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Abstract

The study of deformation and strain goft tissueshas always been important in the
biomechanics field becaugeis part ofunderstandinghe mechanism on how human body
perceives the external or environmental statioh and also the main cause of superficial
injuries or torn soft tissues. buddition, it isparticularly challengingo investigatehe strain
behaviour of the soft tissuendergoing sliding interaction experimentally in réiahe due to
the limitations of the available measuring equipment. As suud,résearchntroduceda
range of higkspeed imaging techniquesdon atdeveloping and working towardsaktime

imaging of e&tformation and strain in soft tissue.

The imaging techniques used were-@Dital image correlation (3IDIC), optical
coherence tomography (OCT) and confocal tomogra@DIC was used to find the
surface strain profiles of tHeuman skirandalsoto meaure the apparent contact area of the
finger pads on a glass plate. OCT was able to measure the roughness profile anetdghe real
apparent contact area ratio of the finger pads. Confocal microscopy was used to determine the
orientation of the tissue fibres the porcine aorta before and after the damagenfiased.
Confocal microscopy was not used on the human skin because there were high risks in using

this imaging technique on the human skin in vivo tests.

The frictional and the strain behaviour bktfinger pad during a sliding interaction
with a smooth glass plate are relatable because the normal loatidvas to have linear
relationship with the average strain of the contact amedhis study In general,the
predominant friction mechanisof the finger pad was adhesion and the edge of the contact
area has higher surface strainued than the middle region. It svdound thathie apparent
contact area has a powlaxv relationship with the normal loahda linear relationship with
the shear fare during sliding. The roughness profile of the finger wadinfluence by the
normal load and the sliding state of the finger pad as Wellas found that thenoistfinger
pad had a moisture level similar to ttey finger pad after the acclimatisatigeriod even
though the frictional behaviours of thtevo finger pads were different, highlighting the

importance of documentation of water application method.

A batch of homogenous silicone hespheres with different stiffness was
manufacturd to simulatefinger pads.Some silicone herspheres have similar frictional

behaviours as the finger padad the predominant friction mechanismas still adhesion
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Also, the dynamic coefficients of friction of the silicone hespheres werdlirectly
proportional(with a negative gradient) the stiffness of the silicone hespheresHowever,

the silicone hemspheresxperienced much higher surface strain than the finger pad during
sliding, which is caused by the adhesion hysteresis effect. In addition, it couttlelsothe
homogenous properties, size and getnyneind the surface roughness of the silicone hemi
spheres.Furthermore, aheoretical strain model was used successfully to predict the strain

distribution pattern of a silicone heisphere

A study on thdorearm skinshowedthatthe surface strain and morphological change

of human skin areelatableeven when performing simple movements.

A study on the porcine aorta tissue fibfesnd that the damage done on the porcine
aorta mighthave permanently deformed the tissue fibres. It was unsure how the orientation of
the tissue fibres changes during the damage application because the confocal microscopy was
not able to monitor the tissue fibres orientation in -teaé, hence, highlightm the

importance of realime imaging.

Keywords: biotribology, 3D-Digital Image Correlation Optical Coherence Tomography,

friction, surface strain, human skin, soft tissue simulant.
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Glossary

Collagen fibres A type of protein fibre
Elastase A pancreatic enzyme that digests elastin

Elastin fibres A type of protein fibre

The tissue whicliorms a single layer of cells lining various

Endothelium organs and cavities of the body
Eosin B A type of fluorescent dye for microscopy imaging
A bacterium, virus or other microorganism that can cause
Pathogen

disease

Stratum corneum The outermost layer of skin

Stratum lucidum A thin, clear layer of dead skin cells in the epidermis

Stratum granulosurn A thin layer of cells in the epidermis

Stratum spinosum A layer of epidermis

Stratum basale  Deepest layer of the five layers of epidermis

Squamous

L A single layer of flat cells in contact with the epithelium
epithelium

Tunica intima The innermost layer of an artery or vein

Tunica media  The middle layer of an artery or vein

Tunica adventitia The outermost layer of an artery or vein

Histidine An| -amino acidhat is used in the biosynthesis of proteins
Lysine An| -amino acid that is used in the biosynthesis of proteins
Arginine An| -amino acid that is used in the biosynthesis of proteins
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The bulk modulus
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the unit matrix

A contact area specifmonstant
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Normal load [N]

The normal load at which the deformation reaches a maximu
The number of ridges

A normal load specific exponent

The sample length (total image pixel number)

The normal load [N]

The nominal pressure [Nfh

The mean traction [N]

The Hertzian surface tangential traction profile

Radius of thespherical probém]

The radial position on the contact area of the traction profile |
Mean surface roughnegs]

Mean maximum height of the topographical profjien]
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Chapter 1

Introduction

1.1 Introduction

There is almost nothing in the Wadrthat does not require humarteraction. From common

actions suclas people interacting with electronic devices that have touch screargeons

handing surgical blades that require absolute precision. This study could help understand and

i mprove humans®é comfort and ease odnsthase dur
require grippingmanipulatiorand holding. Human skin woutteform to grip or hold objects.

In order to visualise deformation and gtravarious reatime imaging systems are explored,

such as, confocal microscopy, Optical Coherence Tomogr&pGy ) and 3DBDigital image
Correlation (DIC). These imaging techniques help to understand thstrain behaviour and

potential damage of soft tissues in the human body
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1.2 Deformation, strain and damage on human body

By definition, deformation refers tthe change in shape or size of an object due to the
application of external force or environmental conditions. From the perspective of
mechanical engineering, it is often represented by the term strain to show how an object

deforms relatively to its ude€formed state.

Deformation could occur on a human bagaBrformingsome simple movements. For
example, when a person extends his/her arm, certain segidhe arm neetb be in tension
or compression in order to complete the movement. Small deformasioroeturs on the

surface of the skin when a person tries to grip or hold an object.

Human skin has a big role in peopl eds
interaction with all kinds of materials from consumer products, gadgets, sporting equipment
et c. I n peoplebs daily 1ife, hands and fing
Smartphones with touch screens were introduced to the public approximately two decades
ago. Nowadays, a significant number of electronics come with a touchh saneehuge
percentage of the human population has at least one electronic gadget that has a touch screen,
which highlights the fact that finger interaction has become increasingly important since.
Sports that require the handling of sporting equipment r@ses the importance of strain
study on human body because efficient handling of the sporting equipment often leads to
better performance, increase in comfort or less sports injuries. There is also an abundance of
human body interactions in the medidald as medical staff often needs to interact with the

human body of the patients to perform diagnoses, examinations and/or treatment.

However, excessive strain on the human body (or any materials in this sense) will
often lead to damage human body, sashbruises, cuts, dislocations and sprains to hame a
few. For example, cuts from skin and blade interaction could happen from time to time
during a shave. Also, people with dry skin over the finger pad often have annoying
experiences with carrying out dialife activities that involves in gripping and touching with
different materials because it hinders the normal operation of the human skin. Therefore,
health services or organisations often recommend the use of ointment or moisturisers.
However, the apptation of ointment or moisturisers often leads to new problems such as the
hand or finger being too greasy or uncomfortable. In sports, cyclists could gain skin irritation
and rash at the sensitive areas from chafing due to long periods on the saddjeyltlimg

tours or long endurance rides. As an example in the medical field, cardiac catheterisation will
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always have potential tribological complications as the catheter interacts with the blood

vessels, which could be perforated when mishandling happens

This research may not be able to create a cure all solution in the short term. In the
long term, however, the basic understanding of the deformation and strain of human body
may open up different possibilities in the future that could mitigate diswomof potential

damage on the human body effectively.

1.3 Reaktime imaging

As medical imaging keeps on improving, the fii@le aspect in imaging has been gaining a

lot of interest. The definition of redilme has been summarised by Kehtarnavaz & Gamadia
(2006) into three groups. The first group is the 4teak in a perceptual sense, which
describes the near instantaneous response of the computer device perceived by the human
user after the input into the device. For example, the algorithm of the photocentent

effect (in digital cameras or app in smart phones) only needs to operate approximately for

110ms on each photo frame to make the processing seem imperceptible to a human user.

The second group is retine in a software engineering sense. It milsir to the
perceptual sense in terms of the concept of a bounded response time, provided that the result
of processing is logically correct. In other words, the issue oftirealis not entirely focused
on fast processing, but also the performance ef dhvice. Laplante (2008) has further
classified this group into three subgroups, which are hareinealimaging systems, firm
reattime imaging systems and soft ré@he imaging systemsbased on the strictness
attached to the maximum bounded respdime, also known as the deadline. Hard -teak
systems cannot miss even one deadline in task completion as the failure to do so will lead to a
complete system failure. For example, a robot that is not able to detect an obstacle like a rock
in time (deadhe) will result in the robot being toppled over. Then, the toppled robot will not
be able to continue to move forward (complete system failure). Firptimealsystems allow
a few missed deadlines because it will not constitute to complete system fadluexample,
weather reporting, in which the wind speed is recorded every minute, may have a few errors
on an overall 1 hour data acquisition, but this does not affect the average wind speed for the
weather report. However, frequent errors will lead te thissrepresentation of the wind
speed during the weather report. Lastly, soft-tieaé systemsre systems that have missed
deadlines, however, this does not lead to complete system failure, but instead this is reflected
as performance degradation. For example, it will take a longer time (performance degradation)
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to obtain desired measurements by gwstessing the images after acquiring the images

from an imaging system.

The third group is redime in the signal processing sense. This is based on the
concept of completing the processing of one input within the available time between two

consecutive input samples.

The main advantage of having a réale aspect in imaging the visual results can
show the condition or reaction of the biological samples instantaneously in response to the
changes of external stimuli or the environmental conditions, if any. This is especially useful
in biomechanics related research, for egkenthe strain behaviour of soft tissues. The
imaging techniques that had been used in this research atenealystems. However, when
the imaging techniques were coupled with experialesgtups, the processes in measuring
deformation or strain of thsoft tissues were not necessary-tea¢ as the information was

obtained through pogtrocessing after the acquisition of the images.

