0, 3250, 0)

Corneum

B Stratum Corneunt Epidermis (0, 3240, 0)

C EpidermisDermis (0, 3198, 0)

D DermisHypodermis (0, 1913, 0)
E Bottom of the Hypodermis (0,0,0
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Figure7.13  Middle axis of the hAlvedmodel

Similar to the convergence test performed on the percentage change in the-cross

sectional areat the sectiors of interest presented in Secti@n6.] in this convergence

testthere arefour different mesh sizes applied on radial section 1 including 50, 40, 15
v il... uXdidpacement®f the five distinct nodeare captured and analysed for
each of the adopted mesh sieThedisplacementof the five distinct nodeare in y-
direction which isthe depth direction of the halved model and the direction of the
applied pressure. For the calculation of thet displacement®f the distinct nods
without the influence of thenodes undereath it, the dsplacemenbf eachnode was

followed, i.e.

X The net dsplacemat of node A is equal tdisplacemenbf node A minus the
displacemenof node B
X The netdisplacemenbf node B is equal tdisplacemenbf node B minus the

displacemenbf node C ; and so forth
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Figure7.14{showsthe net displacemenif the five distinct nodes on the middle axis

from the simulations withthe four different mesh sizes fu i 8} ii...uX dZ v § C

directiondisplacement®f allfive nodes converge at the third simulationwhich the

adopted mesh sizesi ifi...uX

Convergence Test of the Middle Axis Deformation
0
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Figure7.14  Convergenceest of themiddle aisdeformation

In the mesh convergence test of the middle axiro displacement at node E confirms

the fix boundary conditionThe coordinates of the five distinct nodes on the middle

axis also demonstrated minimdisplacementn x and z direction. Athe displacement

in £ v |1 ]JE 3]}v AE o0+ 3Z v i..u vas theggowere v Po
approximately 0.003% of the radius of the halved modibk percentage difference in

the Y-direction net displacementor the 5 nodedetween mesh size of 15 and 10u

were in betweerD and 0.25%.

7.6.3. Discussion on mesh size convergence tests
Mesh sizes of 50, 40, 15 and 10were used for the two convergence tests relating

to the percentage change in the cressctional area of the sections of interest on the
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CBVas well as the net displacement of the nodes on the middle @kistewere only
1.11% and 0.24% differen&@ the crosssectional areaof the CBVlocated at the
dermis and hypodermis layers respectiveligen the radial section I meshedwith
15 and 10..u o0 u vIheXpercentage differences between thediyection
displacementsof the five distinct nodes on the middle axase all less than 0.2%

SA v &z }% 3 u *Z ]I }( i showsthatithd mpsh size of
i i ... usainimal effects on te deformation of the middle axiShese two mesh
convergence tests showed that the results of halved model would not be significantly
Jv(op v C % %O0C]JvP u ¢Z ¢ su 00 E $Z v iA...uxX , v U §Z

adopted for the radial 1 of the halved rdel.

7.7. Deformation of the Cutaneous Blood Vessels with
respect to Applied Pressure
Interface pressure wasgound not to correlate well withof the formation of pressure
ulcersin the literature. This was awrate for the pressure ulcers causky excessive
stress by distortionStressexperienced in vivo especially at deep tissue, for instance,
muscle couldbe 15 times higherthan the interface pressuravhile the interface
pressure remained practically unchangéelsner & Gefen, 2008However, for the
aetiology of ischemia, the ietface pressure playa significant role in collapsing the
blood vessels, obstructing the blood circulatiand metabolic wastes removal. This
eventually leadto cell deaths and the formation of superficial pressure ulcers.
Computational models related to deep tissue injngve beersuccessfully developed
over the years. These moddislpedwith the understanding ofthe in vivo conditions
of the patients in different postures and evaluay the effectiveness of medical
devices, for instance, air cushi@ievy et al., 2014)There is $li a need fora tool to

guantify the effect of mechanical loadon the deformation ofthe CBVand the
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percentagechanges in the crosssectional arealn this sectiongdifferent magnitudes
of pressureare applied to thesuperficial surfacesf the halved model t@stablishthe
relationship between the applied pressure and thercentagechanges in the cross

sectional area at the sectiemof interest orthe CBY

7.7.1. Effects of a pplied pressure on the cutaneous blood v essels
In this section,five magnitudes of pressure including, 23.0, 46.0, 92.0 and

138.0mmHgare applied to thesuperficialsurfaces of the radial section 1 to 8 of the

halved model The two sets of data points coloured in blue and red showrigare

7.15|are the average percentage changes of the cresstional areas of th€BVat

dermis and hypodermis layers respectively and the data points coloured in green
the average percentage changéthe crosssectional areas of all th€BYafull set of

datais provided inAppendix Il

Percentage change of the cressctional area of the CBV
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Figure7.15 Percentagehange of the crossectional aea of thecutaneous bood

vesselgdemonstrated by the &lvedmodel
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7.7.2. Discussion on the ¢ hange in the cross -sectional a reas of the

cutaneous blood vessels

The halved model experienced different maigdes of deformation with the

magnitudesof applied pressure from 138 mmHg. The range of percentage change

of the crosssectional area of th€BVat the demis and hypodermis layers werédto

-7.0% and0% to -29.5% respectively. Theectiors of interest on theCBVat the

hypodermis layers experienced higher influence of the applied pressure and

demonstrated hiber percentage change in the cressctional area comparing to the

sectiors of interest at the dermis layer because of the different net displacement

experienced by the nodes at the dermis and hypodermis layer. This effect was

discussed in detail in Seot+6.9.2

All three sets of data presented|iigure7.15|are linear which demonstratethat the

reduction ofthe crosssectional areas othe CBVis linearly relatedto the applied

pressure for the halved modelki@ is known to be nodinearin stress and strain

relationshiphowever as shown [Rfigure2.4(skin experiencenon-linearity at higher

magnitude typically Phase laf applied stress. For the application@fo 138 mmHg

of pressureskinis still experiencinghe magnitude of stress withiphrase lin|Figure

2.4lwhichcanbe assumed to be linear.

The average percentage changes of the cgegional areas of th€BWVlocated at

both dermis and hypodermis layers caused by the applied press@&df38 mmHg

were 0% to-24.5%. The average valyg®sented in green

Rigure7.15

are closer to

the percentage changeof the crosssectional area of theblood vessels at the

hypodermis layer than the dermis laydecause the hypodermis layes highly

vascularised and more blood vessel® located at the hypodermis layers. The
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averagedvalue of allthe crosssectional areas othe CBVat both dermis and
hypodermis wasessential for the comparison conducted in the next chapter to

correlate the computational data to the clinical data.

The halved model simulations showed that iB\vere not completely collapsetly
the applied pressures ofnagnitude O 8§} ii6 uu,PX > v ]Je[s Spu C ]v
demonstrated that the capillary pressure was between 12 to 32 mmHg from venous
to arteriole (Landis, 1930)The %o %o E Spe Jv > v ]s[+ *SpoGachwithlv ]E
the capillary while the halved model wasnulatirg the situation of externally ggied
pressure.Bridel deemed that the conceptf 32 mmHg of applied pressure as
threshold was inappropriate because the responses of @B/were related to the
collagen contenat the dermis(Bridel, 1993) The halved modeh good @reement to

E] ofe ]chanpés in the crossectional areas athe CBWvere contributed by
the collagen contentas the magnitude of applied pressure than 32mmHg did not

collapsethe CBV

The existing methods of acquiring material properties of thtageous layers were

discussed in detail in Sect@which aremainly thein vivoindentation andin vitro
tensile tests. Neitherof these methods provided good regsentations of the
properties or the behaviours of skin viva Thein vivoindentation was incapable of
illustrating the behaviour of individual cutaneous layers even though the behaviour of
skinas a wholewas illustrated clearly and accurately. Tihevitro tensile testhastwo
limitations including the orientation of the testing and the loss of nutrient supply to
the specimes. Regardless the sources spgecimens, live donors or cadavers, the
excised skin specimerse unable to acquire nutrients orrgg metabolic needs from

its original sources and theehaviours or elastic moduli are longer the same as
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vivo. The computational simulatian of skin behavioursvould consequently be
affected andimited the clinical relevancdue to the importance ofz}puvP[e D} pope
to FEA simulationsMore importantly, the applied loads for bothcomputational
modeling or in clinical practice are mdynin the depth direction of thecutaneous
layers.Hence, he elastic modulivould ideally be measuredin the samedirection.
However, the thicknesses of the cutaneous layers famen only 10 to approximately
2,000micrometres (Chopra et al., 2018nd impossibléo attach toany of the clamps

for tensile testpurposes The current material pragrtiesadopted in the halved model

are from the Lévéquewhich were adopted for the computational modelling on the
cutaneous layers as wéllévéque & Audoly, 2013Jhis was the closest possible full

set of elastic moduli for computational modellingowever, the magnitudes of the
percentage changsof the crosssectional area of th€BWemonstrated by the halved
model were expected to be less than threvivoconditions based on the concept of

> VP E[* o]v X /8 A « (}Juv 8Z § 3Z]|PD &) oyYPUSEZA>®P E[* 0o
thanin perpendicular directiorfLanger, 1978b)

To minimisethe material propertiesuncertaintyof the autaneous layers anthcrease

the clinicalrelevane of the halved modelthe computational data will beorrelated

to a set ofphysiologicadata, i.e. percentage changes in the cutaneous blood flow

velocity in the next chapter.

A graphical representatiomwas presented which related the magnitude of apgali
pressure and the change in the cressctional areas of th€BV This could be an
indicative parameter for analysing the effect of pressorethe cutaneous blood
vessels.

By adopting the finite element method, the halved model was capable of

approximatng the in vivo conditions of theCBVin relating to the formation of
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superficial pressure ulcers. However, the magnitudes of the change in the -cross
sectional area was still deemed to be not fubiirysiologicallyrelevant due to the
limitation of the skin properties acquisition. The graphical representation could only
be indicative and could not be an actual data for clinicsd whichrequireda further
step tocorrelate the computational result® a set ofphysologicd data.
7.8. Conclusion
The development of the halved mod®lsolvedthe limitation of the quartered model
in three aspectsFirstly, the halved model was capable of simulating more clinical
relevant conditions typically singldirection friction. Secondly, armdvanced method
was developed to quantify the change imetcrosssectional area of the CBWinally,
the mesh size of the dived model was analysed andnaesh sizeof 15...u A
adequate. The influences ahexternaly applied pressure to thehangesin the cross
sectional area of th€BWvere illustrated graphicallin the chapterfrom the range of
0 to 138.0 mmHg. The computational results from the halved model remained as an
indicative paameter and not fully physiologicallglevant which equired a further
correlationwith a set of physiologicalata. Three objectives ahis chapter are
x To develop an advanced model which allows the applicatiora sfngle
directionfriction;
X To develop an advanced method of quantifying the chanige the cross
sectional area at the sections of interest thre cutaneous blood vessgland
X To systematicallyevaluate the influence oh range of magnitudes @pplied
pressure to the change in the cressctional area of the cutaneous blood
vessel.

The objecties of the chapter has been successfully achieved.
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Chapter 8 Clinical Relevanc e of the Computational

Model

8.1. Introduction

1
<

The developed computational model, halved modgbresented in |Chapter

demonstrated its capabilityn evaluating the deformation of cutaneous layers and
consequently the chage in the crossectional area athe sectiors of interest on the
cutaneous blood vesse{€BV) It is a novel tool founderstandng the behaviours of
CBWunder the influences ofplied mechanical lds by adopting the finite element
methodandillustratingthe in vivoconditions in relatigto the formation of superficial
pressure ulces. A graphical representatidor the relationship between thehange in

the crosssectional area of th€BVandthe applied mechanical loadsasprovided in

Chapter T In order to be a fully functional ah physiologicallyrelevant tool, a

correlation between the halved model and set ofphysiologicaldata needs to be
established which is the aim of this chaptédfhe concept of correlating the
computational results from the halved model with tpaysiologtaldata ispresented

in Proceeding of the Institution of Mechanical Engineers, Part H: Journal of Engineering

in Medicine(Leung et al., 2019)

8.2. Need for Clinical Relevanc e

The aim of the halved model was to approximate the changehe crosssectional
area of the CBVat various cutaneous layers. However, the approximation was
subjected to the influences of different factors for instance, the mechanical properties
of cutaneous layers anth vivo configurations ofCBV The mechanal properties
adopted in the halved model was extracted frahe study conducted byévéquen

which the mechanical properties wesdsoadopted to be the input parameters af
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finite element model of skifLévéque & Audoly, 2013 owever, asnentioned before

in Section2.4 the existing methods of evaluating the mechanical properties of skin

were incapable ofully representing the behaviour afutaneous layeri vivoin the
direction d interest of the halved mdel, the depth direction of skin. ThEBWvithin
the halved model were end arterioles ardood vessels obther sizesincluding
capillaies wereomitted because their inclusion would exceélie computational
power. Both of these twofactors affect thephysiologicalrelevan@ of the model,
however, the halved model could be a clinical relevant tool coyrelating the
computational results to a set gfhysiologicaldata in relating b the formation of

superficialpressure ulcers.