1.4 Imaging in biomechanics
fiBiomechanicss the study of the structure and function of biological systems by means of
mehods of mechanics (Hatze, 1974)

Due to the fact that soft tissues such as aorta and skin are anisotropic, viscoelastic and non
linear materials, the strain behaviour of the soft tissues tends to be complex and unpredictable.
As a start, several studiesaded investigating the strain behaviour of soft tissues from a
simple tensile test seip Jacquemoud et al., 200Annaidh et al., 20%;2Lanir & Fung

1974). Currently, there is only one rgahe imaging technique that can measure the strain of

the biobgical samples, which is Digital Image Correlation (DIC). Further research
successfully used DIC to look at the strain field of the/ivo human skin at the region
around the arm and joint experiencing deformation by performing basic exercise postures
(Obropta & Newman, 2015; Wessendorf & Newman, 2012)

Other than DIC, optical coherence tomography (OCT) is another commetinteal
imaging technique that images the cresstiors of biological samples and is able to show
the composition layers of the saitsues. Howevethe postprocessing of the images from

OCT cannot be done while the sample is being scanned.
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Various other medical imaging systems, like Computed Tomography (CT9 &edn
Magnetic Resonance Imaging (MRI) etc., are nohsideredin this study because the

imagng systemsnaynotbeable to provide strain measurements of a dynamic sample.

1.5 Imaging in biotribology
fiBiotribologyis defined as a scientific field that studies the friction, wear and lubrication of
the biological systas ( Dowson & Wright, 1973) 0

Although imaging inbiotribology is not as popular as ihiomechanicsit definitely has
started to attract more researchers to use imaging techniqué€ddikaigh speed cameras or
OCT in biotribology experiments Tomlinson etal., 2009 Liu, 2012; Liu et al., 2013
Delhaye et al., 20)6Liu et al. (2013) have used OCT to study the morphology of the finger
pad when sliding against a glass while Delhaye et al. (2016) looked at the strain pattern

within the contact area of the finger pad usangespoke posgirocessing algorithm

1.6 Motivati on of research

A picture speaks a thousand words. As the imaging tgakaihavéeen advancing so much

in the past decade, they are much more reliable, user friendly and commercially available. As
such, it is interesting to explore biomechanics and, edpediotribology problems with the
current imaging techniques to discover what these imaging techniques can achieve and their

limitations.

Biotribology is emphasised in this context because only very few and limited imaging
technique options can be dst® study the strain behaviour of biological material in contact
with other material experimentallyvlost studies usefinite element modelling simulating
different biotribology problems, where the modelling is based atheoretical model of
contact mecanics Johnson & Philllips, 1981Dandekar et al., 2003Sripati et al., 2006
Wang et al., 2012 The modelling often requires displacement inputs obtained in

experimental studies.

1.7 Aim and objectives

The aim of this research wdo develop a range bigh-speed imaging techniques to move
towards reatime imaging of deformation and strain in soft tissiee project waned to
explore which imaging systems can bedise obtain strain measurements of a dynamic
objectin reattime. There are onlyafew imaging techniquewhere deformation or stracan

be determined from theapturel images of a moving objecthese imaging techniquese
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3D-DIC, OCT and confocal microscopfn imaging technique is considered as hsgleed if
it can capture the dermation or strain response of a moving object due to external
stimulation. For example, 3DIC can show how the strain distribution of the finger pad in

contact evolves when a stationary glass plate in contact starts to move.

The research is mainly focused an-vivo human skin. However, confocal
microscopyis used to study a different soft tissue, porcine adsecause this imaging

techniquecan damage-vivo human skin.
The objectives were to:

1 Explorethe available imaging techniques that can measure the deformation and strain
of soft tissues and study what kind of information can be extracted from the visual
resuls

1 Investigate how confocal microscopy can be used to study the deformati@ayeof
tissue fibres

1 Investigate the frictional and strain behaviour of finger pad undergoing sliding
interaction with a plate

1 Investigate if a silicone hersphere experimental model undergoing sliding
interaction with a plate with similar experimental conditiomsuld have a similar
frictional and strain behaviour &finger pad
Investigate the morphological change of forearm skin from simple posture change
Compare the experimental strain behaviour of the silicone -Bph@re to an

analytical model

1.8 Workflow

The workflow chart shows howhe project advanced in usimifferent imaging techniques

on different soft tissugelated experimentas shown inFigure 1-1. The experiments were
performedto study the morphology and strain behaviour of soft tissues in response to
different external stimulilt also shows how the retime aspect is connected with the

experiments.

The project first startedub using confodamicroscopy as a pilot test to study the
deformation of soft tissue. U2 to the possiblerisk of permanent injuries on living test
subjecs using confocal microscopy, the project shifted from studying human skin to another

tribological situation. As suchthe confocal microscopy was used to study the catheterisation
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damage on porcine aorta because cardiac catheterisation could cause complications and often

discomfort to patientsConfocal microscopy work is shown in Chapger

Then, it was found that the Optical Coherence Tomography (OCT) arid@al
Image Correlation (DIC) were suitable to study human §imger pad regionfleformation
during tribological inteaction on living test subjects, which is in Chaptr Human
interaction experiments on living test subjects are known to have a large pool of data with
high standard deviations. Therefore, tiext study used th&ame imaging technigues soft
tissue simulantswhich is in Chapter5. This study also aimed to be the first step in
manufacturing an experimental model that simulates eeffipgd tribological interaction,
which is shown in Chaptés. The next study was done to modeé¢ strain behaviour of the

soft tissue simulant bgtarting froma simpleanalytical model

OCT and 3DBDIC are traditionally designefibr usein nonttribological tests such as
tensile experiments, identification of different skin layers etc. Sontribological
experimeng were performetb investigate if the nature of the experiment or experiment type
could affect the images qualityhis work is shown in Chaptét. High quality images are

often easier t@analyseand able to geerate more accurate measurements.

The imaging techniqués3D-DIC, OCT and confocal microscopy are all hard or firm
reatt i me 1 maging devi ce-ime infages ofdhe bi@mechaniésiandmo r «
biotribology experiment were obtained using OCT and-BIT. However, the whole
def ormation or strain measur e metime besaysethe m wa s
postprocessing of the images to obtain strain measurement and morphological changes were

donebyanal ysi ng ttilmeimadds afterdhe image actuisition process.

It should be noted that only 3DIC among the imaging systems is able to show the
strain measurement during the image acquisition process, but this feature was not used as

improving the strain result was a priority.

In the case of confocal microscopy, twbole deformation measurement system for
thebiotribology experiment was not considered as a-tima¢ experiment, both soft and hard,
because this imaging technique was not able to capture images of the porcine aorta from

before loading to after loading.
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Figurel-1, Workflow of the imaging techniques used on the experimentailpset

1.9 Research contribution and limitations

This research hopes to offer novel methodologies for assessing deformation and so#in i
tissues using high speed imaging techniques. This research has also successfully documented
the typical frictional and strain behaviour of the finger pad and silicone-$meire. This

will pave the way to studies researching more complicated empetal models such as
silicone hemisphere with multiple layers or ridged silicone hesphere and to see which
experimental models has the most similar frictional and strain behaviour to the finger pad.

As this research is intended as a case study ialal@ng methodologies for assessing
deformation and strain in soft tissues, the size of the sample is not intended to produce
normative data. Future work will contribute to the gathering of -qigility normative data

for the methods developed.

1.10 Structure of the thesis
This thesis is organised into nine chapters that address the key aspects of this research:

Chapter 1 givesan overview, the background of this researdiudy and the

motivation driving this research.

Chapter 2 presesita review of the currenknowledge on the frictional andrain
behaviour of soft tissues. further discus$ the strain assessmemtethods that havbeen
used inthe literature The latter part of the chapter disob®e potential of using soft tissue

simulants in biotribological experiment.
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Chapter 3 demonstratdnow the 3D-DIC (Correlated Solutions), OCT (Vivosight)
and confocal microscopy (Leica) were used aneupeior the experiments in this research.
The postprocessing and the interpretation of the data from respective imaging techamgues
alsodiscussed in this chapter.

Chapter 4presents one of the main research works that investigates the strain
behaviour of human finger pad before, during and after litm@ interaction with a glass
plate. 3D-DIC and OCT were used in this study to investigate the surface arsldabe
deformation respectively. In this chapter, there is also a very interesting pilot study that looks
at how the ridges of the finger pddform when slid against a grooved plastic plate. However,
the sole purpose of this pilot study is to provedasual result of the deformation of ridges of

finger pad during sliding against grooved plate.

Chapter 5is a folow up of chapter 4hat studes the deformation anthe strain
behaviour of the silicon hersiphere during the interaction with a glass plate. This chapter
will investigate if a silicone hemisphere is suitable to simulate the frictional and strain
behaviour of a real life finger padp the results in this chapi@re compareaith thosefrom

chapter 4

Chapter 6is a follow up from bapter 5as this chapter compares the strain and
displacement data of silicone hesphere obtained from DIC to the theoretical model of
hemisphere in ontact mechanics. This can show if the experimental strain data is a good
representative of the theoretical model.

Chapter 7 presentdifferent research work that studies the morphological change of
human forearm skin when performing a simple posture gdhanmithout any interactive
material. This work proves that the visual result of the soft tissues, using the same imaging

techniques and s&p in chapter 4, is easier to obtain without an interactive material.

Chapter 8 presentgsearch work done in Pipi$ that studied the orientation of aortic
tissue fibres subjected to different damaging loads using confocal microscopy. This work

investigates the deformation behaviour of animal tissue at microscopic level.