8.3. Measurement of the Cutane ous Blood Flow

Superficial pessure ulcerare developed wheB\Vareobstructed or partial restricted
which lead to areduction inblood flow causing a decrease amygen and nutrient
supply,metabolic waste removanddecrease ipH valueThese effectsesult in @lls
death and the formatiors of superficialpressure ulcers. Us the prerequisite isa
reduction of cutaneous blood flow, hence, ig adopted to bethe physiological
parameter The set ophysiologicadata wa acquired by capting the percentage
change in the blood flow velocitpy using Laser Doppler Velocimetry which is a
technology for measuring the flow velocity of particles within a transparent or-semi
transparent fluid. The change in the blood flow velocityas initiated by applying
mechanical loads to the skaurface with the probe of thedser Dopplein the current
study, a commercially available laser Doppler, PFA@PM, from Perimed was

adopted.
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8.3.1. Probe of the laser Doppler

The aim of acquiring a set physiologial data was to understand the change
cutaneous blood flowelocity caused by applietbads which were loaded with the
probe of the laser Doppler. Thuthe area of thebottom surface of the probe was
essential to the measuremerds it was the contactraa with the hands of the
volunteers.

The area of the badm surface of the probe affectethe magnitude ofthe applied
pressurehence, a threadimensional scan of the probe was conductesihg an Artec
Spider 3D Scanner. The thrdenensionalscan of theprobe is imported into a -3
dimensional design package for evaluating the area of the bottom surface vghich i

shown ir{FigureS.l (@) an(%FigureS.l (b). The area of the bottom surface of the probe

is 162.43nmz.

() (b)

Figure8.1 3D scanned probe of thader Dopplerelocimetry

8.3.2. Experimental s etup for measuring cutaneous blood flow

The measuremenodf the cutaneous blood flow velocitg iconducted at the middle
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finger knuckles ofthe left hand of the three healthy volunteers. Itsia bony

prominence witha minimal amount oSub-cutaneous fat and itsi easily accessible.

The left arm of thdnealthy volunteer isupported ly a table and the left hand gaced

in the clampas shownin|Figure8.2| A rigid supporting walk attached to theclamp

and extended upward and the hand of the voluntasrpressurised against it. A
pressire mapping sengd-Scan 5051siattached to the extended supporting wall and
the force applied to the handicaptured by the pressure mapping system. The probe
of the laser Dopplersi attached to the middle finger knuckles bging transparent

double side tape providely the laser Doppler companyefimed.

Figure8.2 Experimentabetup of the neasurement of thecutaneousblood flow

velocity

8.3.3. Measurement p rocedures for cutaneous blood f low velocity
Three healthyvolunteers aged between4and 50consented to take part irthe
measurement of the cutaneous blood flowelocityby usingalaser Doppler. The laser

Doppler was veryegsitive to any physical movement aedotional changs of the
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participants Hence, althe participants were instructed to remain calm and minimise
any movement and talking throughout the whole mea=mmentperiod. Laser Doppler
velocimetry was incapable of measuring exact velocity of the flowing particles, hence,
only the percentage changa the velocity was meaningful to thghysiologicatata.

The measurement wasommencedby allowing the%o ES] ] %0 M8 festdn vhe
clamp with all the equipment in position for 2 minuteshich constitutedsettling
period. All the settling and measurement periods in this study lasted for 2 minutes.
After the settling perial, the cutaneous blood flow velocityas consideredto be
steady before the commencement of the first measment period. For the first
measuement period there wasno force applied to théhand The reading from the
laser Dopplemwas recordedat 15 seconds intervalThis initial set of readings was
utilised asthe reference data to calculate the percentage change in the blood flow
velocityin later measuremets. After the firstmeasurementperiod, the hand of the
volunteer was pressurised against the extended supporting wall until the captured

reading from the pressure mapping system reached the first intendedgnitude

shown inTable8.1] Another settling period was allowed before trmommencement

of the nex measurement periodAll the readings we averaged which provided a
more meaningfutepresentationof the cutaneous ldod flow velocityaffected by the
applied mechanical loadsluring the whole meas@ment period. During the
experiment any slight movement of the hand would affect the magnitudes of the
applied load, hence, thapplied force to the handvas adjusted throuigout the
measuementperiod by the researcher tensurethe magnitudeof applied loads was

within £0.1 newton of the intended magnitude. The whole experimeasrepeated

with the same procedure for thenagnitudes othe applied forcelisted inTable8.1

The magnitude of the applied forceagnot increasedeyondthe magnitude of 115.4

mmHg (2.5 N) because the first volunteer expressedéeléngof discomfort All the
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volunteers were instructed to express any discomfort experienceke hand caused
by the appliel mechanical loads at any pouhiiring theprocedure No discomfort was

caused between 0 to 115.4mHg for the three participants

Table8.1 Magnitudes of pressure for measurement of the cutaneous blodowf

velocity
Measurement Magnitude of Pressure Applied Force
(mmHgQ) (Newton)
1 (Reference Data) 0 0
2 231 0.5
3 46.2 1.0
4 69.3 1.5
5 924 2.0
6 1154 2.5

8.3.4. Measured p ercentage change of cutaneous blood f low velocity
Nine readings from the laser Doppleswere recordedin each of the measurement
period and six sets of data in total were acquired for each ofpdmicipant The full
set of laser Dopler results for all the participani@relisted inAppendix ll. The lowest
and highest reading from each set of reading were discarded in orddretier
represent the percentage changén the blood flow velocitwithin the measuement
period under the influences of the applied mechanical kadd this procedure was

IZvpug& C &£ o upilu &] 00C A(HE s of thg &idadinys)

minus the maximum valudthe minimum value) divided by.}Table8.2|showsthe

percentage changeof the blood flow velocity of each of the participamder the
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influences of the applied mechanical I@ad@he percentage changes presentgdaible

8.2|were the mean percentage change with respect to the initial vahieasurement

1), hence, thergésno percentage change for measurement 1.

Table8.2 Percentage ltange of theblood flow velocityof three participants

Measurement 1 2 3 4 5 6

Applied Load (N) 0 0.5 1.0 1.5 2.0 2.5

15! Participant (%) | O -46.94 | -56.30 | -74.57 | -80.00 | -84.97

2" Participant (%) | 0 -64.94 | -83.19 | -85.19 | -93.62 | -92.78

3" Participant (%) | O -21.63 | -40.61 | -60.18 | -70.74 | -89.50

Graphical Representatigof the percentage chang®f the blood flowwvelocityunder

the influence of the applied mechanical Iseate presented irEigureS.S Blood flow
velocity of each of the participants was different and the percayg change in the
blood flow velocitywas alsaodifferent because ofdifferent physiological factorsfor
instance, viscosity of the blood and the mechanical properties of skin. Hence, the
percentage changes gélocity ofthe three participanthavedifferent magnitudes but

with a similar trend.
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Percentage Change in the Blood Flow Velocity against Applied
Mechanical Loads
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—@— First Participant Second Participant —@— Third Participant

Figure8.3 Graphical epresentation of thepercentagechange of theblood flow

velocity

8.3.5. Discussion on laser Doppler measurement

A set of average data for all three participargpresented inFigure8.4fandthe upper

and lower limits are the range of the datA.trend line in form of afourth order
polynomialis fitted to the data Thetrend lineis a good match with the averagiata
with the highest trend line fitting error oR.5% occurring at the third measuremeint
which onenewton of forcewasapplied to the finger knuckle by the probe of the laser
Doppler. The data labels indicate the equivalent applied pressure in millimetre of

mercury.
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Average Data for All Participants from the Measurement
of Blood Flow Velocity
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Figure8.4 Clinical data equired bylaser Dopplerelocimetry

The physiologicaldata acquired by using laser Doppleresentedin|Figure 8.4(is

functional at therange of0 to 2.5 Newton of applied force whidl equivalent td to

115.4 mmHg ofhe applied pressurgi-igure8.4|enables the percentage chae@f the

blood flow velocity to be approximately referring tothe magnitude of the applied
force or the equivalent pressur&his data set was the average resutlf the three
volunteers which was a relatively small sampling size but it proved the feasibility in the
method of measuring the percentage change of the cutaneous blood flow velocity

contributed by applied mechanical loads by using laser Doppler.

The fndings of the laser Doppler measurement presented in this study confirmed the

argument of using the capillary pressure, 32 mmHg, as a threshold of stopping the
blood flow was inappropriate. This is in agreement with the idea from Bridel that the

deformation of cutaneous blood vessel€BV)is influenced by the presence of

collagen content at the dermis layéBridel, 1993) Although the blood flow velocity
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reduced significantly, more than 50%, for the applied pressure exceeding 32 mmHg,

the blood flow was not completely stopped.

It highlighted that attentions should also be put on the light medical devices because
the blood flow velocity was reduced dramatigaby the applied pressure frofto 65
mmHg. This explained medical device related pressure ulcers caused by light medical

devices, for instance, nasal cannulas and sp(ihtBlaclet al., 2015)

The clinical data acquired by the laser Doppler in this study involved three healthy
volunteers aged between 24 and 50. This was a relatively small sampling size for an
accurate set of data to represe the general public. However, from the sets of
acquiredphysiologicatlata, it showed the feasibility aormelating the computational
model to a set ophysiologicatlata to ensure the clinicalnd physiologicaielevance.
Although the definite changefdhe crosssectional area of th€BVin vivowas yet to

be determined, the set of computational data could be used clinically in conjunction
with the established correlationwith the data acquired by the laser Doppler
measurement. A larger scale of the Doppler measurement should be conducted with
more participants to ha a more representative set of physiologidalta which will

be discussed |ﬁ:hapter 11 These patrticipants could also be classified into different

groups in terms of ages, races and skin conditions to understand the respective blood

flow phenomenon.

The general understanaly of the relationship between flow velocity and the cross
sectional area of flowing domain was governed by the Bernoulli Equation. It stated
that if the crosssectional area of the flowing domain is restricted, the flow velocity

would increase to remainhe constant flow rate provided that the density remains
181



constant. However, this scenario is different from the cutaneous blood flow condition.
The cutaneous blood flow at any point on the cutaneous layers is not a closed system,
blood would flow to anotheiarea when a particular point of the cutaneous layer is
applied with pressure. This situation could be understood as an electrical parallel
circuit where a branch was increased with resistance and the current would travel
another path with lower resistanceHence, the fundamental principle of remaining
constant flow rate was not applicable at the cutaneous blood flow condition. Human
blood is also far from a perfect fluid and different particles are present, for instance,
red blood cells and blood platelefhe blood vessels at the cutaneous blood layers are
relatively small comparing to the size of the red blood cells unlike other anatomical
locations where the blood vessels are relatively large, for instance, coronary artery.
Hence, the flow conditions @ahe CBVs similar to a particle flow rather than perfect
fluid flow. Thus, the condition described by the Bernoulli Equation does not hold on
the blood flow condition at the cutaneous layers. Therefore, both phgsiological
data, percentage change indltutaneous blood flow velocity, and the computational
data, crosssectional area of the cutaneous blood vessels, reduces simultaneously with

the applied pressure.

8.4. Correlating the Halved M odel with Physiological Data

The halved model presented [@hapter Tallows the clinicians or medical device

developers to evaluateffect of their poducts onthe change in therosssectional
area of theCBV Thisis animportant step for medical device developers to minimise
any potential increase the likelihood of the formation a$uperficialpressure ulcers.
The halved models alsoeffective for clinicians to understand the influence of
mechanical loadsn the CBVof patients. Correlating thephysiologicabnd simulated

data s the final step to enable the computational resutsm the halved modeto be
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clinicaly and physiologicallyelevart and fully functional.

8.4.1. Computational results and physiological data

Figure8.5[shows thecorrelation ofthe simulated dataFigure7.15| andphysiological

data|Figure8.4| The data labels indicate the applied pressure in millimetreercory.

Corrleation of Physiological and Computational Data
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Figure8.5 Relationship between the computational ankhecal Data

ALinear relationship was found between the percentage change in the-sexdsnal
area atthe sectiors of interest on the cutaneous blood vessels and the applied load.
Howeverthe percatage change of the blood flow velocisas nonlinear and dourth
order polynomiatepresentdthe trend of the reduction. It was important to note that
the computationad resultsrepresenteda percentage change of a blood flow cress
sectionalarea while the acquired physiologi@ta represented percentage change

in blood flow velocity

The working range of the halved model wado 138.0 mmHg and the acquired

physiologicatlata was only in the range 6fto 115.4 mmHg because further increase
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in magnitudes ofthe applied loadwould result in feelings of discomfort fothe
participants. Hence, the working range of the halved model which was deemed to be
fully functional andphysiological andlinical relevant wa to 115.4 mmHg because

of the establishedcorrelation of the computational results andhe acquired

physiologicaldata. Apressure range of 20 to 137 mmHg was found within all the

pressure mapping testg conducted and presented|@hapter % The working range

of the halved model with the established relatiomstwith the clinical data covered

78.9 % of the range qressure found in tl—{é:hapte 5

Figure8.5| allows the equivalent percentage changef the cutaneas blood flow

velocity to be approximatedy extracting the percentage chargyef the cross
sectional areaof the cutaneous blood vesse{€BV)from the halved modelfinite
element simulation. This could bapplied in evaluating the effect of different
magnitudes of mechanical loadppliedto the skin layersand understanding the
effect of variousmechanical propertiesf the cutaneous layersn the formation of
superficial pressure ulcers. The benefitsrought by the halved model and the
correlation with the physiologicaldata include minimising further neefibr human
participationin evaluating the effect cdippliedpressureon cutaneous blood flow and
the effective evaluation on the influence of medicalvitees on the formation of
superficialpressures ulcers.

The correlation between the halved model and thleysiologicadata increases the
clinicaland physiologicalelevance and compensates thucertaintiesraised by the
simplifications of the configutions of the CBY the insufficient understanding and
scientific data in the mechanical properties of cutaneous layers in depth direction and
the omitting of blood pressure. Although thpdysiologicatlata was only acquired by
measurements conducted on theevolunteers, it demonstrated the feasibility of the

method, correlating the computational data to a sepbiysiologicatiata for increasing
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the physiologicarelevance, and the data showed the trend of changes in the blood
flow velocity. The developed ogoutational model with the established correlation is

a novel step of relating an external parameter, magnitudes of mechanical loads, with
a physiological factor, the percentage change in blood flow velocity. This could also be
utilised to understand the fects of the same magnitude of mechanical loads on skin

in different conditions, for instance, different races, ages and state of health.

8.5. Effect of 0 xygen delivery masks on p atients

The aim of thghysiologicatiata correlated halved modelas to evaluate the effest

of medical devicesn patients. Quantifying of the effects of medical deviceon the
CBVin relatng to the formation of superficial pressure ulcers by analgsi
physiological datavas a novel attemptThe percentage changetime cutaneous blood
flow velocity caused by medical device cannot easily be measured becausféetite

of the medical devices opatients would be completely changed if laser Doppler is
placed in betweenln this section, the effect of a classic meda=¥ice, facial oxygen
delivery mask on the patients idemonstrated by thehysiological data correlated

halved model

8.5.1. Loading mechanism of the f acial oxygen delivery m ask

The loading mechanism of the facial oxygen delivery mask was analyBeil ky.al.

in 2018 in which four commercially available Aamasive ventilation (NIV) oxygen
delivery masks were evaluat€Brill, Pickersgill, Moghal, Morrell, & Simonds, 208)

this study, Brill et. al. hypothesised that body positions and NIV mask design had
significantly effect on the magnitude of pressure applied on the skin. The overall mean
pressure applied on the skin by different NIV masks was between 47.6 and 91.9 mmHg

and the mean magnitudes of interface pressure contributed by supine and seated
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position were 57.1 and 63.9 mmHg respectively. The physiological effect of these

magnitudes of interface pressure was unclear, however, they were a good parameter

for the halvedmodel to evaluge the effect of NIV maskan the CBMn relatingto the

formation of superficial pressure ulcers.

As mentioned before, the halved model was developed in micrometres hence

appropriate conversion is required. The applied pressure was cadeftom

millimetres of mercury tdNewton per square micrometre as shownTiable8.3|and

the first magnitude is used as examples follow:

Higher Mean Interfac@ressure in mmHg: 91.9

Higher Mean Interface Pressure in N{rB1.9 X 133.322 = 12252.33

Higher Mean Interface Pressure in Mf%: 12252.33 X 1x18 = 1.225x16¢

Table8.3 Loading of the Alvedmode

LoadingCondition

Interface Pressure

Applied Load

Position

(mmHg) (Newton per square

micrometre)
Higher Mean Interfacg 91.9 1.225¢10%8
Pressure
Lower Mean Interfacg 47.6 6.346x10°
Pressure
Pressure at  Supin 57.1 7.613<10°
Position
Pressure at  Seate 63.9 8.520x10°
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8.5.2. Blood flow a ffected by the NIV masks

The effects of the NIV masénr the cutaneous blood vess€lEBVvere demonstrated

by four finite element analysis simulations conducted by the halved model. The
changes of the crossectional area of theCBVwere deduced by analysing the

displacements of the key nodes at the sections of interest onGB¥ The effects of

the NIV masks to the skin are illustrate¢iledble8.4(and the approximated equivalent

percentage changes of the blood flow velocities are deduced|faure8.5

Table8.4 Effect of NIVinaskson skin cemonstrated byhalved nodel andequivalent

reduction ofblood fow velocity

Higher Lower Pressure| Pressure
Mean mean at Seated| at Supine

Pressure Pressure | Position | Position

Applied PressurénmHg) 91.9 47.6 63.9 57.1

Percentage Change for Cress
sectional Area of the Cutaneous
Blood Vessels from the Halved

Model -17.67 -9.96 -12.95 -11.72

Approximated Equivalent

Percentage Change for Blood Flow|

Velocity -82.42 -64.23 -72.75 -69.57

dZ (}uE& E/s u el Z <]PVv](] vSoC ]J(( E vS %ZCe-]}0}P]
The interface pressure of the higher mean pressure was over 1.9 times higher than the

lower mean pressure. The computational data from the halved model also
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demonstated that approximately double the percentage changes were found on the
crosssectional area of the cutaneous blood vessels resulting from the higher mean
pressure. The approximated equivalent percentage changes of the blood flow velocity
was not as sigficant as the magnitude of the applied pressure or the percentage
change of the crossectional area. The equivalent percentage changes for the blood
flow velocity were-82.42 and-64.23 caused by the higher and lower magnitudes of
the mean pressure respteely. The less significant percentage changes of the blood
flow velocity were contributed by thiurth order polynomiatrend of the blood flow
velocity. Although the reduction in the blood flow velocity caused by the higher mean
pressure was only appxanately 18% further decrease from the lower mean pressure,
the blood flow velocity was decreased by 82.42% comparing to the blood flow velocity
without any loading. Hence, physiologically, oxygen and nutrient delivery and
metabolic waste removal were impad significantly resulting in a high possibility of
the formation of superficial pressure ulcers.

The effect of NIV masks on the patients who were in two distinct positions including
seated and supine were demonstrated by the measured interface pre&uvkich
was63.9 and 57.1 mmHg respectivéBrill et al., 2018)These two magnitudes were
external parameters which did not indicate the physiological conditions. However,
with the simulation conducteavith the physiological data correlated halved modil

was approximated that the cutaneous blood flow velocity was reduced by 72.25 and
69.5 percent for seated and supine position respectively.

Evaluating the effect of oxygen delivery maskgshe CBMvas a god demonstration

of the primary function of thghysiological data correlated halved mod€&he effect

of the mechanichloadson skin in relatng to the formation of superficial pressure
ulcers was demonstrated by the change in cutaneous blood flow wloEhe

reduction in the blood flow vekity resulted in the impairinghe delivery of oxygen
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and nutrient,removing metabolic waste from the cells, accumulating of the metabolic
waste, decreasing in pH values and cells d€Bibtionary_of Nursing, 2017; EPUAP,
2014) The clinicians or medical device developers can evaluate the physalogi
effects of medical devicasn % S] vSe[ «l]wg]te tidE farntation ofsuperficial
pressure ulcers with the understanding of the physiological conditierpercentage
change in cutaneous blood flow velocity, rather than just comparing an external

parameter,i.e. interface pressure.

8.6. Effect of Mechanical Loads on Alternate Skin Conditions

Thecorrelated halved modeak capable of evaluating the effects of mechanioadls

on the CBVas demonstrated in Secti@ One of he foundations of the halved
model is the input parameters, i.e. the mechanical properties of the cutaneous layers.
Each of the cutaneous layehas its respectivenagnitudes ofmechanical property
which was acquired from the study conductedl@véqueLévéque & Audoly, 2013)

The mechanical properties represented the skin characteristics of the general public
but, for some of the patients, their skin properties varied significantly because of
disease or ageing. For instance, Sanders found thaglteicity of skinchangeswith

age (Sanders & Sanders, 197&)d Bermudez et. al. found that both the maximum
stress and stiffness modulus were decreased for murine and human diabetic skin
compae to nondiabetic ones(Bermudez et al., 2011)Athough the definite
percentage differences in the skin properties of a specific age group or patients are yet
to be determined, the developed halved model is capable of evaluating the effects of
same magnitude of mechanical loaois different types of patents provided that the

skin mechanical properties akmown. In this section, the developed halved model will
demonstrate the effects of saenmagnitude of mechanical load @kin in thee

conditions including typicakin properties and 10 and 20 perces¢creases in the
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mechanical property in each cutaneous |3

Mable8.5|illustrates the variations of the

cutaneouslayersmechanical properties in two of the threensillations in which the

first simulation representthe typical conditiorwhile the second and third simulations

represent patients with decreased cutaneous mechanical properties.

Table8.5 z} uv P [+ Dof qutaheousayers inthree smulations

Cutaneous Layers Simulation 1 Simulation 2 Simulation 3

(Normal Skin (10% Decrease) | (20% Decrease
Properties)

Stratum Corneum 1 MPa 0.9 MPa 0.8 MPa

Epidermis 0.05 MPa 0.045 MPa 0.04 MPa

Dermis 0.6 MPa 0.54 MPa 0.48MPa

Hypodermis 0.11 MPa 0.099 MPa 0.088 MPa

8.6.1. Effect of 70 mmHg on skin with a Iternate skin conditions

The magnitude of 70 mmHg was applied to the superficial surfaces of the halved model

in the three simulations and the percentage changes in blood flow velocity are shown

in|Table8.6
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Table8.6 Effect of 70 mmHgn Skin in Three Simulations

Simulation 1 Simulation 2 Simulation 3
(TypicalSkin (10% Decrease)| (20% Decrease)
Properties)

Percentage Chang -13.42 -15.37 -16.97

for the Cross

sectional Area of the

Cutaneous  Blooq

Vessels from the

Halved Model

Approximated -73.87 -78.12 -81.17

Equivalent

Percentage Chang

for Blood Flow

Velocity

The simulations approximated the effect of 70 mmHg of pressuarthe changes in
cutaneous blood flow velocity by providing the percentage changes of the-cross
sectional area of th€B\Wrom the halved model with the establishedrrelation with

the physiologicatlata. The 10 and 20 percent decrease in mechanical ptieseof
each of the cutaneous layers resulted in approximately 4.25 and 7.3 peiagiméer
reduction respectively in the cutaneous blood flow velocity comparing to the
simulation conducted with the normal skin preyies. It is important to note that
these further reduction in the cutaneous blood flow velocity was not consistent for all

magnitudes of the applied pressure, for instance, the effect of 30 mmHg of applied
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pressure on 10% decrease} uv P [+ u} qgf skirr would not be 4.25 percent. The
further reduction in the cutaneous blood flow velocity depends on the acquired
physiologicatlata which is in the form ad fourth order polynomialhence the further
reduction would not be the same throughout the workiramge of the halved model.
This is the ainof the halved model with the establishaembrrelation demonstrating
the effect of mechanical loads dhe cutaneous blood flow velocity. Without the
developed computational model and the establisluedrelationwith the physiologich
data, it was very diftult to evaluate the effect of mechanical loads @atients with
different skin conditions. By utilising trerrelated halved modelthe approximated
effect of same magnitude of mechanical loawl different patients can be analysed.
This application alsshows that the presence of collagen at dermis layer would result

in differences irthe percentage change in the cressctional area of th€BV

8.7. Mattresses Testing from External Parameter to

Physiological Parameter

Figureb.2|in|Chapter findicated the range of intensities of interface pressure found in

the static and dynamimattresses. It showed the common intensities were2Z&8to

50-59 mmHg which provided a clear understanding on the magnitude of the interface
pressure in clinical practice. However, it reminds as an external parameter and it could
not represent in vivo contdon. Hence, the developed model in this study with the
established correlation with th@hysiologica data is used to convert the external
parameter to a physiological parameter, percentage change in cutaneous blood flow

velocity.
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8.7.1. Effect of the commonl yfound intensities of interface pressure on

the cutaneous blood flow velocity

There are four intensities simulated bye halved model which are listed|irable8.7

alongside with theresults on the percentage change in the cressctional area of the

CBVand equivalent percentage change of the cutaneous blood flow velocity

Table8.7 Intensities of loadings for mattressesstingand the simulated results

Intensities

Pressure (mmHQ)

of| Applied Pressure | Change in thg Equivalent Chang

(N/ .m?) Crosssectional in Cutaneous

Area (%) Blood Flow

Velocity (%)

25 3.333x10° -5.46 -44.37
35 4.666x10° -7.50 -52.90
45 5.999%«10° -9.45 -60.29
55 7.333x10° -11.34 -66.74

Table8.7|shows the results from the halved model, percentage change in the-cross

sectional area and it gives an indicativedadmd general information on the efficiency

on the pressure relieving mattresses. The equivalent change in the cutaneous blood

flow velocity are also provided which is the result from referring the change in the

crosssectional area to the established celation. This is the first attempt in the field

of pressure ulcer preventioto quantify mattresses by a physiological factor,

percentage change in the cutaneous blood flow velocity.