Chapter 9 discuséghe main connections oflahe work packages done in previous

chapters.
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Chapter 10 bringa closure to this research by listing the key findings and the future

work needed.
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Chapter 2

Literature Review

2.1 Introduction

This chapter stastby introducing the human soft tissues (human skin and aorta) and their
morphology, and then the tissue fibres composition in the soft tissues. Theegtrts
coverthe frictional and strain behaviour of the soft tissues as described and documented in
theliterature. For example, the sliding mechanisms between human skin and other materials,
and the strain distribution profile of the human skin when subjected to different types of
loading.Next chapter showhow the strain behaviour of the soft tissuasenbeen previously
assessed, by means of mechanical tests, imaging technigdieteoelement modelling.

Then it discus8 how softtissue simulants have been used in attempts to imitate the human
skin in biotribology experimentsThe last sectiosummaises andexplainshow each section

in the literdure is connected. #lsooutlinesthe ggpsin the current literatures
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2.2 Soft tissues and their morphology

2.2.1 Human skin

Skin is the largest organ in a human body and it acts as the first line of defence of the human
body to external damage. It is an anisotropic and viscoelastic material that is sensitive to
environmental conditions. Skin is composed of three main layersfidermis, dermis and
hypodermigGerhardt et al., 2012; Lamers et al., 2013; Weickenmeier & Jabareen, 2014).

The epidermis, the top layer of the skin, consists of stratum corneum, stratum lucidum,
stratum granulosum, and stratum spinosum and stratsalebas shown ifigure 2-1. The
stratum corneum acts as a barrier for pathogens entering the skin and prevents unregulated
loss of wateKProksch eal., 2008) The roughness and tti@ckness of the human skin varies
across different body sites. Some body sites, like the foot sole, have thicker skin to protect
against due the prolong interaction with other materials, while the face skin is thinaesdec
it does not have a lot of interactions with other materidisiti (2017) hasmeasured and
quantified the roughness and the thickness of the human skin from various body sites using
OCT, which is shown irFigure 2-3 and Figure 2-4. The resolution of the OCT used was
7.5um lateral and 5um axidbr an image of 1342x460 pixelsThe work studied the
morphological change (surface roughness and skin thickness) of the human skin across
different body sitesThis could be important in the study of human skin friction because

surface roughness of therhan skin may also have an effect on human skin friction.

Mechanical properties of the skin are mostly dominated by the dermis, which is rich
in collagen fibrils and other proteins like elastin. In addition, the tissue fibres are not
unidirectional orieted. Although the stratum corneum is relatively stiff, it is thin and
strongly influenced by the environmental conditions, such as temperature and humidity
(Hendriks et al., 2006)Therefore, the stratum corneum does not have big contribution to the
ovenall stiffness of the skiBrown, 1973) The mechanical properties of human skin are also
influenced by a number of additional factors such as age, gender, ethnicity, anatomic region,
physiological conditions, hormonal status, skin diseases and the wlieoént skin care
products Rigal et al., 1989Escoffier et al., 1989; Gorodetsky et al., 1999; Vexler et al., 1999;
Serrat et al., 200 endriks et al. 2006)Skin is nearly incompressible with very low shear
stiffness incomparison to its bulk modwu It alsoexhibits a highly nonlinear stresgrain
curve When the human skin was studiedvitro using auniaxial test, e stresstrain

relationship of the human skin adten split into three stageas shown irFigure 2-2 (Daly
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1982; Holzapfel, 2000; Silver et al., 2001 the first phase, human skin would behave as an
isotropic material with low stiffnesgviost work is done on the elastin fibres and the stress
strain of the human skin follows a linear redaship. In the secad phase, as the stress
increases, the collagen fibres start to line up and stretch in the force dirddtem the
stressstrain relationship becomes nbinear. In the third phase, the collagen fibres are all
lined up and stretcheayhich caused the strestrain of the human skin to follow the linear
relationship againHolzapfel (2000) has presentadnodel suitable to predict the anisotropic
elastic response of soft tissues in the last strain domain (phase 3) based on nonlinear
continuum mechanics (Ogden, 199AIso, Holzapfel & Gasser (2001) has presented a
viscoelastic model for fibre reinforced material composite materials undergoing finite strains.
This model could be more suitable for modelling human skin because humas rslade of
mostly elastin and collagen fibrds addition, human skin has also been modelled as a neo
Hookean material, often termed as hyperelastic material.-Hée&ean model is normally
used to predict the ndimear stresstrain behaviour of matel&a undergoing large
deformations. Various studies have used-Heokean model to model the material behaviour

of soft tissues (Delalleau et al., 2008; Luboz et al., 2014, Limbert & Kuhl, 2018). Delalleau
(2008) showed that the standard linear elastic aweHookean model could not be used to

model an in vivo sk deflection from suction test

The Youngds modul us el asti ci Taple2d.fEveh he hu |
though at the same localised regioh he f or ear m, the Youngdés mod
varies between different human beings, which could be affected by the gender, age and
ethnicity of the human being (Liu, 2013).
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Figure2-1, Structure of human skimitp://histologyolm.stevegallik.org/node/353
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Figure2-2, The rearrangement of collagkBinres undergoing a tensile téstolzapfel, 200D
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1. Above Eyebrow (Frontalis)
Tep: 120419, R-TL: 3+3, R-EJN: 4+£3

2. Chest (Thoracis)
Tep: 93417, R-TL: 3+1, R-EJN: 3+1

3. Upper Arm (Brachium)
Tep: 104£8, R-TL: 31, R-EJN: 4£1

4. Lower Forearm (Antebrachium)
Teo: 102+20, R-TL: 4 £2, R-EJN: 3%1

5. Foot (1% Metatarsal Head)
Tsc: 601+352, R-TL: 3+1, R-SIN: 816

6. Below Eyebrow (Superior Orbital)
Tep: 90+£21, R-TL: 3+1, R-EJN: 10+3

7. Cheek (Buccal Region)
Tep: 106+£24, R-TL: 341, R-EJN: 3+1

2mm

w 8. Wrist (Carpus)
T:126+23, R-TL: 3+1, R-EJN: 4+10

v

9. Elbow crease (Cubital Fossa)
Tep: 89+17, R-TL: 4+1, R-EJN: 4421

Thickness T) stated adlean+ SD um; TscSC thickness andgb-ED Thickness

AverageRoughness a8 GEpidermalJunction(R-SIN) stated adlean+ SD pm

AverageRoughness dEpidermalDermalJunction(R-EJN) stated adeant SD um

AverageRoughness ofop Layer(R-TL) stated adlean+ SD um

Red Boxrepresergdorsal skin

Figure2-3, Roughness and thickness of the human skin at the front body site (Maiti, 2017)
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10. Shoulder Blades (Scapula)
Tep: 99418, R-TL: 3+1, R-EJN: 3+1

T S
I et Pa——

15. Eye Bag (Subobicularis oculi fat)
Tep: 106+£21, R-TL: 3+1, R-EJN: 9+21

11. Underarm (Axilla Fossa)
Tep: 118421, R-TL: 5+2, R-EJN: 52

S ——

16. Neck (Cervicis)
Tep: 110425, R-TL: 1+4, R-EJN: 4+1

12. Hand (Dorsal aspect of Manus)
Tep: 117420, R-TL: 2+1, R-EJN: 2+1

17. Lower Back (Lumbus)
Tep: 109420, R-TL: 441, R-EJN: 4+1

18. Buttock (Gluteus)
Tep: 125418, R-TL: 51, R-EJN: 51

13. Distal Phalanx of Middle finger
Tsc: 295457, R-TL: 3+2, R-SIN: 7+2

19. Back of knee (Popliteal fossa)
Tep: 80£14 R-TL: 3+1, R-EJN: 3+1

AT

14. Heel (Calcaneus)
Tsc: 3114111, R-TL: 3+2, R-SJN: 8+3

S - -

2mm
Thickness T) stated adlean+ SD um; TscSC thickness andgh-ED Thickness
AverageRoughness a8 CG-EpidermalJunction(R-SIN) stated adlean+ SD pm
AverageRoughness dEpidermaiDermalJunction(R-EJN) stated adean+ SD um
AverageRoughness ofop Layer(R-TL) stated adlean+ SDum

Red Boxrepresergdorsal skin

Figure2-4, Roughness and thickness of the human skin at the back body site (Maiti, 2017)
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Table2-1,You n g 6 s olMtasticity farskin reported in literature

Youngo
Author Skin region Measurement technique Modulus
(MPa)
Bader & Bowker .
(1983) Forearm/thigh Indenter (20mm) 0.011
Forearm Young: 0.42
Ag?lcggoit al. Torsion (25mm) Aged: 0.85
Back SC: 2.1
Barel et al. Forearm Suction (2mm) 0.13-0.17

(1995) Forehead 0.20-0.32
Diridollou et al. :

(2000) Volar forearm Suction (6mm) 0.153
Hendriks et al. : .

(2006) Forearm (dermis) Suction (6mm) 2100
Sanderg1973) | Doral side forearm| Torsion (8.7mm) 0.02-0.1
Grahamg1969) Forearm Suction 18- 57

Escoffier et al. , .
(1989) Forearm (anterior) Torsion 1.1-1.32
2.2.2 Aorta

The aorta is the largest artery in the body. Its main role is to deliver oxygenated blood to all
body systems. It is usually divided intosBctiors: the ascending aorta, the aorta arch, the
descending aorta, the thoracic aorta and the abdbaona(Van De Graaff, 1998)

There are 3 significant layers in the aorta, from innermost to outermosta intima,

tunica media and tunica adventitia, as showkigure 2-5. Firstly, the intima is made of a
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layer of simple squamous epithelium known as the endothelium that is in direct contact with
blood flow (Collins et al., 2014)The endothelium rests on a network of connective tissue
membranes consisting of elastin and collagen fibfeess & Pawlina, 2006 The
endothelium helps in prevention of blood clotting and may also help in regulating blood flow.

It can also release nitric oxide to relax the smooth muscle of the {8hs&l et al., 2010)

The tunica media layer makes up most of the arterial weallding smooth muscle

fibres and a thick elastic connective tissue layer (Ross & Pawlina, 2006).