According tdg

Figureb.2

pressure intensities of 25 to 55 mmHg is relatively low

intensitybut commorly foundhoweverthe established correlation in the study shows
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that the cutaneous blood flow velocity has deased by 44.37 to 66.74 percentage.
Thismay indicatethat the delivery of oxygen and nutrient amdmoval of metabolic
waste have been significantly slowed down. The severity of the physiological effect of

this changen cutaneous blood flow velocity depds on patientssimilar to the

magnitudes thresholds of pressure for causing pressure ulcgiFsgume3.9] However,

it provides a fact on the physiological conditicamsed by the mattresses.

8.8. Conclusion

The computational data from the halvedodel presented iEhapter Twascorrelated

to a set ofphysiologicablata acquiredwith a laser Doppler. This procedure ensured
the clinicaland physiologicaklevance of the halved model and it allowed an external
parameter, for instance interface pressure, to be converted to a physiological factor,
i.e.cutaneous blood flow velocity. Thissa step closer to evaluate the likelihood of the
formation of superficial pressure ulcers. The halved model and the established
correlationwith the physiologicablata is a novel tool to understand the formation of
superficial pressure ulcers causedibghemia. The set gifhysiologicabata showed
that the low magnitude of applied pressure caused more significeslative
percentage decrease in the blood flow velocity than high applied pressure. It also
confirmed that the capillary pressure should na deemed to be the threshold of
pressure for fully stpping the cutaneous blood flow.
The objectives of the chapter are:

x To acquire a set of physiologia#dta relating to the formation o$uperficial

pressure ulcers
x To rdate the computational data tohis set of physiologichdata to increase

the clinicaland physiologicaielevancy of the halved model
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x To demonstrate the physiological effects, under the influences of various
mechanical properties of the cutaneous layers, of attached medical devices
and mechanical loads by utilising thielly functional and clinical relevant
halved model afterthe correlation with the physiologicaldata has been
established

All of the chapter objectives were accomplished and the clinical and physiological

relevance of tle computational model was enhanced.

195



Chapter 9  Discussion

Theaim of thisstudyis to develop a tool to evaluatdé¢ effects of mechanical loads
on the cutaneousblood vessed (CBV)in relation to the formation of superficial
pressure ulcersA computational modelwas developed in this studwith the
physological configurations otutaneous layers and blood vessels retrieved from
existing research.

The insufficienscientific data orthe mechanical properties of cutaneous layers were

revealedin Sectiof2.4{which was contributedo by the lack of appropriate methods.

Theexisting measurement afutaneous mechanical propertiese mainly conducted

by eitherin vivosuction and tosion tests olin vitro tensile test Thein vivotests ae
capable of measuringutaneous layersvhen skinis intact with metabolic supplies,
hence, theeresultsarethe most representativéo physiology. However, these vivo
tests only provie the mechanical propertyf skin as a wholesysteminstead of
individual layes. The respedte mechanical properties afutaneous layers arvery
hard to be determined independently whicls essential to the computational
modelling. In vitro tests arecapable of determining some of the cutaneous day
independently, however, isidifficult to physicallgttach the cutaneous layers the
depth direction to atensile test machine due to thphysicalthicknesgs, 11.0 to
18.3... tor stratum corneum and 74.® 96.5... tor EpidermigSandbyMoller et al.,
2003). The physicalthicknesgs of cutaneous layers lingtthe evaluation ofthe
mechancal properties inthe depth direction of skin whichsi essential to the
simulations or approximations of the behaviours of skin under the influence of
mechanical loadssamost of themare appliedto skin perpendicularly. The discovery
}( > VP E[* o]V » %0 Ce E}o ]v «l]v atprigisEpfeodinz}A A EU c
understandng SZ (( $§ }( > vP ahe-medghamicdl\properties ithe depth
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direction. This limits the physiological rel@nce of the developed computational
models.

The vascularisation configation of the developed models werevelopedaccording
to research conducted bpémarchezt. al. (Démarchez, 2011 he epidermis and
dermis areavascular and vasculariseespectivelyand a horizontalplexus of bbod
vesselsd parallel to the body surface at the supedidevel at the dermis layer. The
second horizontal plexus of blood vesssl®cated at the dermatypodermal junction
of the dermis layeand these two hordontal plexus of blood vessels gotned up by
ascending arterioles. The hypodermis layer af skhighly vascularised aralood s
supplied from thelower plexus of arterioles athe dermis layer(Millington &
Wilkinson, 2009; Saladin, 2007he configuration of the cutaneous blood vessels was
modelled accordinglin this study Although the onfigurations were simplifieth the
developed modelsall the blood vessels were assumed to be .1%n diameter Thisis
still physiologically relevarttecauseransitional blood vesselbetweenarteriolesand
capillaries were found to be 15.. in diameter (Yen & Braverman, 197.6)

More effort from the engineering society to the field of pressure ulcer prevengon
required. Currently, a lot of resezh in the field of pressure ulcer preventiaoa
clinically basedwhich is essential to thenderstandingof prevalence and clinical
implications.However, scientific andngineering input in terms dhe understanding
of aetiologesand the development aelated tools for comprehending the occurrence
and prevention of pressure ulceese required. In the last century, pressure ulser
were deemed to be only contributed biye ischemic conditions to cutaneous tissue
(Kosiak, 1961 however, over the last decadesith the involvement of scientific and
engineering researcht was demonstrated that ischemia was not the only aetiology
of pressure ulcers but alsexcessive stress distorted deep tissuegMenon et al.,

2012) Computational models were developeditiustrate the aetiology of excessive
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stressby approximatinghe in vivoconditions inrelationto the formation ofCategory

Il and IVpressure ulcers. The models demonstrated that the deep tissues i.e.
subcutaneous fat and muscle experienice highest magnitude of stress, hee, deep
tissue injuries occu(Makhsous et al., 2007)Jpon the breaking of the superficial
layers of skin, the deep tissue injury wotiln into a Category Il or IV pressure ulcer.
However, similar computational modiglg regardingthe aetiology of ischem which

has been acknowledged for a centuig/ not developed due to the difficulties in
modelling the ctaneous blood vesselCBV)which areof a different magnitude of
scalecomparedto the cutaneous layers. Although the pressure ulcers caused by
ischemiaare usually superficial and fall into Category | andhils kindof pressure
ulcers still affect a significant number of geents. Over one third of the pressure
ulcers were medical device related whieme usually superficiabnd caused by
ischemian a prevalencetudy conducted by Bla¢l. M Black et al., 2010Hence, the
developed modein the current studys to serve as a tool tonderstand the effects of
mechanical loasl onthe cutaneoudayers which can be used the development stge

of medical device$for evaluaing their effects onthe cutaneous layers in relaiy to

the formation of superficial pressure ulcers.

A pressure mapping measurement was conducted to investigate the magnitudes of
pressure experienced by the patientsdiinical setting which was a reference data to
the developed modein this study Although the preagre mapping measurement did
not involve any attachment ahedical devices, the measurement was designed at a
condition where higher magtudes of pressure are exerted,i.e. at the patient
mattress interfaces. The peak pressure which wasmniagnitude ofinterest was in
between 20 and 137mmHg @ll the twopressure mapping measurements including
static and dynamic mattresses. Measurements were conductedvat anatomical

locations including heels and sacrum whéast reported to be common locations for
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the formation of pressure ulcef®©usey, 2005)The range of magnituddsund in the
pressure mapping measurementsas used aghe ideal working range of the
developed moddin this study

The first developed model name « *Yu E3 E D} o publigHe&inAhe
Journal of Weam 2017 (Leunget al., 2017)was a novel model antthe first attempt
to demonstrate than vivoconditions of cutaneous layers and blood vessels in mati
to the formation of superficial pressure ulcefhe qiartered model was capable of
demonstratingthe effects of mechanical loadn the cutaneous layers and more
importantly the change of the osssectional area of the cutaneous blood vessels. The
model wasused in approximating the change of the cressctional area of th&€€BV
when a person was sitting onfeam surface. The simulations of the quarterecudel
demonstrated that the combined efé of the friction and pressureaused a decrease
in the crosssectional areas of the cutaneous blood vesselsthet dermis and
hypodermis layers by 1.7% and 13.02% respectively due to the different mechanical
properties input for the cutaneous layers. Themulation indicated that more
attention should be put on the pressure ulcers formation dueatseating position
becauseof the significant reduction in the crosssectional area of theCBVas
demonstrated by the quartered adel. However, theuartered nodel was incapable
of simulating singledirection friction as the model was applied with two mirror
boundary conditions. Hence, the model was further enhanced whichnaasedas

A oA D} o_X

The ralved model was in the shape & semicircle and only onenirror boundary
condition was applied hence friction in a single directmould be applied. ThEBV
were located at the epidermalermal junction and dermaiypodermnal junction and
randomly spaced in the hypodermis layer. In order to engrgsiologicalelevane

for the halved nodel, the configuration of the blood vessels was designed with
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reference to the researcltonductedby Démarchez etal. There were sectia of
interest on theCBVin which fourkey nodes wereused to determine thechanges in
the crosssectional areaby analysing the thredimensional coordinates. A newer
method of analysing the coordinates thfe key nodes at theectionsof interestwas
established which showed that the change of the ciesstional area of theCBV
depended on te depth of SZ 0}} A loeatiors especially contributed by
friction. The superficial blood vessels were affected more significdoythapplied
friction comparing to those located ahe deeper layerThe ralved model was also
used to generate a sebf magnitudes of load against the percentage change of the
crosssectional area of th€BWvhich was never be established before experinadigt

or by computational simulations. The cressectional areaof the CBVdecreased
linearlyfor 1.2% to7.0% and.1% to 29.5% for the cutaneous blood vessels located at
dermis and hypodernsi respectively with the increasingagnitudes of the applied
load from 23 to 138mmHg. Asentioned before more significant change of the cress

sectional area was found at tlgBVat the hypodermis layers than those at the dermis

layer which was investigated in Sect@ The trend of percentage change of the
CBVcaused by the range of agnitudes of the applied pressure was deemed to be
affected bythe limitations mentioned earlier including the simplification of the
configurations of theCBVand the limited knowledge ithe mechanical properties of
skin in depth direction. Hence, ¢hsetof data generated by thedived model was
required to be related to a set ophysiologicaldata to ensure its clinicahnd
physiologicatelevancy.

The sebf physiologicatiata was acquired by usitaser Doppleon the back of middle
finger knuckles athree healthy volunteers which had minimum subcutanetaisand
muscle tissues similar to the commational model in which only foulayers were

involved includingtratum corneumepidermis, dermis and hypodermis. Taequired
200



physiologicaldata demonstréed the percentage change of the blood floxelocity
influenced by a range dpplied pressure fronf to 115.4nmHg. The three sets of
measured data from the volunteers were different in magnitudes but with a similar
decreasing trend. The averadjeesultsof the measured data of the three volunteers
wasin the form of a fourth order polynomialA more significant decrease was found

at the lower magnitudes of applied loads frdrto 65mmHg which highlighted the
importance of attention to the light weight medio  A] }v 8Z %o 3] v3e[ } ] U (
instance, nasal cannulas and splinfBhe physiologicaldata acquired by the laser
Dopplerdemonstrated that the cutaneous blood flow was not stopped when the
applied pressure reached 32mmHg even the blood flelecity was reduced by more
than fifty percent. This finding agreed with Briflelrgument of 32mmHg of pressure
should not be the threshold of stopping the cutaneous blood f({@ndel, 1993) The

idea of deeming the capillary pressure to be the threshold of collapsing the cutaneous
blood vessels resulting in stopping the blood flow was from Landis in which attempts
were made by directly and physicalfyresairing on the cutaneous capillary to
determine the pressure for stopping the blood fldwandis, 1930)The removal of
epidermis resulting in direct contact with the capillary argd an essential
information on capillary pressure, however, Bridel deemed that the presence of
collagen content at the dermis layer also affected the magnitudegppfiedpressure
which the skin an withstand without stopping thecutaneous blood flow. This was
provenby thephysiologicatlata acquired inhis study that the blood flow velocity was
reduced by more than fifty percent but not completely stopped. The computational
data from thehalvedmodel showed that the crossectional area of the blood vessels
reduced when mechanical loadvere applied while the acquirgghysiologicadata

also demonstrated reduction in blood flow velocity with the applied mechanical load.