The tunica adventitia is thinner, in comparison to the tunica media layer, and is mostly
made up of connective tissue with irregular fibres that are attdoltéd surrounding tissues
(Ross & Pawlina, 2006).

Mechanical properties of the aorta are dependent on the amounts of the aortic wall
main constituents, spatial organization and the mechanical interactions among these
constituents. The most important mecical property of the aortic wall is its ndimear
elasticity. Studies that investigated the elastic modulus of the human aorta have been
tabulated infable2-2 (Choudhury et al., 2009; Azadani et al., 2012; Kim gt24113; Ferrara
et al., 2016) This table goes on to show that the Young modulus of the human aorta could be

difference with different human volunteers.

helically arranged fibre-
reinforced adventitial layer

transversely isotropic fibre-
reinforced medial unit

helically arranged fibre-
reinforced intimal layer

collagen fibres
elastic lamina externa

collagen fibril

smooth muscle cell

elastic fibril
elastic lamina interna
endothelial cell Tunica intima

Tunica media

Tunica adventitia

Figure2-5, Structure of porcine aor{dsamis et g, 2013)
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Table2-2, Elastic modulusf human aorta reported in literature

. . . Type of Elastic
Author Location Orientation Modulus
Test
(MPa)
Anterior, proximal thoracic aortg 0.5
Kim et al. | Posteriorproximal thoracic aorta Tangential Inflation 0.75
(2013) Anterior, distal thoracic aorta test 0.4
Posterior, distal thoracic aorta 1.0
Anterior, ascending aorta Circumferential 0.81-1.42
Azadani et Posterior, ascending aorta | Circumferential| Biaxial | 0.861.53
al. (2012) Anterior, ascending aorta Longitudinal test 0.791.39
Posterior, ascendirgprta Longitudinal 0.861.53
Anterior, ascending aorta Circumferential 18.3+9.0
Ferrara et Posterior, ascending aorta | Circumferential | Uniaxial | 30.0 £ 13.9
al. (2016) Anterior, ascending aorta Longitudinal test 8.4+4.2
Posterior, ascending aorta Longitudinal 6.4+26
Choudhury Anterior, ascending aorta . : Biaxial 0.45
et al. ; : Circumferential
(2009) Posterior, ascending aorta test 0.45

2.2.3 Collagen and Elastin

Collagen, made up of long and fibrous structural proteins, is the main protein of the
connective tissue and represents aboutquater of the total protein content in many
animals (Berillis, 2013) The collagen network provides the overall tensile sttrenigus

creating a strong construct that can withstand implantation and high burst pressures in vivo.

Elastin is shown to be responsible for the initially compliant behaviour at lower
strains and that collagen is responsible for stiffening behaviour la¢mhsgraingWeisbecker
et al.,, 2013) Figure 2-6 shows the network of collagen and elastin fibres. Experiments
conducted by wall in its original shapgGundiah et al., 2007)Gundiah et al. (2007)
reported that eldéis fibres of porcine arteries are oriented axially in the intima and the

adventitia, and circumferentially in the media.
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In human skin, collagen fibres are the main component of the dermis layer, about 77%
of the fatfree dry weight, and form an irregular network of wavy coiled fibres oriented
almost parallel with the skin surface. This component has a high stiffness and a low
extensibility. Elastin fibres are the second main component of the dermis, represent about 4%
of thefat-free dry weight, are less stiff than the collagen and show reversible strains of more
than 100% (Hendriks et al., 2006).

In aorta, elastin and collagen are the principal components to determine the passive
mechanical properties of the aortic wall whdmooth muscle cells are responsible for the
active mechanical properties and the production of extracellular matrix.

Elastin fibre

Figure2-6, lllustration of collagen and elastin fibres
(https://lwww.boundless.com/biology/textbooks/bolesdbiology-textbook/theanimal
body-basicform-andfunction-33/animalprimary-tissuesl93/connectiveissuesloose

fibrous-and-cartilage738-11968/images/figh33_02_06/

2.3 Frictional behaviour of human skin

Skin friction is a complex mechanism that invedvseveral factors and conditions, especially
due to the noilinear, viscoelastic material properties of human skin. An overview of recent
papers shows that the coefficient of friction of human skin is affected by various factors
including the skin conditin, skin structural propertiesurface properties, and the contacting
material, as well as skin hydration, lipid film and intermediate layers of trapped substances
(Adams et al., 20017; Derler et al., 2009; Tomlinson et al., 2011a; Tomlinson et al.; 2011b
Adams et al., 203 Derler Gerhardt, 201 onttenden & Cottenden, 201Ruilenburg et al.,
2013; Tomlinson et al., 2013; Liu et al., 2015

The classical twderm noninteracting model can be used to describe the skin friction
(Bowden & Tabor, 1954)This model assumes an additive decomposition of an adhesion and

a deformationterm, as shown in the equationl2where’Ois the skin friction;O 5
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the adhesive force of the skin and couffié®e material interface an® is the

friction due to incomplete recovery of the energy dissipated by skin deformation.
0 O O Equation2-1

The measurement of friction between skin and cotfat material can be classified
into two experimental types. Firstly, a spherical probe is used to slide against the skin
(Kwiatkowska et al., 2009)The second experimental type is one in which the iskslid
against a flat plate. For instance, previous studies have investigated the frictional behaviour
and the mechanisms of a finger pad sliding against a plate (Liu et al., 2013; Tomlinson et al.,
2009;Tomlinson & Lewis et al., 2011)

It is also worh mentioning thahuman skin also exhibits stickip behaviour under
certain conditiongDerler & Rotaru, 2013 Adams et al., 2012 arré et al., 2007 Adams et
al. (2012) mentioned thattisk-slip occurs when the friction decreases with increasing
velocity provided that the system is not subcritically damggeherally, the coefficient of
friction varied more than £25% of the mean value during sigk(Derler & Rotaru, 2013).
However,major stick-slip behaviourmay not occur in this project because the relative sliding
speed is low (0.25mm/s).

2.3.1 Adhesion

During interaction withdry and smoothsolid surfaces, the skin friction is normally assumed

to associate onlwith the adhesion part ofi¢ friction mechanism while the deformation part

is ignored(Wolfram, 1983; Johnson et al., 1993; Adams et al., 2007; Tomlinson & Lewis et
al., 2011) However, the adhesion friction mechanism may be replaced by hydrodynamic
effect when human skin is wet e excess water accumulates on the surface (Adams et al.,
2007; Derler et al., 2009).

The skin friction is suggested to follow a linear relationshith the normal load
when dry human skin interacts with a dry and smooth codiater Therefore, itan be
described usingequation 22, whereo is the real contact area of the skin dnd the

interfacial shear stre¢3ohnson et al., 1993; Han et al., 1988ams et al., 2007
"0 O TD Equation2-2

The adhesive mechanism is governed by two factors. One of them is the surface

energy of the countdaces, which is the molecular nature of adhesive bonds like the Van der
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Waals forces, electrostatic forces, hydrogen Boatt. The second factor is the area of
contact over which such adhesive bonds are for(fi@nlinson et al., 2009; Mossel &
Roosen, 1994; Tang et al., 2008)

Based on the Hertzian theory, the contact area between a hemispherical probe sliding on
deformabé materials (skin or rubber) is proportional to 2/3 power of the load as shown in
equation2-3, whereYis the radius of the spheng,is the applied normal load ai@is the
reduced Youhgdsiemaecsicus pti on of isshewnunced Yo
equation 2-4, where 0 andbv are the Poisson Ratios with respect to skin and a
substance in contact with the skib. andO are Youngo6s modul us o
substance in contact respectivelk. more detailed xplanation & how contact area affects

skin friction is discussed in sectich4.3 This section alsantroduces alternative contact

models.
o “0—~ Equation2-3
O Equation2-4
In general, the second part of the equaleh(—— ) can be neglected when a
soft surface material is in contact with a hard coufdee material becaus@ IS

much larger thai®

Then equatior2-3 can be rewritten as equati2+b:

o “D Equation2-5

As such, friction coefficient due to adhesion, , Is expressed in equati@6

by combining equatio-2 and equatio-5.

: —— tO>— " N‘e 0 & - Equation2-6

2.3.2 Hysteresis
When the human skin is sliding against a coufdee material with spherical asperities of
high roughnessskin friction is reported to depend on the adhesive mechanism and hysteresis.
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In contrast with smooth surfaces, the influence of hysteresis in the friction significantly
increases, resulting from the deformation of the skin due to the surface asp@itgsoser

the skin surfacéDerler et al., 2009)The deformation frictiotan be expressed as shown in
equation 2-7 (Greenwood & Tabor, 1938 wherewis the ralius of the circle of contact

(equation2-8) under anormalload, (.

O — Equation2-7

O —3>— Equation2-8

In moving forward a unit distancéO€1), the elastic work donew() in horizantal
direction is expressed imgeation2-9 (Greenwood & Tabor, 1958) based on the work done

formula, O z'0.

W — 030—0 3 Equation2-9

Equation2-9 helps to visualise that the spherical indenter expends the elastic energy
on the skin with the amount af for every unit distance it moved. If the skinideally
elastic, then the skin behind the sphere would yield up to the same amount of elastic energy.
Therefore, no net energy is lost in this case. However, in the case of hysteresis in the skin, it
is assumed that a constant fractioof the input elatic energy is lostParameter is also
called viscoelastitiysteresidoss fraction As such, the work lost per unit sliding distance, is
expressed in Equatiop-10 and the respective friction coefficient due to the deformation,

‘ , IS expressed in Equati@all.

W | @ Equation2-10

: — —O3— N9 0 3 Equation2-11

2.3.3 Interlocking

When the asperities of a high roughness coufstee are triangular shaped instead of
spherical, the friction could be dominated by interlocking effécé interlocking condition
happens when the increase in friction that is caused by the asperities of the two materials

interlocking with each other. Simply put, the ridges of the finger pad will interlock with the
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uneven surface texture of the courfre material, which will contribute to the friction that
resists the sliding of finger pad. It is especially significant when both materials have passed

through a certain level of roughngderrams, 2004fomlinson et al.201%).

A study done by Tomlinsoat al. (2014) has suggested that the skin friction can be
analysed in terms of adhesive mechani¥n () and hysteresis mechanisi® ( )
and interlocking mechanism ), described in equation-22, when the finger pad
is sliding against materials with triangular ridged surface. The adhesive mechanism is related
to the attractive forces at thkig-material interfacial regionfhe adhesion friction model of
the human skin is the same regardless of ghemetry of the asperities spherical or
triangular shaped. Howevdhe hysteresifriction mechanism isffected by the geometry of
the asperitiesTherefore, the hysteresis coefficient of friction model in sec@i2 cannot
be applied for the interaction between human skin and triangular ridges. Greenwood & Tabor
(1958) derved a hysteresis coefficient of friction model for the interaction between human
skin and triangular ridges. Tomlinson et al. (2011a) further exquhtige coefficient of
friction model toa friction model, which is shown in equatiorl®. Tomlinson et al. (2011a)
found that theadded frictionmodel predictedhatthe friction mechanisrwas dominated by
adhesion if the height of the ridges was less thah 42m. On the other hand,

effect started to dominate when the height o

Figure2-7 illustrates the interlocking mechanism, whitle skin surface ridgesove

over contact surface asperities.
0 O O O Equation2-12
O 1§8)) Equation2-13

Wheret is the interfacial shear strength, is the real contact arej,is the

pressure coefficient and is the applied normal force.
O 0 DAbTI— Equation2-14
WhereOi s t he applied nor mal force and d i s

| 20-0— e b— 0
O ~ Equation2-15
| 20—0¢ b— 0
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Wherg is the viscoelastic hysteresis loss fractibis the numner of ridges, is the

distance between each rid§®, is the height of the ridge aid is the normal load at

which the deformationeaches a maximum.

Moving finger

Figure2-7, Schematic of a single ridge in contact with the finger pad, wHisithe applied
nor mal force, d itistheadistanceafrongtheecentd linetohtree ridge, aig e ,
the largest distance from the centre line to contact of the ridge with the skithe pressure

along the contact area of the ridge and dfiiis the length of the contact ar&#is the

resultant force de to the applied pressure afgsteresidS thedeformation force (Tomlinson

et al., 2014)
2.4 Parameters affecting friction
2.4.1 Normal load
Amontonsdé |l aw of friction proposes that the

coefficient of fiction, was assumed to remain constant regardless of the applied normal load

and it is independent of the apparent contact area of the materialdmpdentact conditions
(Sivamani et al., 2003) However, Amontonso6 | aw of frictioc
because human skin is categorised as a nonlinear, viscoelastic material (soft tissue).
Therefore, the theoretical concepts of friction of elastomers are applied on human skin
instead(Moore, 1972; Dowson, 1997%everal studies have performed sliding experiments

and found that the static coefficient of friction of the human skin decreased initially as the
normal load increased and would reach a plateau once the load reached a tiwadabold

which is approximate to be 3{Comaish & Bottoms, 1971Han et al., 1996). The studies
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suggested that the decrease in coefficient of friction was due to the viscoelastic properties of

the human skin that allows a ntinear deformation of the skinithkh increased normal load.

A model that describes the relationship between coefficient of friction and normal
load has been developed, shown quation2-16, wher€ is the coefficient of friction) is
the normal load and is the exponent of the noal load (n<1). Several studies have
suggested that thevalue of skin is 0.3 (Comaish & Bottoms, 19Asserin et al., 2090
Sivamani et al., 2003).

8 Equation2-16

Some studies also show thge of counteface material also plays a role in skin
friction and found out that the coefficient of friction (between skin and all other materials)
decreased with increasing normal load except for polyprolene (Tomlinson, 2009; Tang et al.
2008).

Tomlinson et al. (2009) described a detailed relationship between friction force and
applied normal load, which was achieved by sliding the finger pad over different types of
materials at various normal loads. It was observed that for a low normal load regicim, wh
ranges from ON to 10 N, a two part linear relationship was observed as shBignra2-8.

The figure showed that the relationship between the normal load and friction force is linear
from ON to 2N normal load. Although the relationship between normal load and friction force
is still linear when the normal load is higher than 2N (high normadl Iregion), but the
gradient of the relationship is smaller than the relationship in low normal load region.
Ramalho et al., (2003)vestigated the skin frictional behaviour at various anatomical sites of
the body and had a similar finding that showedoable stage AmontorSoulomb linear

model at the forearm area.
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Figure2-8, Two-part relationship between friction force and normal load (Tomlinson et al.,
2009)

2.4.2 Skin hydration

The hydration of skin playan important role in skin friction. The moisture of the human skin

is highly dependent on environmental factors, the perspiration secreted by sweat glands,
sebum layer, dust, fao(after touch) and cosmetics. Therefore, a lot of studies investigated
how hydration or moisture affects the skin frictio@dmaish & Bottoms, 197Din¢ et al.,

1991; Adams et al., 2007; Persson, 2008nomura et aJ.2009; Tomlinson et al., 2011b;
Veijgen et al., 2013Derler et al., 2015)

When excess water was added ondbetact between human skin and coufiee
material,studiesfound that thee was an increase in friction on theman skin (Comaish &
Bottoms, 1971Nonomura etl., 2009; Veijgen et al., 201.35omestudies suggestediaear
correlation between fireg pad moisture and frictio(Cua et al., 1990; Gerhardt et al., 2008;
Veijgen et al., 2012; Liu et al., 201%)n the other hand, Kwiatkowska et al. (2009) fitted an
exponential relationship between the human skin moisture and coefficient of friction.
Although linear correlation is more commonly usdmhth curvefitting methods show
positive relationship between human skin moisture and frictiext, some tidies also
found a O6bell c ur v et®f frictiersgb thenhanean skin agairstebkic o e f f i ¢
hydration or the amount of watéhdams et al., 2007André et al., 2009 Tomlinson et aJ.
2011b). The coefficient of friction of the skin wagaduallyafter a certain amount of water

level was reached because the excess water would serve akibribation on the contact.
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In order to explairthe increase inriction when the water was added to the contact
region, past studies suggestedeveral different friction mechanismsThe first friction
mechanism is the water absorption (Adams et al., 20@8hardt et al.,@8; Liu, 2012). The
human skinswells as the water absorption occurs. The contact area incraasasesult
which will lead to the increase of friction on human skin. Secondly, a study by Dinc et al.
(1991) suggests that viscous slimguof the liquid bridges could be a friction mechanism. A
liquid bridge is formed when there is water that accumulates betivedimger pad ridges
(human skin) and the countrce material. The liquid bridge will have some resistance
against the slidip material due to the viscosity of the liquid. So, the viscous shear resistance
will contribute towards the friction of human skin. Thirdly, Persson (2008) suggested the
capillary adhesion as a friction mechanism. Capillary adhesibnoccurs at narronwpsice.
Persson (2008) found that theal contact area between two elastically hard matesiaén
the narrow space is filled with just enough wakes for the interaction between an elastically
soft material and a hard material, the capillary adhesiomg®rthe two materials closer
(increase in contact area) when the water level in the narrow space dechasgs.
experiments have been carried out with respect to each mechanism, individually. In particular,
Tomlinson et al. (2011b) designed varigests to investigate the relative contribution of each
mechanism on the skin friction in moist conditions. After being fully examined, the water
absorption was believed to be the major cause of the friction coefficient increase, followed by
capillary adhe®sn. The viscous shear was found unlikely to affect frictchre to the low
water film thickness. Under low water film thickness, it is inferred that the capillary adhesion

effect outweighs the viscous shear of the liquid bridge.
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Figure2-9, 'Bell curve' behaviour of the coefficient of friction when water was added and

removed from the human skin (Adams et al., 2007)

2.4.3 Contact area

In section2.3.1, guation 22 has shown that the adhesive friction forcer@pportional to the

real contact area. This is why adhesive friction is the most dominant friction mechanism
especially when skin is interacting with smooth surface materials. As such, it is essential to

study the contact area between the materials duligiggsinteractions.

According to Herzian theory, the contact area between the materials is proportional to
the 2/3 power of the normal load when a hemispherical probe was slid against deformable
materials such as rubber or skin (Johnson, 1985; Adams 20@r). However, this model is
only applicable if the deformation of the material falls in the elastic region and, it is
mentionedand shown irsection2.3.1 as quation2-3. The contact area, in most experiments
that involved in sliding a relatively high

be described by Herzian theory.

However, this model is not suitable to describe the interaction of a finger pad sliding
against a flat surfaceFirstly, the finger pads are notade up ofsmoothsurfaces but the
finger pad ridges. Therefore, the finger pad will not experience a smooth spherical contact.
Secondly, the finger pad is a nonlinear material due to its viscoé@lasfis such, Han et al.
(1996) proposed that the contact area of thgefirpad should be expressed qsation2-17,
whered is the contact ared, is the normal loadQand®are experimental constants.

6 O Equation2-17
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Exponent constarii is often compared between studies. Han et al. (1996) repbrted
wasbetween 0.22nd0.4 for apparent contact between a human finger pad and a transparent
acrylic board (Han et al., 1996). Soneda & bia# (2010) presented thevaluein terms of
apparent contact area and real contact aveeh is0.54 and 0.6@espectivelyNext, Liu et
al. (2017) further classified tHevalue into apparent contact area in low normal load region,
apparent contact aaen high normal load region, real contact area in low normal load region
and real contact area in high normal load region, which are 0.42, 0.14, 0.5 and 0.28
respectivelyXydas & Kao (1999) haalsoreacheda similar power lawcontact model as in
Equation 2-17 that described the contact radius instead of the contactBw#amodels are
essentially the sameecausehe spherical contact area is the product of pi and the square of
contact radius. Xydas & Kao (1999) mentioned thatikalue should be between 0 and 2/3.
When b value is 2/3, then it is essentially the Hertz model. Whes 0, then the model
corresponds to the case of an ideal soft finger pad becau$dltbentact area is reached.
Therefore, the increase in normaldoaill not further increase the contact area. This could be
the reason why Liu et al. (2017) reported healues from low normal load region and high
normal load region separately.