The simultaneous reductions in the cressctional area of the flowing domain and the
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flow velocity were deemed to beontributed by the effect of particle flow and nen
Newtonian fluidmechanicsThe red blood cells and blood plasma contribute to 45 and
55 percent of the whole blood volume according to the American Society of
HaematologyAmerican_Society of Hematologyhe large portion of the red blood
cells affecsthe rheological characteristics of human blooHighis also demonstrated

by the blood flow simulations conducted by Nagayama et. al. in which it showed that
red blood cells had to line up in a specific pattern and squeezed through capillaries and
narrow blood vesselfNagayama & Honda, 2012)his also explagthe phenomena

of reductions in blood flow velocity and cressctional area of th€B\simultaneously
found in thephysiologicadata and the computational data from tHealved nodel.
Furthermore, the plasm@ contributesto 55 percent of the whole blood volume and
plasmais proven to be a nofNewtonian fluid and its viscoelastic propertiessha
significant effects on blood floBrust et al., 2013)Bernoullis Equation describes
flowsin the condition oconstant flow rate at any crossection of he flowing domain.
However, it $ not applicable in the cutaneousolod flow because the blood cdlow
elsevwhere when pressures appied to a specific location of skin and resistance of flow
is increased. The cutaneous blood flow velogiég therefore reduced while the cross
sectional area of the blood vessels were redudedthe measurement The
physiologicatata was acquired with three healthy volunteers which \maslatively
small sampling size however the method of acquiring Spleysiologicaldata was
proven to be successful and enlarging the sampling size would be the next stage of the
project to acquie similarphysiologicaldata with more participants from different
races and ages to investigate the differences in cutaneous blood flow velocity.

It was very difficult to compare the two parameters directly as one of those was a
crosssectional area whil@another one was a velocity. Hence a graphamatelation

between the two parameters also knovas the computational data and physiological
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data, the percentage changes of the creestional area of th€BVand the cutaneous
blood flow velocity respectaly, was established. Treorrelationserves as a tool to
approximate the percentage change of the cutaneous blood flow velocity when a

specific percentage change of the cregstional area of th&€€BVis provided by the

halved nodel|Figure9.1{indicates the accomplishment of the projects in which two

finite element models had been developed which aimed to approximate the in vivo
conditions of the cutaneous layers armmlitaneous blood vessels under different
magnitudes of pressure. The gap or bridge between the engineering achievement and
§7 oJvl] o v u ] o Al «]Pv E¢[ E <p]E u vie
establishment of the correlation between the physiologiaal computational data.

With the aid of the developetialvedmodel andestablished correlationthe effect of

a medical deviceand mechanical loadan be approximate@nce the physiological

data was acquired with larger sampling sizedpresent the typial general public
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Figure9.1 Accomplishment of the project

The falvedmodel and the established correlatiovasused in threeapplications in the
current study including thevaluation on theeffect of medical devicesthe effect of
same magnitude loaglon different skin conditionsand converting an external
parameter from mattress testing to a physiological paramet&rcomprehensive
pressure mapping measurement was conducted in 2018 forineasive veritation
oxygen delivery masks by Brill et.al in which four different magnitdices 47.6 to
91.9mmHeof interface pressure was found for genepalsitionsandin two different
specificpostures for the patient®ill et al., 2018) Thisset of numerical data was a
very good indicator for clinical reference aal$oa useful reference value for further
medical device development. However, it had no meaning on the physiological effect,
clinicians or medical devecdevelopers were unable to relate the interface pressure
with the actual physiological effect. The application of thedved model and the
establishedcorrelationconverted the interface pressure from Bfdneasurement to
actual clinicalphysiologicaldata, i.e. the approximated percentage reduction of
cutaneous blood flow velocity w#gt.23% to 82.42%6r the interface pressure of 47.6

to 91.9 mmHgThswas a novel method of understanding the effect of a mechanical
load on the cutaneous blood flow whih facilitated the evaluation oithe effect of
different magnitudes of mechanical loads to the cutaneous layers in sal&hi the
formation of superficial pressure ulcer formation caused by ischemia. 70mmHg of
pressure was applied to thealved nodel withdifferent mechanical propertieghich

is thesecond application of th@alved model in this study. Patients aséten with
significant different mechanical properties of skin due to different conditions, for
instance, diabetic skin was found to be les stian nondiabetic skirfBermudez et

al., 2011) Hence, its necessary tdevelopa tool to evaluatehe effect of mechanical
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loads on skin with different conditions. Upon acquiring the respective mechanical
properties of the skin condition, thealved models capdle of demonstrating the
respective percentage change of the cregstional area of th€BVas demonstrated

by the second application. An arbitrary pressure within the working range of the
halved model, 70mmHg, was applied and demonstrated the dffeof same
mechanical loaden the cutaneous layers with ten and twenty percentage decrease in
each of the cutaneous layer. It was found that there were 73.87, 78.12 and 81.17
percent reduction for skin with normal, and 10% and 20% decrease in the mechanical
properties respectively. It was important to note that the differesée the percentage
reduction werenot constant through hie working range as the physiologidaita was

in the trend ofa fourth order polynomiahnd nonlinear. The final application aimed

to convert the interface pressure measuregGhapter %io a physiological parameter,
percentage change in the cutaneous blood flow velocity. It indicated that the
commonly found magnitude of interface pressure-25 mmHg, were associated with
44.37% t066.74%0f decrease in the cutaneous blood flow velocity. It was the first
time of evaluating the effectiveness of pressure redistributing mattresses by using a
physiola@ical parametein the field of pressure ulcer prevention

The halved radel was developed with the similar aim as other computational medel
developed over the years in the field ofggsure ulcer prevention whicls ito
demonstrate or simulate tha vivoconditions of patients to understand the formation

of pressure ulcers; or to evaluate the effect of medical devices relating to the
formations of pressure ulcers. Makhsous et. al. developed a model which highlighted
the in vivo conditions of deep tissuera the in vivolocation of maximum stress
(Makhsous et al., 200%yhile the halved model highlighs the change inthe cross
sectional area of theCBVwhich filled the gap of lacking @valuationtool in the

formation of syerficial pressure ulcers. Thalled model can also beusedas an
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indicative tool with similar function as the data provided by Ggféefen, 2010)By
alternating the skin properties, thdalved model can be an indicative tool to

demonstrate he effect of a mechanical loamh a range of skin conditions.
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Chapter 10 Conclus ions

The aim of this study vgato develop a computational tool to evaluateet effect of
mechanical loads otihhe cutaneous blood vess€l€BV)n relation to the formation of
superficial pressure ulcers. The following objectives were set out in ordethievac
the aim:

X To gain better understandingf pressure ulcer prevention and the current
engineering input to the field;

x To acquire the necessary properties of skin for computational modelling;

x To find the common magnitudes of pressure experiencediimcal setting;

X To developa computational moded of skin andCBY

X To investigate the percentage charsg the crosssectional area of th&€BV
under a range of magnitudes pfessure and

x To establish thecorrelation between the computational model and the
physiological data

A number of sukstudies were developed and completéd achievethe aim and
objectives for the study, the following conclusions can be drawn from those sub
studies:

X Significant engineering inpwtas found in preventing pressure ulcers caused
by excessive stress but limited in those caused by ischemia;

X A set of mechanical properties from previous research of skin was acgqitired
highlighted the limitations gbroperties inthe depth directionandthisrequires
further investigation;

X A pressure mapping study was conducted on static and dynamic mattresses to
investigate the magnitudes of pressure experienced in clinical setting;

x From this study he needs for standardisation of pressure mapping
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measuement for mattressesvas evident

A computational model;Quartered Modél, was developed to sinfate the
effect of body weighton the centre of buttock with the aid of pressure
mappinganalysis

The combined effect of pressure and friction was foundegreasehe cross
sectional area of th€BWvhich wouldhave an effectonthe cutaneous blood
flow;

An advancement of the computational moddHalved Modél, was completed

by increasing thesections of interest and developing new methods of
computingthe crosssectional area of th€BY

A set of computational data was acquired bygeriesof simulationsby the
halvedmodel to demonstrate the change ithe crosssectional area of th€BV
under the influences of a range of magnitudes of the applied mechanical loads;
A set ofphysiologicatlata, i.e. cutaneous blood flow velocity, was acquired by
using Laser Doppler which demonstrated tledfects on thevelocities by a
range of magnitudesfahe applied mechanical loads;

A correlation was established between the computational data and the
physiologicatiata to increase clicaland physiological relevanaé the halved
model. Aoproximated equivalent percentage change of the cutaneous blood
flow velocity coulde acquiredfrom the computational data;

The effect of the pressure applied on skin by the oxygen delivery masks was
input to the halved model to establisha correlation demonstratingthe
physiological effect of the oxygen delivery mask patients

Alternate skinconditionsdemonstrating changes in skin healtlas applied to
the halved model to demonstrate thepossible implications of skin condition

on pressure ulcer development.
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X The magnitude of pressure was converted to a physio@giarameter by the
correlated computational model which is the first attempt in the field of

pressure ulcer prevention.

The above conclusions summarised the study and demonstrated that the
development ofthe halved nodel and the establisheccorrelation between the
halved nodel with the physiologicaldata isan useful tool to demonstrate he effect

of mechanical loads oskin in relatngto the formation of superficial pressure ulcers.
This computational tool was novel anithe first of its kind tool in the field of pressure
ulcers caused by ischemia. Bgingthis developed tool, it reducsethe involvement

of live participants in the testing of medical devices regarding to the formation of

superficial pressure ulcers.
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Chapter 11 Further Studies

The properties of sk and the aetiologies of pressure ulsgrere investigated through
the literature review and this research study. The stutBmonstrated that the
development ofFinite Element Analysis (FEW&lved Model and the established
correlationbetween theFEAHaled Model with thephysiologicatiatais a useful tool
to demonstrate he effect of mechanical loads @kin in relatngto the formation of
superficial pressure ulcerdn order to enhance the clinical applications of the

computational model and tool, the following areas require further investigated.

Further studieshouldconsist of twoobjectivesincluding increaing the physiological
relevanceof the computational model and improving the accuracy of the acquired
physiologichdata. Layer independent mechanical properties of skin in depth direction
is still unclear despite the quantity of research conducted in examining and
measurement the behawurs of skin under different applied loadingaurther study
should be conductefbr acquiring layer independent mechanical properties in depth
direction as it is an essential parameter for computational modslsall the loads are
perpendicular to the sk surface This could be achieved by utilising Atomic Force
Microscopy (AFM) in which the direction of measurement is determined by the
direction of the excised samples. The mechanical properties in depth direction could
consequently be measured with spic excising techniques. Other skin characteristics
including viscoelasticity and anisotropy should also be further investigated in the AFM
study as well A comprehensive properties study on skin allows not only better
understanding physiologically butsal enhances the relevaeof the computational

model and better represents the skim viva
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Thephysiologicatlata measurement in the current study was conclusive and found to
be a robust method to analyse the cutaneous blood flow velocity under theeimles

of applied mechanical loads. This approatiould beadopted in further study with
larger number of participants. The increase the samplingisigseful in acquiring a
more representative trend of the general public but alsonéfcial to the
understanding on theeffect of aging, gender, racem the cutaneous blood flow
velocity and the dferences in the responses the applied mechanical load$he
same measurement should also be conducted on more anatomical locations to
investigate the relatedeffects. Specific loading equipment should be designed to

ensure robust loading mechanism and accuracy of the acquired data.
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Results of Pressure Only Simulation

New
Node

no.

86
84
85
87
91
89
90
88
164
162
163
161
94
92
93
95

Ori. X
295.4423
295.4423
288.0563
302.8284
212.132
212.132
206.8287
217.4353
52.09445
52.09445
50.79209
53.39682
295.4423
295.4423
288.0563
302.8284

Ori. Y
3165.5
3150.5

3158
3158
3165.5
3150.5
3158
3158
3165.5
3150.5
3158
3158
1960.5
1945.5
1953
1953

Ori. Z
52.09445
52.09445
50.79209
53.39682
212.132
212.132
206.8287
217.4353
295.4423
295.4423
288.0563
302.8284
52.09445
52.09445
50.79209
53.39682

Def. X

296.553
296.554
289.199
303.902
212.925
212.933
207.637
218.201
52.2795
52.2784
50.9821
53.5826
296.513
296.528
289.148
303.893

Def. Y

3.15E+03
3.13E+03
3.14E+03
3.14E+03
3.15E+03
3.13E+03
3.14E+03
3.14E+03
3.15E+03
3.13E+03
3.14E+03
3.14E+03
1.95E+03
1.94E+03
1.95E+03
1.95E+03

Appendix |

Def. Z
52.3009
52.2926
51.0144
53.5891
212.921
212.936
207.633
218.2
296.558
296.545
289.189
303.903
52.279
52.2803
50.9838
53.5808

Ori.