Several contact area measuring methods have been developed so far, such as the ink
stamping metho¢Childs & Henson , 20QAVarman & Ennos, 2009 omlinsonet al., 201b;
Liu et al.,, 201), optical methods (like high speed cameras and Optical Coherence
Tomography technique)Andréet al., 2009; Tomlinson et al., 2009; Soneda & Nakano, 2010;
Liu et al., 2013Liu et al., 2015ktc.

Among the methods, the ink stamping and the optical methods are able to show the
morphology of the finger pad because theséhouws are able to produce the fingerprint of the
finger pad in contact. By using the iskamping method, the black regions of the fingerprint,
as shown irFigure2-10, are the regions where the finger pad is actually in contact with the
paper. However, the drawbacks of this method are the errors (due to the spreading of the ink),
the noise level, and the threshold value to be set during image processing (Liu, 2@18f). On
the optical methods known as Optical Coherence Tomography, which works like ultrasound
except it uses light as a medium, is able to capture the seati®nof the finger pad in
contact, as shown iRigure2-11. However, this method is limited to the field of scan that is
smaller than the apparent contact area of the finger pad, as shéiguia2-11 as well. It
should also be noted that both methods (ink stamp and OCTJ oaly currently measure

the area in contact when the finger pad is not in motion (dynamic state).
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Tomlinson (2009)has tried to predict the contact area of the finger pad, based on
Hertz Theory and JKR theory, and made a comparison with the experiroentatt area
obtained from the optical method, which is shownFigure 2-12. The main difference
between the two theories is that Hertz theory states that the contact area is proportional to the
normal force with thgopower of 0.67 while JKR theory states that there is an attractive force
acting between the finger pad and coufilde material, therefore having a contact area due
to the surface energies of the contact surface. However, both theories have been lheilt on t
assumption that the Youngdés modulus of the f
wrong. So, Tomlinson (2009) plotted the contact area against normal force graph with varied
Youngds modulus that were obtai-geed camgral p o S|

images of a finger pad compressed at differend normal loads.

Figure2-10, The ink stamping method (Let al., 201y
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2.5 Strain behaviour of soft tissue

Strain behaviour fosoft tissue is important in the study of biomechanics because whenever a
human body moves, changes postures, or interacts with consumer products, medical
applications, and sports equipment, the soft tissues (human skin, muscles, blood vessels etc.)
will experience deformation and hence intradgcstrain in the soft tissuegExtreme
deformation may lead to skin irritation or damagén terms of human skin friction
(biotribology), drain distribution may help in identifying deformation friction mechanism
because strain is a measurement of deformabethaye et al. (2016) has mentioned that the
interactions between human skin and external objects are translated into complex tactile
information, which is connected to the spat&hporal patterns of strain in the skin and
subjacent soft tissueslowever no studies have looked into quantifying the relationship
between strain and human skindamege t he aut hor 6s knowl edge b

for measuring and quantifying damage is required.

The strain study of human skin can be categoriseddbasehe two circumstances,
which are the strain that occurs on human skin without the interaction with a ctaoster
material (norcontact type), like movement and exercise, and the strain that occurs on human
skin due to the interaction with a countace material (contact type), like touching, gripping

etc.

2.5.1 Non-contact type

This case focuses on the strain behaviour of the human skin when it is not in contact with
another solid body, for instance, the study of localisation of strain of an excised Blkima
during uniaxial tensile test (Jacquemoud et al., 2007). From the literature, #o®mntant

strain behaviour of human skin can be summarised into (i) excise human skin (in vitro) and

(i) human skin as a whole (in vivo).

Firstly, several studies westigated the strain of specimens under tensile loading until
failure using conventional tensile machines (Jacquemoud et al., 2007; Annaidh et al., 2012;
Lanir and Fung, 1974Miarcellier et al., 2001)In vitro tests can easily provide the stress
strain elationship of human skin (or any other soft tissues). Brown (1973) demonstrated that
a typical stresstrain graph of a skin is ndmear and the response can be described as a
threephase deformation as shown kigure 2-2. The first phase of the deformation shows
that the skin experiences high strain even at low load, which the fibres are largely unaligned

at this state. The second phase shows alinear relationship between stress and strain as
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the fibres are ajining themselves in the direction of the load applied. The third phase shows
that the stress increases dramatically with increasing strain because the collagen fibres are
mostly aligned at this state and the overall ststisEn response becomes dependasmthe
mechanical properties of the collagen fibi&lver et al., 2001 Hendriks et al., 2006;
Holzapfel, 2001) Jacquemoud et al. (2007) found a distinctive difference between ultimate
global longitudinal strain (Greelbagrange strain, 9.5%) and thétimate local longitudinal

strain (Green Lagrange strain, 24%), which were obtained from the LVDT of the tensile
machine and the DIC respectively.

Wan Abas & Barbenel, (1982)gs performed a uniaxial tensile test on human skin as
a whole by attaching twieectangular tabs on the human skin surface using double sided taped.
The tabs were connected to a load application device that pulled the human skin. This study
found that the strain distribution is ntw@mogenous with most high strains concentrated near
area of load application. Was Ab&sBarbenel(1982) also plotted a loadtensity against

strain graph that has similar response to sts&s@n relationship of excised human skin.

The strain behaviour of the human skin as a whole can also be studied without
performing tensile tests. A few studies have investigated how the strain changes in the human
skin when adapting different postures by measuring the full strain field of the gl and
knee joint, which showed that the high strains are more concentrated at the joint region
(Obropta & Newman, 2015; Wessendorf & Newman, 2012). Obropta & Newman (2015)
found out that the firgprincipal strain E;) of a volunteer is 60% while treecondprincipal

strain E,) was 44%.

2.5.2 Contact type

Several studies have tried measuring the stresses and strains in humaithskiifferent
loading profiles- point, load or flat surface loading (Johnson & Phillips, 1981; Sripati et al.,
2006; Srinivasa , 1989 Dandekar et al., 2008erina et al., 1998Nu et al., 2004Wang,

2012). These studies predicted the skin deflection under different indentation profiles using
theoretical continuum models lik€imoshenko & Goodier (1970pr a revised version
Jahnson (1985). Some predictions were done using feléement model simulations (FEM)
based on additional conditions such as the skin is made of-laydtied materials or the

finger pad is a structure of membranes filled with incompressible fluid.

In terms of point loading, Kwiatkowska et al. (2009) has shown that the skin facing

the direction of a sliding ball i'S compr esse
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behind the sliding ball is in high tension as showRigure2-13. Although this study did not
measure the strain in human skin, it can give an idea of how the strain is distributed in human

skin during sliding interaction with a spherical ball indenter.

In terms of line loading, Johnson & Philligg981) has studied how the strains in
human skin changed when indented by a rectangular bar (line loading) and demonstrated that
the strain in human skin is highest at the edges of the contact. This is especially obvious with
a bar of longer widthRigure2-14) where the strain profile computed shows two peak strains
at either edges of contact between the rectangular bar and the human skin. It should be noted
that the interaction between human skin and the indenteisiexperiment was static.

In terms of flat surface loading, Delhaye et al. (2015) has compared the surface strain
of a finger pad in contact with a flat smooth glass plate at partial slip phase (the phenomenon
when a region of the area in contact betwéager pad and glass is stick while the other
region is slipped) obtained from experimental data and a theoretical strain prediction. This
study concluded that the theoretical model was in qualitative agreement with the
experimental work at low strainubnot in high strain region as shownRigure2-15.

Due to the fact that human skin is composed of multiple layers, the layers may
experience different shear strain when the sample is subjected to shear load., Asstud
visualised the full field shear strain of a porcine skin under shear load to investigate how the
shear strain changes by using-@Qital image correlation (Gerhardt et al., 2012). This study
found that the surface epidermal layer experiencedoappately 4% shear strain, which
decreased until the region between epidermal and dermal layer (3% shear strain). At the
dermal layer, the shear strain increased again until middle region of the dermis layer where

the highest strain (approximate8%) wasreached as shown kigure2-16.

“bow — wave”
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Figure2-13, Sliding of a spherical indenter along human skiear point loading
(Kwiatkowska et al., 2009)
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Figure2-14, Line loading of different bar width on human skin (Johnson & Phillips, 1981)
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Figure2-15, Experimental work (top) and theoretical model (bottom) of a fingeppé&thl
slipped against flat smooth glass (Delhaye et al., 2016)
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Figure2-16, Shear strainlata along the epidermal to dermal tissue, obtained from DIC
(Gerhardt et al., 2012)
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2.6 Strain assessment methods of soft tissues

In general, strain has been associated with stress of a body.-bomi@tt mechanics, strain
assessment is easier with measyitechniques readily available. For example, the strain
behaviour of soft tissue can be studied from a simple tensile test to strain visualisation of

human skin while certain body parts are performing different postures.

On the other hand, strain stugy contact mechanics is more complex and difficult.
Unlike norrcontact mechanics, very few studies have investigated the strain in soft tissue
experimentally (Delhaye et al., 2016; Liu, 2013), although there are a lot studies that have
investigated, devefed and improved the theoretical models of soft tissue strain (Johnson &
Phillips, 1981; Sripati, 2006; Dandekar, 2003; Wang, 2012).