Dia.

15

15

15

15

15

15

15

15

Def. Dia. Ori. Area
14.62 176.7146

14.92674

14.72001 176.7146

14.94189

14.71001 176.7146

14.94204

14.72001 176.7146

14.97196

Def. Area
171.3967

172.7442

172.6285

173.0918

%Change
-3.00932

-2.24679

-2.31224

-2.05007
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99

97

98

96
160
158
159
157
110
108
109
111
115
113
114
112
172
170
171
169
156
154
153

212.132

212.132
206.8287
217.4353
52.09445
52.09445
50.79209
53.39682
295.4423
295.4423
288.0563
302.8284

212.132

212.132
206.8287
217.4353
52.09445
52.09445
50.79209
53.39682
295.4423
295.4423
288.0563

1960.5
1945.5
1953
1953
1960.5
1945.5
1953
1953
1750.5
1735.5
1743
1743
1750.5
1735.5
1743
1743
1750.5
1735.5
1743
1743
1550.5
1535.5
1543

212.132

212.132
206.8287
217.4353
295.4423
295.4423
288.0563
302.8284
52.09445
52.09445
50.79209
53.39682

212.132

212.132
206.8287
217.4353
295.4423
295.4423
288.0563
302.8284
52.09445
52.09445
50.79209

212.914
212.907
207.633
218.199
52.2856
52.2819

50.985
53.5802
296.428
296.432
289.456
303.357
212.879
212.787
207.808
217.909
52.2555
52.2732

50.986
53.4698
296.192
296.315
289.368

1.95E+03
1.94E+03
1.95E+03
1.95E+03
1.95E+03
1.94E+03
1.95E+03
1.95E+03
1.74E+03
1.73E+03
1.74E+03
1.74E+03
1.74E+03
1.73E+03
1.74E+03
1.74E+03
1.74E+03
1.73E+03
1.74E+03
1.74E+03
1.55E+03
1.53E+03
1.54E+03

212.911
212.915
207.623
218.197
296.537
296.519

289.17
303.891
52.2486
52.2777
51.0079
53.4908
212.876
212.841
207.788
217.813
296.483
296.371
289.378
303.389
52.2367
52.2505
50.9734

15

15

15

15

15

15

15

15

15

15

15

15

14.7

14.94825

14.73001

14.94802

13.90003

14.12215

13.90035

14.23134

13.99046

14.22947

13.90055

14.05665

176.7146

176.7146

176.7146

176.7146

176.7146

176.7146

172.5829

172.9325

154.1723

155.3679

156.3546

153.463

-2.33808

-2.14022

-12.7563

-12.0798

-11.5214

-13.1577
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155
150
152
149
151
190
192
189
191
118
116
117
119
123
121
122
120
176
174
175
173
142
140

302.8284
212.132
212.132

206.8287

217.4353

52.09445

52.09445

50.79209

53.39682

295.4423

295.4423

288.0563

302.8284
212.132
212.132

206.8287

217.4353

52.09445

52.09445

50.79209

53.39682

295.4423

295.4423

1543
1550.5
1535.5

1543

1543
1550.5
1535.5

1543

1543
1350.5
1335.5

1343

1343
1350.5
1335.5

1343

1343
1350.5
1335.5

1343

1343
1250.5
1235.5

53.39682
212.132
212.132

206.8287

217.4353

295.4423

295.4423

288.0563

302.8284

52.09445

52.09445

50.79209

53.39682
212.132
212.132

206.8287

217.4353

295.4423

295.4423

288.0563

302.8284

52.09445

52.09445

303.21
212.764
212.727
207.769
217.776
52.2267
52.1965
50.9885
53.4783
296.084
296.182
289.221
303.126
212.615
212.632
207.673

217.63
52.1772
52.2605
50.9773
53.4435
296.044
296.115

1.54E+03
1.55E+03
1.53E+03
1.54E+03
1.54E+03
1.55E+03
1.53E+03
1.54E+03
1.54E+03
1.35E+03
1.33E+03
1.34E+03
1.34E+03
1.35E+03
1.33E+03
1.34E+03
1.34E+03
1.35E+03
1.33E+03
1.34E+03
1.34E+03
1.25E+03
1.23E+03

53.4185

212.74
212.746
207.733
217.727
296.297

296.23
289.291
303.319

52.173
52.1995
50.9312
53.3881
212.636
212.628
207.682
217.631
296.161
296.091
289.142
303.192
52.1684
52.1214

15

15

15

15

15

15

15

15

15

15

15

13.86005

14.14285

13.95019

14.24759

13.86037

14.12082

13.84001

14.07567

13.96042

14.26509

13.97026

176.7146

176.7146

176.7146

176.7146

176.7146

176.7146

153.9542

156.1031

153.718

153.0014

156.4094

153.7467

-12.8797

-11.6637

-13.0134

-13.4189

-11.4904

-12.9972
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141
143
147
145
146
144
188
186
187
185
134
132
133
135
139
137
138
136
184
182
183
181
102

288.0563
302.8284

212.132

212.132
206.8287
217.4353
52.09445
52.09445
50.79209
53.39682
295.4423
295.4423
288.0563
302.8284

212.132

212.132
206.8287
217.4353
52.09445
52.09445
50.79209
53.39682
295.4423

1243
1243
1250.5
1235.5
1243
1243
1250.5
1235.5
1243
1243
1150.5
1135.5
1143
1143
1150.5
1135.5
1143
1143
1150.5
1135.5
1143
1143
850.5

50.79209
53.39682

212.132

212.132
206.8287
217.4353
295.4423
295.4423
288.0563
302.8284
52.09445
52.09445
50.79209
53.39682

212.132

212.132
206.8287
217.4353
295.4423
295.4423
288.0563
302.8284
52.09445

289.217
303.017
212.564
212.555
207.581
217.614
52.1921
52.1536
50.9305
53.4118
295.964
296.058
289.092
302.985
212.546
212.562
207.553
217.615
52.1312
52.1283
51.0014
53.4102
295.828

1.24E+03 50.9609
1.24E+03 53.3902
1.25E+03 212.528
1.23E+03 212.571
1.24E+03 207.598
1.24E+03 217.624
1.25E+03 296.063
1.23E+03 296.034
1.24E+03 289.136
1.24E+03 303.034
1.15E+03 52.1935
1.13E+03 52.191
1.14E+03 50.8996
1.14E+03 53.3984
1.15E+03 212.541
1.13E+03 212.549
1.14E+03 207.553
1.14E+03 217.613
1.15E+03 296.071
1.13E+03 295.996
1.14E+03 289.124
1.14E+03 303.034

848.63 52.134

15

15

15

15

15

15

15

15

15

15

15

15

14.01237

13.97007

14.18398

13.97008

14.11794

13.95032

14.11653

14.00001

14.22842

14.1302

14.11725

14.05739

176.7146

176.7146

176.7146

176.7146

176.7146

176.7146

155.6276

154.9031

154.6685

156.4497

156.6709

155.7043

-11.9328

-12.3428

-12.4755

-11.4676

-11.3424

-11.8894
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100
101
103
107
105
106
104
168
166
167
165
126
124
125
127
131
129
130
128
180
178
179
177

295.4423
288.0563
302.8284

212.132

212.132
206.8287
217.4353
52.09445
52.09445
50.79209
53.39682
295.4423
295.4423
288.0563
302.8284

212.132

212.132
206.8287
217.4353
52.09445
52.09445
50.79209
53.39682

835.5
843
843

850.5

835.5
843
843

850.5

835.5
843
843

550.5

535.5
543
543

550.5

535.5
543
543

550.5

535.5
543
543

52.09445
50.79209
53.39682

212.132

212.132
206.8287
217.4353
295.4423
295.4423
288.0563
302.8284
52.09445
52.09445
50.79209
53.39682

212.132

212.132
206.8287
217.4353
295.4423
295.4423
288.0563
302.8284

295.928

288.95
302.833
212.463

212.47
207.493
217.454
52.1222
52.1553
50.8928
53.3733
295.721
295.792
288.857
302.653
212.443
212.315
207.435
217.267
52.1215
52.1324
50.9234

53.339

834.573
841.615
841.696
848.668
834.684
841.648
841.641
848.632
834.639
841.672
841.579
549.279
535.596
542.563
542.425
549.306
535.478

542.43
542.394
549.338
535.511
542.316
542.492

52.163
50.9419
53.4209
212.451
212.473
207.467

217.45
295.941
295.881

288.93
302.883
52.1038
52.1573
50.9228

53.328
212.416
212.296
207.462
217.274
295.771
295.771
288.911
302.619

15

15

15

15

15

15

15

15

15

15

15

14.10283

13.98402

14.10255

13.99317

14.17208

13.68329

14.00477

13.82911

13.89046

13.827

13.92032

176.7146

176.7146

176.7146

176.7146

176.7146

154.8886

155.7541

150.5069

150.8693

151.1706

-12.351

-11.8612

-14.8305

-14.6255

-14.455
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Results of Friction Only Simulation

New
Node

no.

86
84
85
87
91
89
90
88
164
162
163
161
94
92
93
95
99
97

Ori. X
295.4423
295.4423
288.0563
302.8284
212.132
212.132
206.8287
217.4353
52.09445
52.09445
50.79209
53.39682
295.4423
295.4423
288.0563
302.8284
212.132
212.132

Ori. Y
3165.5
3150.5

3158
3158
3165.5
3150.5
3158
3158
3165.5
3150.5
3158
3158
1960.5
1945.5
1953
1953
1960.5
1945.5

Ori. Z
52.09445
52.09445
50.79209
53.39682
212.132
212.132
206.8287
217.4353
295.4423
295.4423
288.0563
302.8284
52.09445
52.09445
50.79209
53.39682
212.132
212.132

Def. X
301.39
301.201
293.483
309.1
216.422
216.266
210.759
221.954
53.1461
53.1525
51.7783
54.5109
297.558
297.512
289.979
305.087
213.641
213.633

Def. Y

3.13E+03
3.12E+03
3.13E+03
3.13E+03
3.13E+03
3.12E+03
3.13E+03
3.13E+03
3.13E+03
3.12E+03
3.13E+03
3.13E+03
1.95E+03
1.94E+03
1.95E+03
1.95E+03
1.95E+03
1.94E+03

Def. Z
53.1686
53.142
51.748
54.5196
216.403
216.251
210.729
221.941
301.354
301.209
293.501
309.087
52.4833
52.478
51.1442
53.8064
213.649
213.62

Ori.

Dia.

15

15

15

15

15

15

15

15

15

Def. Dia.
14.60125

15.86104

14.46164

15.84416

14.45073

15.82374

14.86007

15.34081

14.89003

Ori. Area
176.7146

176.7146

176.7146

176.7146

176.7146

Def. Area %Change
181.8911 2.929294

179.9603 1.836675

179.5927 1.628672

179.0438 1.318047

179.5861 1.624915
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98

96
160
158
159
157
110
108
109
111
115
113
114
112
172
170
171
169
156
154
153
155
150

206.8287
217.4353
52.09445
52.09445
50.79209
53.39682
295.4423
295.4423
288.0563
302.8284

212.132

212.132
206.8287
217.4353
52.09445
52.09445
50.79209
53.39682
295.4423
295.4423
288.0563
302.8284

212.132

1953
1953
1960.5
1945.5
1953
1953
1750.5
1735.5
1743
1743
1750.5
1735.5
1743
1743
1750.5
1735.5
1743
1743
1550.5
1535.5
1543
1543
1550.5

206.8287
217.4353
295.4423
295.4423
288.0563
302.8284
52.09445
52.09445
50.79209
53.39682

212.132

212.132
206.8287
217.4353
295.4423
295.4423
288.0563
302.8284
52.09445
52.09445
50.79209
53.39682

212.132

208.196
219.056
52.4758
52.4826

51.154
53.8081
297.015
296.959
289.299
304.687
213.239

213.25
207.734
218.725
52.3857
52.3683
51.0459
53.7413
296.591
296.484
288.837
304.192
212.912

1.95E+03
1.95E+03
1.95E+03
1.94E+03
1.95E+03
1.95E+03
1.75E+03
1.73E+03
1.74E+03
1.74E+03
1.75E+03
1.73E+03
1.74E+03
1.74E+03
1.75E+03
1.73E+03
1.74E+03
1.74E+03
1.55E+03
1.53E+03
1.54E+03
1.54E+03
1.55E+03

208.211
219.068
297.537
297.532
289.965

305.09
52.3895
52.3628
51.0342
53.7326
213.244
213.226
207.748

218.77
296.985
296.996
289.337
304.669

52.297
52.2828
50.9613

53.663
212.921

15

15

15

15

15

15

15

15

15

15

15

15

15.35632

14.86

15.35611

15.26013

15.62319

15.25001

15.56557

15.21001

15.56713

15.31038

15.59098

15.32004

176.7146

176.7146

176.7146

176.7146

176.7146

176.7146

179.2214

187.2482

186.434

185.9636

187.4776

187.0601

1.418563

5.960811

5.500072

5.233868

6.090628

5.854342
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152
149
151
190
192
189
191
118
116
117
119
123
121
122
120
176
174
175
173
142
140
141
143

212.132
206.8287
217.4353
52.09445
52.09445
50.79209
53.39682
295.4423
295.4423
288.0563
302.8284

212.132

212.132
206.8287
217.4353
52.09445
52.09445
50.79209
53.39682
295.4423
295.4423
288.0563
302.8284

1535.5
1543
1543

1550.5

1535.5
1543
1543

1350.5

1335.5
1343
1343

1350.5

1335.5
1343
1343

1350.5

1335.5
1343
1343

1250.5

1235.5
1243
1243

212.132
206.8287
217.4353
295.4423
295.4423
288.0563
302.8284
52.09445
52.09445
50.79209
53.39682

212.132

212.132
206.8287
217.4353
295.4423
295.4423
288.0563
302.8284
52.09445
52.09445
50.79209
53.39682

212.897
207.388
218.377
52.3012
52.3074
50.9512
53.6346
296.201
296.117
288.499
303.775
212.664
212.631
207.139
218.123
52.2457
52.2008

50.885
53.5694
296.024
295.958
288.313

303.62

1.53E+03
1.54E+03
1.54E+03
1.55E+03
1.53E+03
1.54E+03
1.54E+03
1.35E+03
1.33E+03
1.34E+03
1.34E+03
1.35E+03
1.33E+03
1.34E+03
1.34E+03
1.35E+03
1.33E+03
1.34E+03
1.34E+03
1.25E+03
1.24E+03
1.24E+03
1.24E+03

212.89
207.408
218.405
296.533
296.529
288.867
304.139
52.2485
52.2299
50.9078
53.5954
212.653
212.635
207.138
218.123
296.161

296.16
288.527
303.745
52.2162
52.2312

50.858
53.5574

15

15

15

15

15

15

15

15

15

15

15

15.54645

15.29

15.50601

15.37024

15.51078

15.38005

15.53443

15.34007

15.45297

15.37015

15.54325

176.7146

176.7146

176.7146

176.7146

176.7146

186.2076 5.371939

187.2424 5.957517

187.6475 6.186788

186.1784 5.355401

187.6332 6.178696
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147
145
146
144
188
186
187
185
134
132
133
135
139
137
138
136
184
182
183
181
102
100
101

212.132

212.132
206.8287
217.4353
52.09445
52.09445
50.79209
53.39682
295.4423
295.4423
288.0563
302.8284

212.132

212.132
206.8287
217.4353
52.09445
52.09445
50.79209
53.39682
295.4423
295.4423
288.0563

1250.5
1235.5
1243
1243
1250.5
1235.5
1243
1243
1150.5
1135.5
1143
1143
1150.5
1135.5
1143
1143
1150.5
1135.5
1143
1143
850.5
835.5
843

212.132

212.132
206.8287
217.4353
295.4423
295.4423
288.0563
302.8284
52.09445
52.09445
50.79209
53.39682

212.132

212.132
206.8287
217.4353
295.4423
295.4423
288.0563
302.8284
52.09445
52.09445
50.79209

212.548
212.532
207.048
217.985
52.2046
52.2175

50.871
53.5484
295.886

295.81
288.211
303.449
212.432
212.401
206.954
217.851
52.1988
52.1974

50.815
53.5152
295.527
295.463
287.897

1.25E+03
1.24E+03
1.24E+03
1.24E+03
1.25E+03
1.24E+03
1.24E+03
1.24E+03
1.15E+03
1.14E+03
1.14E+03
1.14E+03
1.15E+03
1.14E+03
1.14E+03
1.14E+03
1.15E+03
1.14E+03
1.14E+03
1.14E+03

851.288

835.906

843.597

212.565
212.526

207.04
217.981
296.009
295.998
288.352

303.61
52.1725
52.1703
50.8553
53.5192
212.433
212.409
206.952
217.854
295.832
295.841
288.206
303.428
52.1236
52.1082
50.7706

15

15

15

15

15

15

15

15

15

15

15

15

15.36006

15.4701

15.35001

15.49114

15.38019

15.46921

15.35005

15.41422

15.3

15.45967

15.38214

15.41108

176.7146

176.7146

176.7146

176.7146

176.7146

176.7146

186.6275 5.609579

186.7592 5.684069

186.8615 5.741971

185.8324 5.159604

185.7725 5.125747

186.1829 5.357983
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103
107
105
106
104
168
166
167
165
126
124
125
127
131
129
130
128
180
178
179
177

302.8284
212.132
212.132

206.8287

217.4353

52.09445

52.09445

50.79209

53.39682

295.4423

295.4423

288.0563

302.8284
212.132
212.132

206.8287

217.4353

52.09445

52.09445

50.79209

53.39682

843
850.5
835.5

843

843
850.5
835.5

843

843
550.5
535.5

543

543
550.5
535.5

543

543
550.5
535.5

543

543

53.39682
212.132
212.132

206.8287

217.4353

295.4423

295.4423

288.0563

302.8284

52.09445

52.09445

50.79209

53.39682
212.132
212.132

206.8287

217.4353

295.4423

295.4423

288.0563

302.8284

303.076
212.168
212.154
206.705
217.607
52.1296
52.1141
50.7908
53.4557
295.315
295.277
287.698
302.899
211.992
212.046
206.561
217.501
52.0839
52.0734
50.7353
53.4198

843.552
851.269
835.863
843.581
843.579
851.286
835.881
843.567
843.605
551.234
535.673
543.401
543.457
551.224
535.722

543.46
543.471
551.211
535.708
543.512
543.428

53.4347
212.172

212.15
206.716
217.609
295.475
295.485
287.904
303.055
52.0899
52.0643
50.7356
53.4247
212.004
212.053

206.55
217.498
295.295
295.285

287.68

302.91

15

15

15

15

15

15

15

15

15

15

15.40602

15.41139

15.40501

15.38363

15.56107

15.43712

15.50217

15.47716

15.50301

15.46501

176.7146

176.7146

176.7146

176.7146

176.7146

186.4757 5.523674

186.1275 5.326634

188.6669 6.763614

188.4402 6.635357

188.3025 6.557395
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Results of Pressure with Friction Simulation

New
Node

no.

86
84
85
87
91
89
90
88
164
162
163
161
94
92
93
95
99
97

Ori. X
295.4423
295.4423
288.0563
302.8284
212.132
212.132
206.8287
217.4353
52.09445
52.09445
50.79209
53.39682
295.4423
295.4423
288.0563
302.8284
212.132
212.132

Ori. Y
3165.5
3150.5

3158
3158
3165.5
3150.5
3158
3158
3165.5
3150.5
3158
3158
1960.5
1945.5
1953
1953
1960.5
1945.5

Ori. Z
52.09445
52.09445
50.79209
53.39682
212.132
212.132
206.8287
217.4353
295.4423
295.4423
288.0563
302.8284
52.09445
52.09445
50.79209
53.39682
212.132
212.132

Def. X
302.73
302.541
294.844
310.413
217.381
217.232
211.725
222.892
53.371
53.3766
52.0065
54,7382
298.815
298.784
291.247
306.348
214.556
214.541

Def. Y

3.11E+03
3.10E+03
3.11E+03
3.11E+03
3.11E+03
3.10E+03
3.11E+03
3.11E+03
3.11E+03
3.10E+03
3.11E+03
3.11E+03
1.95E+03
1.93E+03
1.94E+03
1.94E+03
1.95E+03
1.93E+03

Def. Z

53.4145
53.3802
52.0083
54.7526
217.355
217.217
211.688
222.877
302.699
302.538
294.852
310.399
52.7011
52.6971
51.3673
54.0251
214.561
214.536

Ori.

Dia.

15

15

15

15

15

15

15

15

15

Def. Dia.
14.2113

15.80903

14.16146

15.80809

14.14092

15.78518

14.57003

15.33312

14.58003

Ori. Area
176.7146

176.7146

176.7146

176.7146

176.7146

Def. Area %Change
176.4529 -0.14809

175.8236 -0.50419

175.3141 -0.7925

175.4611 -0.70931

175.4984 -0.68822

236



98

96
160
158
159
157
110
108
109
111
115
113
114
112
172
170
171
169
156
154
153
155
150

206.8287
217.4353
52.09445
52.09445
50.79209
53.39682
295.4423
295.4423
288.0563
302.8284

212.132

212.132
206.8287
217.4353
52.09445
52.09445
50.79209
53.39682
295.4423
295.4423
288.0563
302.8284

212.132

1953
1953
1960.5
1945.5
1953
1953
1750.5
1735.5
1743
1743
1750.5
1735.5
1743
1743
1750.5
1735.5
1743
1743
1550.5
1535.5
1543
1543
1550.5

206.8287
217.4353
295.4423
295.4423
288.0563
302.8284
52.09445
52.09445
50.79209
53.39682

212.132

212.132
206.8287
217.4353
295.4423
295.4423
288.0563
302.8284
52.09445
52.09445
50.79209
53.39682

212.132

209.126
219.961
52.7001
52.7036
51.3792
54.0263
298.166
298.119
290.894

305.36
214.111
214.024
208.848
219.307

52.574
52.5718
51.2655
53.8339
297.471
297.502
290.323

304.69
213.647

1.94E+03
1.94E+03
1.95E+03
1.93E+03
1.94E+03
1.94E+03
1.74E+03
1.73E+03
1.73E+03
1.73E+03
1.74E+03
1.73E+03
1.73E+03
1.73E+03
1.74E+03
1.73E+03
1.73E+03
1.73E+03
1.54E+03
1.53E+03
1.54E+03
1.54E+03
1.54E+03

209.131
219.97
298.818
298.795
291.255
306.35
52.5679
52.5746
51.2764
53.8455
214.11
214.058
208.842
219.25
298.2
298.088
290.849
305.378
52.4602
52.4608
51.1652
53.6999
213.632

15

15

15

15

15

15

15

15

15

15

15

15

15.32586

14.58002

15.32536

14.07008

14.69264

14.08036

14.75524

14.12044

14.7543

14.12003

14.58896

14.11013

176.7146

176.7146

176.7146

176.7146

176.7146

176.7146

175.4925

162.3627

163.1737

163.6277

161.7894

162.2018

-0.69156

-8.12153

-7.66257

-7.40564

-8.44592

-8.21257
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152
149
151
190
192
189
191
118
116
117
119
123
121
122
120
176
174
175
173
142
140
141
143

212.132
206.8287
217.4353
52.09445
52.09445
50.79209
53.39682
295.4423
295.4423
288.0563
302.8284

212.132

212.132
206.8287
217.4353
52.09445
52.09445
50.79209
53.39682
295.4423
295.4423
288.0563
302.8284

1535.5
1543
1543

1550.5

1535.5
1543
1543

1350.5

1335.5
1343
1343

1350.5

1335.5
1343
1343

1350.5

1335.5
1343
1343

1250.5

1235.5
1243
1243

212.132
206.8287
217.4353
295.4423
295.4423
288.0563
302.8284
52.09445
52.09445
50.79209
53.39682

212.132

212.132
206.8287
217.4353
295.4423
295.4423
288.0563
302.8284
52.09445
52.09445
50.79209
53.39682

213.592
208.454
218.807
52.4543
52.4299
51.1734
53.7345
296.957
296.987
289.818
304.174
213.235
213.222
208.095

218.39
52.3459
52.3897
51.0922
53.6309

296.73
296.747
289.626
303.891

1.53E+03
1.54E+03
1.54E+03
1.54E+03
1.53E+03
1.54E+03
1.54E+03
1.35E+03
1.33E+03
1.34E+03
1.34E+03
1.35E+03
1.33E+03
1.34E+03
1.34E+03
1.35E+03
1.33E+03
1.34E+03
1.34E+03
1.25E+03
1.23E+03
1.24E+03
1.24E+03

213.608
208.435
218.781
297.536
297.453
290.276
304.749
52.3429
52.3524
51.0655
53.5962
213.246
213.218
208.103

218.39
297.005

296.93

289.77
304.212
52.3042

52.272

51.049
53.5629

15

15

15

15

15

15

15

15

15

15

15

14.63642

14.16026

14.69802

14.15003

14.57748

14.14003

14.55368

14.20027

14.66356

14.23005

14.48487

176.7146

176.7146

176.7146

176.7146

176.7146

163.4633

162.0055

161.6267

163.5407

161.8866

-7.49872

-8.32365

-8.53801

-7.45492

-8.39093
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147
145
146
144
188
186
187
185
134
132
133
135
139
137
138
136
184
182
183
181
102
100
101