As such, thissectionby first introducegshe common mechanical test-sgts that are
possible for strain measurement. Thigrshowshow the imaging techniques were used for
respetive mechanical tests. This part introducgler useful imaging techniques that have
been widely used with soft §ge that can be related to the deformation of the soft tissue
using different benchmarks such as the change in skin roughness when extending the forearm
and also the orientation of tissue fibres after being slid with an indenter probe. The final part

of this sectionwill go through how the theoretical models of strain are applisdft tissue.

2.6.1 Mechanical tests

The most direct approach for studying strain behaviour of soft tissue ircombact
mechanics is the tensile test. Most studies used tensiedestxcised soft tissue samples
using conventional tensile machines (Jacquemoud et al.,, 2007; Annaidh et al., 2012).
However, there is also one study that performed a tensile test on soft tissue (human skin)
vivo by pulling rectangular tabs attached lmman skin (Wan Abas & Berbenel, 1982). In
addition, a tensile test machine was also used in studying the shear strain behaviour of soft
tissue (Gerhardt et al., 2012).

In contact mechanics, the nigsandard tests in strain studae indentation testnd
sliding tests. Originally, indentation tests were to define mechanical properties of soft tissue
such as Yo u(PalérMattddet@ly 20082ahouani et al., 200¥enovese et al.,
2015 Kao et al., 2016)ln strain studiesindentation testcan be used to measure the surface
deflection under a variety of indentation profiles (point, line, or flat surface loading), which

will be used in theoretical modelling of strain and stress (Johnson, 2003; Sripati, 2006). It
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should be noted that indetitan tests mentioned in this part are limited only to normal load

application and there is no tangential force interaction between the two bodies.

Next, the sliding tests are used to study the frictional behaviour of the soft tissue with
another solid bog The whole sliding process comprises of both static and dynamic states.
During the static state, there are normal and tangential forces acting between the two
interacting bodies, but the tangential force is not sufficient to cause sliding. By incréeesing
magnitude of the tangential force, it will reach a threshold value where the force holding the
two bodies together preventing slip will be exceeded and sliding will occur. This is known as
the dynamic state.

Sliding tests on soft tissues can be gelisd into two types, the first type utilises a
probe (mostly spherical) to slide across the soft tig8astan et al., 20t6Nachman &
Franklin, 2016 Kiwiatkowska et al., 2009). This test type normally uses a tribometer. The
second test type requiredlat plate (smooth or ridged) during sliding interaction with soft
tissue. For instance, the sliding of a finger pad across a ridged plate was investigated to study
the hyperlocking effect of human skin in human skin friction (Tomlinson, 2009). Other
studies that can be categorised as second types are Liu (2012), Derler (2010) and Adams
(2006). The main difference between first and second testing types is the relative shape and
size of the solid body interacting with soft tissue. In addition to the sligistg mentioned
above, which require both normal and tangential loading, there was a study that focused

solely on the effect of shear loading on soft tissue (Gerhardt et al., 2012).

2.6.2 Imaging techniques

Digital image correlation (DIC) is the most popularagimg technique in measuring and
visualising the full strain field of soft tissues by tracking the position of the speckles applied
on the soft tissues. The visualisation of full strain field of human skin has been gathering
interests from biomedical resehers because this technique can show the location of the
strain concentration and the changes strain patterns when subjected to different loading types
(Jacquemoud et al., 2007; Obropta & Newman, 2015). This is especially useful because soft
tissue is ananisotropic and inhomogeneous materfak, which the strain behaviour is
asymmetric and dependent on a variety of factors such as the body location of where excised

skin is obtained, the moisture of human skin etc.

There are two types of DIC: 2DIC ard 3D-DIC. The firstDIC system uses only one

camera2D-DIC can only capture planar straandinsensitive toof plane measurement. The
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latter uses two cameras. Therefa@D-DIC system can capture the surface topography and

the surface curvature of the objects.

Several studies have taken the advantage of full field strain on soft tissues (muscle,
skin and organ parts) to determine the mechanical properties of the soft tissues (Jacqumond et
al., 2007; Annaidh et al., 2012). For instance, Jacquamond et al. (266d) image
correlation technique on dead human skin undergoing tensile tests to investigate the failure

mechanism of the human skinigure2-17 shows.

In addition to tensile tests, DIC was used to map the surfesig eld from different
parts of body (Obropta & Newman, 2015). Some optical methods can also capture the 3D
surface strain field from parts of the body. Obropta & Newman (2015) used 3D DIC to
visualise the natural strain of the elbow joint of a voluntbeat changed his arm posture

without using external loading on the elbow or handsigare2-18 shows.

It should be noted that DIC is only able to visualise the strain distribution of the
surface of the specimen amrannot determine the strain behaviour of thessuface of the
specimen. This is unless the DiKused to map the strain field of the specimen from the side
of the specimen that can clearly show how strain changes across different layers of soft
tissues (Gerhardt et al., 2012).

Optical coherence tomography (OCT) is more popular in studying the morphology of
human skin. OCT has a similar function like ultrasound except OCT uses light as a medium,
therefore the penetration depth is limited and OCT isnatly used on human skin. It has
been used for study of vascular morphology using correlation maffpirigld et al., 2011
Zafar et al., 2014Zhang, et al., 2018Byers et al., 2016and measuring epidermal thickness
of various body skin sites (Barton et al., 2003; Neerken et al., 2004; Gambichler et al., 2006;
Josse et al., 2011; Tsugita et al., 2013; Trojahn et al., 2015). In addition to the epidermal
thickness, Egawa et al. (2002), et al. (2006), and Trojahn et al. (2015) measured the
arithmetic mean roughness, Ra, and mean depth roughness, Rz, of the top skin surface
(stratum corneum). Most of the forearm studies using OCT have never considered angular
variations of the volar f@arm relative to the biceps/upper arm, variations of the angle of the
elbow joint. Although OCT cannot directly provide any results on strain behaviour of soft
tissues, but the morphology of soft tissue can give some important information on

deformation 6soft tissue when deformed or strained.
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In addition, OCT can also be used in a biotribological experiment. Liu et al. (2013)
demonstrated this by investigating the morphology of finger pad ridges in contact with a
counterface material a smooth glasslate asFigure 2-19 shows. OCT was able to show
clearly how finger pad ridges morph in contact with the smooth glass plate, which the images

were then used to estimate the reatamtact area of the finger pad.

Confacal microscopy is an imaging technique that can image the fibres of soft tissues.
It scans the samples with a focused beam of a specific wavelength, required to excite the
fluorophore, which is the fluorescent chemical compound in fluorescent dye, and the
fluorophore will reemit the light signals with longer wavelength. Theereit light signals
are then collected by light detector and used to build up the image of porcine aortic tissue
fibres point by point(Minsky, 1988) However, the main characterizati of confocal
microscopy is that there is a pinhole in front of the detector (a photomultiplier tube or PMT).
Due to the small pinhole, only laser is able to give enough light energy into the small spot.
Also, multiple lasers of different wavelengths denused to give a range of wavelengths for
multiple fluorescence. The main advantage of the pinhole is to smear enftfoaus light
from going through the PMT. Therefore a confocal image only contaifegurs information,
increasing the resolution amplality of the image¢Schatten & Pawley, 1988Vhite et al.,
1987) In addition, by collecting a series of images, a full thiteensional representation of
the specimen can be collected. By using respective software of the confocal microscopy, the
3D images can be manipulated, controlled and provide different views on the specimen
(Lichtman, 1994)

Figure2-17, Tensile test on human skimlead (Jacquomond et al., 2007)
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Figure2-18, Full field strain of the elbow joint (Obropta & Newman, 2015)
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Figure2-19, OCT imagefinger pad skin in contact with smooth glass plate (Liu et al., 2013)

2.6.3 Skin modelling

Strain modelling is essential in contact mechanics of soft tissues due to the difficulties in
strain measurement and visualisation in experimental studies. The stress and strain in
numerical modelling and FE modelling required the surface deflection etofiktart and
compute (Johnson & Phillips, 1981; Sripati, 2006; Dandekar et al., 2003; Wang et al., 2012).
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Delhaye et al. (2016) used the approddatails of the formula derivation of the
approach is attached in the Appendix AXplained in Johnson (19B8%hat uses the
BoussineseCerruti Equation presented lhyve (1952)and the Hertzian surface tangential
traction profile as described im@ation2-18, in whichr] is the mean tractionyis the radius
of the circular contact area ands the radial position on the contact area of the traction
profile. The traction profile is actually the shear stress distribution across a contact area.

T
n i np - Equation2-18

Delhaye (2015) modelled the finger pad as an isotropic elastic sphere and the glass
plate was modelled as a rigid surface. The contact area of the finger pad is assumed to be
circular. As the study focused only on the surface strain, a simplified suitgdacgément
mo d e | based on Hertzian traction model i's ol
and showed agjeations2-19 and2-20, wherebi s t he Poi ssonbs —sati o o

the angular position of the radial positioon the contact area.
6 ih— — ¢d¢c U 2¢h i VA AT @& Equation2-19
6 ith— — 03 DEJ— Equation2-20

The disphcement models are then applied to Greagrange strain as displacement

gradients irthe contact area as shown guations2-21,2-22 and2-23.

0O — IO — — Equation2-21
O — ™I — — Equation2-22
0O mMO— — mWO—I3— —O3— Equation2-23

2.7 Soft tissue stimulants

Studying soft tissue is difficult due to its complex nature, as soft tissue comprises of several
layers of materials that have different mechanical properties. There are a number of factors
that could influence the friction an¢train behaviour of soft tissues such as age, ethnicity, the

skin condition etc. (Liu, 2012). Experiments on human subjects have also proven to be a
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difficult and lengthy process because human experiments require ethical approval and need to
give extra caren designing experiments to not cause discomfort to volunteers. In addition,
resourcefulness is required to get a group of volunteers for more accurate experimental

results.

As such, there has been increasing demand for developing tissue simulants asser
an alternative for soft tissues in experimental studies. Some of the tissue simulants that are
available commercially, like EpiDer, EpiSkin™ etc., are used in cosmetic industry for
the application of cosmetic products or treatment of skin wodrfusse tissue simulants are
designed to imitate the biological properties of the human soft tissue but not the mechanical

properties.