212.132

212.132
206.8287
217.4353
52.09445
52.09445
50.79209
53.39682
295.4423
295.4423
288.0563
302.8284

212.132

212.132
206.8287
217.4353
52.09445
52.09445
50.79209
53.39682
295.4423
295.4423
288.0563

1250.5
1235.5
1243
1243
1250.5
1235.5
1243
1243
1150.5
1135.5
1143
1143
1150.5
1135.5
1143
1143
1150.5
1135.5
1143
1143
850.5
835.5
843

212.132

212.132
206.8287
217.4353
295.4423
295.4423
288.0563
302.8284
52.09445
52.09445
50.79209
53.39682

212.132

212.132
206.8287
217.4353
295.4423
295.4423
288.0563
302.8284
52.09445
52.09445
50.79209

213.057
213.033
207.908
218.226
52.3176
52.2897

51.03
53.5751
296.504
296.531
289.386
303.681
212.917
212.908
207.768
218.091
52.2478
52.2404
51.0419
53.5379
295.982
296.029
288.893

1.25E+03
1.23E+03
1.24E+03
1.24E+03
1.25E+03
1.23E+03
1.24E+03
1.24E+03
1.15E+03
1.13E+03
1.14E+03
1.14E+03
1.15E+03
1.13E+03
1.14E+03
1.14E+03
1.15E+03
1.13E+03
1.14E+03
1.14E+03
849.15
834.779
841.973

213.037
213.041
207.917
218.233
296.743
296.697
289.577
303.901
52.2869
52.2798
50.9813

53.532
212.915
212.899
207.769
218.089
296.569
296.494
289.403
303.711
52.1732
52.1879
50.9349

15

15

15

15

15

15

15

15

15

15

15

15

14.23002

14.5905

14.2401

14.54844

14.25003

14.52095

14.29001

14.59681

14.3502

14.52417

14.37108

14.46238

176.7146

176.7146

176.7146

176.7146

176.7146

176.7146

163.0668

162.7119

162.5177

163.8251

163.6963

163.2373

-7.72308

-7.9239

-8.0338

-7.29397

-7.36682

-7.62661
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103
107
105
106
104
168
166
167
165
126
124
125
127
131
129
130
128
180
178
179
177

302.8284
212.132
212.132

206.8287

217.4353

52.09445

52.09445

50.79209

53.39682

295.4423

295.4423

288.0563

302.8284
212.132
212.132

206.8287

217.4353

52.09445

52.09445

50.79209

53.39682

843
850.5
835.5

843

843
850.5
835.5

843

843
550.5
535.5

543

543
550.5
535.5

543

543
550.5
535.5

543

543

53.39682
212.132
212.132

206.8287

217.4353

295.4423

295.4423

288.0563

302.8284

52.09445

52.09445

50.79209

53.39682
212.132
212.132

206.8287

217.4353

295.4423

295.4423

288.0563

302.8284

303.132
212.554
212.546
207.444
217.663
52.1656
52.1817
50.9049

53.436
295.646
295.685
288.586
302.741
212.348
212.261
207.227
217.347
52.1153
52.1227
50.8783
53.3643

842.022
849.172
834.846
841.994
841.985
849.149
834.817

842.01
841.946
549.877
535.712
542.876
542.784
549.893
535.639
542.791
542.765
549.913
535.659
542.717
542.826

53.4665
212.547
212.549
207.428
217.661
296.053
295.999

288.88
303.163
52.1043
52.1363

50.877
53.3562

212.33
212.249
207.243
217.351
295.675
295.671
288.616

302.72

15

15

15

15

15

15

15

15

15

15

14.326

14.46175

14.33211

14.50568

14.16509

14.37077

14.2545

14.30338

14.254

14.32183

176.7146

176.7146

176.7146

176.7146

176.7146

162.7181

163.2819

159.8782

160.1329

160.3339

-7.92039

-7.60135

-0.52747

-0.38334

-9.26958
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Percentage Change of the

Appendix Il

Cutaneous Blood V essels

Average
Dermis
Average
Hypodermis
Average All
Al

Bl

C1

D1

El

F1

A2

B2

Cc2

D2

E2

F2

A3

B3

C3

D3

E3

F3

Ad

B4

C4

D4

E4

F4

A5

B5

C5

-1.205

-6.146
-5.048
-1.219
-1.197
-1.196
-1.203
-1.230
-1.207
-1.198
-1.196
-1.194
-1.209
-1.219
-1.189
-6.028
-5.938
-6.332
-6.177
-5.943
-6.090
-6.316
-6.066
-6.114
-6.323
-6.026
-6.256
-6.148
-5.955
-6.119

23mmHg 46mmHg

-2.384

-11.718
-9.644
-2.426
-2.389
-2.386
-2.394
-2.373
-2.397
-2.383
-2.381
-2.369
-2.406
-2.413
-2.293

-11.466

-11.390

-12.079

-11.816

-11.324

-11.654

-12.042

-11.639

-11.580

-12.044

-11.557

-11.863

-11.773

-11.473

-11.709

Cross -sectional

92mmHg 137mmHg

-4.698

-21.398
-17.687
-4.743
-4.739
-4.657
-4.679
-4.763
-4.744
-4.654
-4.648
-4.607
-4.686
-4.782
-4.672
-20.931
-20.924
-22.114
-21.470
-20.841
-21.200
-22.044
-21.286
-21.105
-21.974
-21.089
-21.657
-21.565
-20.978
-21.258

-6.954

-29.507
-24.495
-7.011
-6.972
-6.883
-6.978
-7.039
-6.991
-6.875
-6.932
-6.874
-6.982
-7.035
-6.870
-28.831
-28.952
-30.513
-29.545
-28.783
-29.212
-30.422
-29.533
-29.110
-30.271
-29.236
-29.969
-29.656
-28.905
-29.237

Area of the
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D5
ES
F5
A6
B6
C6
D6
E6
F6
A7
B7
Cc7
D7
E7
F7
A8
B8
C8
D8
ES8
F8
A9
B9
C9
D9
E9
F9

-6.114
-6.043
-6.020
-6.345
-6.158
-6.343
-6.444
-6.015
-6.254
-6.097
-6.149
-6.370
-6.216
-5.941
-6.124
-5.953
-6.003
-6.035
-6.091
-5.836
-6.124
-6.299
-6.267
-6.391
-6.225
-6.224
-6.239

-11.693
-11.509
-11.454
-12.016
-11.741
-12.018
-12.203
-11.513
-11.895
-11.611
-11.723
-12.127
-11.762
-11.333
-11.650
-11.351
-11.457
-11.478
-11.637
-11.169
-11.663
-12.009
-11.941
-12.155
-11.865
-11.876
-11.890

-21.341
-21.131
-20.914
-21.946
-21.488
-21.756
-22.294
-20.930
-21.727
-21.212
-21.416
-22.161
-21.319
-20.680
-21.187
-20.768
-21.006
-20.917
-21.309
-20.532
-21.286
-21.947
-21.815
-22.155
-21.631
-21.733
-21.690

-29.403
-29.217
-28.767
-30.265
-29.572
-29.859
-30.714
-28.777
-29.840
-29.160
-29.649
-30.529
-29.380
-28.603
-29.089
-28.679
-29.068
-28.762
-29.466
-28.503
-29.323
-30.289
-30.066
-30.486
-29.764
-30.000
-29.872
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Appendix Il

Results from Laser Doppler Measurements
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Newton
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Volunteer 1
0

13.3
11.1
16.7
14.1
13
14.2

7

115
9.3
12.357

Volunteer 2
0

104

107
105

102
40.8
87.3
104
105
107
100.723

Volunteer 3
0

76

79.7

75

73.7

71.7

74

73.7

0.5
5.3
5.9
6.5
6.6
6.8
7
7.8
6.6
6.5
6.557

0.5
31.4
41.6
37.7
28.4
28.2
36.2
33.8
38.1
45.2

35.314

0.5
62.7
49.4
56.9
72.7
45.2
54.9
61.2

1
5.4
5.2
5.6

5.3
5.1
5.3
5.8
5.2
5.400

37.9
16.6
15.6
17.8
16
15.5
13.7
16

21
16.929

79.2
44.2
36.7
43.5
38.9

37
43.4

15
3.1
3.1
3.5
2.9
3.2
2.8
3.2

3.5
3.143

15
9
9.4
13.8
10.9
12.5
45.7
25.7
15.9
16.2
14.914

15
19.1
33.5
47.4

31
24.8
22.7
33.9

2.4
2.5
2.8
2.6
2.7
2.3
2.3
2.5
2.3
2471

11.9

57
8.1
6.2
6.3
5.6
6.7

6.429

16.8
13.2
32.2
25.5
25.2
22.8
27.1

2.5
1.8
2.1
1.7
1.9
1.7
1.8
1.9
2.2
1.8
1.857

2.5
6.8
7.9
7.3
6.8
7.5
8.3
6.1
6.9
7.7
7.271

2.5
8.2
12.3
5.5
7.3
6.2
9.3
9.6
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8 71.8 51.2 41 27.8 19.1 6.2
9 72.2 66.8 57.5 31.1 14 7.2
Average 73.482 57.586 43.643 29.257 21.500 7.714
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Appendix IV

A Selection of Publications Resulting  from this Project
x Book Chapter
o "dZ (( 8¢ }( WE *+uE v Re@ihgdl]}edg PIH _
2018 In Press

x Journal Article
o ‘Development of a Model to Demonstrate the Effects of Friction and

Pressure on Skin in Relation to Pressure Ulcer Formaticeung, P. H.,
Fleming, L., Walton, K., Barrans, S. & Ousey, K. 15 Apr 2017 In: Wear.
376-377, Part A, p. 26871 6 pISSN 0043648
o ‘Finite Element Analysis to model ischemia experienced in the
development of device related pressure ulcerseung, I. BH., Fleming,
L. T., Walton, K., Barrans, S. M., & Ousefg(L.9)Proceedings of the
Institution of Mechanical Engineers, Part H: Journal of Engineering in
Medicine, 2387), 745753. do0i:10.1177/0954411919851387
x ConferencePodium Presentation
o0 ‘Developmentof a Model to Demonstrate the Effects of Friction and
Pressure on Skin in Relation to Pressure Ulcer Formatiorung, P. H.,
Fleming, L., Walton, K., Barrans, S. & Ous&6-K30 Mar 2017, Wear
of Material 2017: 2% International Conference on Wear bfaterials,
Hilton Long Beach, California, USA
0 ‘Metrology Strategies for Use as an Evidence Base in Device
Evaluations > pvPU WX ,XU &on adiR 8\WedhddCaré:i
From Innovations to Clinical Trails, Manchester, UK
0 ‘Standardising Surfaces &8wvations_ &0 u]JvPU >X dXUl2 pvPU WX
Sep 2017, Stryker Pressure Care Symposium, Nottingham, UK
x Conference Poster Presentation
o “The Needs of Having a Standardised Procedures for Surface
Measurement_Leung, P. H., Fleming, L., Ousey2R22 Sept2017,
EPUAP the 19 Annual Meeting of the European Pressure Ulcer
Advisory Panel, Belfast, Northern Ireland.
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‘Development of a Model to Demonstrate the Effects of Friction and Pressure on Skin in Relation to
Pressure Ulcer Formation > pv P UFlékhhg, X.UWalton, K., Barrans, S. & Ousey, K. 15 Apr 2017 In:
Wear. 376377, Part A, p. 26871 6 p. ISSN 004548
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Finite Element Analysis to model ischemia experienced in the development of device related
pressure ulcers > pvP U WX, X Waltan, K] vBatiars X3J & Ousey, K. IMechE part H, Journal of

Engineering in Medicine in Jan 2019, In Press.
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‘Development of a Model to Demonstrate the Effects of Friction and Pressure on Skin in Relation to

Pressure Ulcer Formation > pv P Urlamig, K. UNalton, K., Barrans, S. & Ousey,-R024ar 2017,

Wear of Material 2017: 21 International Conference on Wear of Materials, Hilton Long Beach,

California, USA
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‘Metrology Strategies for Use as an Evidence Base in Device Evaluationsgy ¥. H., Fleming, L. T. 21

Jun 2017, ¥Wound Care: From Innovations to Clinical Trails, Manchester, UK

‘Standardising Surfaces Evaluations&o u]J]vP U >X dX Ul2SewZL7, Bt keXPyeddure Care
Symposium, Nottingham, UK
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The Needs oHaving a Standardised Procedures for Surface Measuremert pvPU WX , XU &o u]vPU >
Ousey, K., 222 Sept 2017, EPUAP theé™Annual Meeting of the European Pressure Ulcer Advisory

Panel, Belfast, Northern Ireland
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