In terms of mechanical properties, silicone rubbers and polyurethanes are the most
popular materials of choice in imita human soft tissues. However, these materials do not
have the same biological properties as human soft tissues especially human skin. For instance,
silicone rubber cannot absorb water like human skin due to its hydrophobic material
properties.

Two recenm studies have investigated the frictional behaviour betwesunetisimulants
and soft tissues. Nachman & Franklin (2016) found that the frictional behaviour of a multiple
layer tissue simulant (top layer: silicone rubber; bottom layer: polyurethane aimilar
to the human skin. Likewise, Boston et al. (2016) concluded that a reliable test platform could
be achievedby usingatissue engineered skin as the top layerasyghthetic skin (SynDaver)

as the bottom layer.

2.8 Summary

From the perspective of a mechanical engineer, soft tissue is a very complex material. Unlike
other materials, it has mechanical properties that are very difficult to predict accurately due to
the large amount of influential parameters. Yeis wery imprtant to our dailylife because

soft tissue is one of the most common materials as most multicellular organisms will be

comprised of soft tissues.

Imaging techniques are important in the study of soft tissues because imaging
techniqgues are the commonol® in measuring to obtain information regarding the
mechanical properties of the materials. For example, DIC was generally used to investigate

the tensile strength of the soft tissues or the natural strain of the human skin while performing
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simple movemets in several studies but seldom used to study the strain of soft tissues while
interacting with a countefiace material. On the other hand, OCT and confocal microscopy
are generally used to study the subface morphology of the biological samples. Ordyy

few studies have actually used OCT to study the roughness of the soft tissues during
tribological interactionsilt is similar for confocal microscopy as well. There are few studies
thathaveinvestigated the structure ofetlsoft tissue before and eftdamaging the soft tissue
using friction (Barros et al., 2015; Bostan et al., 2017). The main disadvantage of this method

is it cannot capture the soft tissue behaviour when damdgengapplied in reatime.

A lot of past literature hastudiel the frictional properties of human skin. These
studies provided detailed information on the friction mechanism of a human skin and have
guantified various parameteasfecting the frictional behaviour of the human skiAs the
research on human skinkadlogy advances and becomes more complex, the friction on the
human skin isoften caused by adhesipmeformationor both. At the same time, recent
studies havédentifiedmore and more parameters affecting the human skin friction (Adam
al., 2007 Derler & Gerhardt, 2012 Tomlinsonet al., 2011aTomlinson et al., 2011H;iu).

The frictional behavious of the human skishowedin section2.3 are themost general and
popularfriction mechanismsOnly these frictionabehaviours are listed because theseld
potentiallyoccur in this studyOne of themain objectives of this project wdo find the link
between the strain behaviour and the frictional behaviour of the human Skint is
important to understand theranh behaviour of the human skin. Thdrave beera lot of
previousstudiesdone on the human skin straas mentioned in sectidh5 (Wan; Gerhardt,
holzapfel etc.)However, very few @ésearchers have measutbd strain andriction of the
human skinn the same experimebecause it is difficult to acquire the strain field profile of
human skinin contact with a countdiace material experimentally. As such, many studies

used the numerical modelling method teedimine the strain field of human skin instead.

The literature on the tactile of human skin is not focused because this study focuses
more on studying the friction and strain behaviour of the human sksing imaging
techniques Also, unlike other studies that usexbunterface materialwith a complex
geometry, this study mostly focuses on a flat coufatee material during the imagirgd the

human skin sliding interaction (Tomlinsenal., 2011aKuilenburg et al., 201)3.

Most contact models discussed in this chapssumae linear elastic material because
this model is used to test the feasibility of the imaging techniddewever, it should be
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noted that the human skin is a viscoelastic matérfak is important when the human skin is
undergoing sliding interaction. After sliding has stopped ctintact area of the human skin
would experience alow recovery phaséue toits viscoelasticity.-Therefore,more indepth
work can be done in the futuifetheimaging methodologiesan give uskll measurements

In this study, the imaging techniques are particularly used to work towards studying
the strain of soft tissue ireattime, especially when interacting with a courfeeze material.
Firstly, this study attempts to determine the strain field of human skin undergoing tribological
interaction using 3DIC and combine with the OCT that studies the morphological changes
of the human skin during sliding. Based on the previous studies, the mechanical properties
and the condition of the human skin vargnificantlydepending on the internal and external
parameters such as the gender, age, surrounding temperature, hutoidithezefore, a
human skin simulant is manufactured and studied to minimise the gap between a human skin
and a skin simulant. The next stage of this study will test the feasibility of a theoretical strain

modelling by modelling the skin simulant usedhiststudy.

In addition, 3BDIC and OCT are also used to study the natural strain of the forearm
skin while performing simple movements to show that identical methodology can also be

used on nottribological experiments.

The main reason 3DIC and OCT araised to study the strain of soft tissues because
these imaging techniques can compute and visualise deformation and strain of the soft tissue.
Although this research focuses mainly on-BIOC and OCT, confocal microscopy is also
used to study the structurehanges of a different soft tissue, which is the porcine aorta.
Porcine aorta is used insteafl human skinwith the confocal microscopy because this
imaging technique is detrimental to performvivo human skin experimentotal internal
reflection imaging is not used in this study because this project fcusedn strain study

at a cellular level.
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Chapter 3

Imaging Equipment Saip

3.1 Introduction

Different work packages in this research have usedrdift imaging techniques and each of
these had different testing procedures, data andgposeéssing. So, this chapter will outline
theprincipal equipment and setp used and the petst analysis for the imaging techniques

used in this research.

It first describethe approach used for the dlgital Image Correlation (DIC) system
that is able to measure the 3 dimensional shape, displacement and strain of a specimen. This
sectionalso includes the poegirocess analysis used on the DIC data in this research. Next,
the chapter introdusg¢he medical Optical Coherence Tomography (OCT) used to investigate
the human skin structure. Théectionalso describethe image analysis technig used to
determine the roughness of the surface of the human skin and the thickness of the epidermal
layer. Finally, confocal microscopis introduced. This imaging technique can show the
micron scalestructure of the soft tissues such as elastin andgasi fibres. The finadection
demonstrate how the imaging software, ImageJ, is used to analyse and determine the

orientation of the tissue fibres in the images.
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3.2 Three-Dimensional Digital Image Correlation 3D-DIC)

3.2.1 System Overview

Theprincipal of DIC relies on tracking the random and unique speckle pattern on the material
surface by using DIC software. The speckle pattern will be assigned a series of subsets, as in
Figure 3-2. Then,Figure 3-1 shows how DIC tracks the speckles via the deformed subset,
where the displacement vector and displacement gradient can be extracted from the deformed

subset. The displacement gradient will then be used to compute the straif theldabject.

A DIC system that uses two cameras is known aP 8D As a 3DDIC system, it is
able to give the three axial of the position of the speckles and the respective three axial
displacement vectors. However, EDC cannot compute thii-axial strain in three axes, it
can only give the local surface strain, which the strain direction is tangential to the surface of
the subject. This is due to the fact that the third axis strain computation, akag for
example, requires a displacement geatlialong the -axis, which the 3EDIC algorithms is

unable to compute because the BIT algorithm is built on the assumption of plane strain.

In order to collect strain data using -EDC, the user must have a sample that has
specklesand a setup with calibratedcamerasimagesthatare captured during the tesil be
analysed using DIC software.These can be classifiedto 5 steps, which areample

preparation, camera sep, calibration, data collection apdstprocessing

The surface strain easurement of the specimens (Chapter 4, 5 and 7) were performed
using a3D-DIC system, VIG3D™, from Correlated Solutions, Inc., which the-gptis
shown in Figure 3-1. This system includes two Pike F505B came(adlied Vision
Technologies GmbH, Germany) equipped with monochromatic CCD sensor (Sony ICX625;
2/ 3nj; 245212054 pixels) and 5 0-0962, Sclneider, o b | e c
Kreuznach). Thee are twosoftwares available The first, 6 V4iS o aip tainly used as a
trigger to capture the I ma3glebs (ovfertsis@n s adampl
commercially available softwareith theDIC algorithm.
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3.2.2 Sample preparation

The first step in using stereo DIC system is to know how to apply speckles pattern on the
specimens. There are several methods to apply speckles pattern on the experimental sample.
The specles pattern should be random and have good contrast against the background (Reu,
2015). Some application methods are able to produce fine specklessidthof less 1mf)

while some are only able to produxéarge specklpattern.
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In this study, threenethods were trialled, as shownFigure3-3. One of the methods
is the airbrush methodn airbrush can produce very fine speckles, even on small specimens.
Fine speckles on small specimens will improve the spatial resolution of Gel@&. The
second method was to use an aerosol paint spray (black ink), which is commercially available.
The aerosol paint spray method is able to produce very fine speckles for small specimens as
well. The third method was the toothbrush method, in wkhehspeckle pattern is applied
through flicking the bristles of the toothbrush after dipping in ink. The size of the speckles is
slightly larger using this method.

The airbrush and toothbrush method require the preparation of the ink. The colour of
theink is essential, as the speckles on the specimen should form a good contrast during image
correlation stage. In this studihe finger pad and foeem (Chapter 4 and 7) and silicone
hemispheres (Chapter 5) have a liglloured background. Therefore, kadk waterbased
ink (crafters acrylic paint, DecoArt Inc., Stanford) was used, mixed with a paint thinner at a
ratio of 1:3. Then, the paint was to first applied on a piece of paper from a distance,
approximately 2B0cm and $Hcm for the airbrush methodnd toothbrush method
respectively. This was to test out if the speckles sizes were suitable for the sample. When the
speckles sizes were satisfactory and consistent on the paper, the speckles could then be

applied on the sample &fgyure3-3 shows.

In summary, every speckles application method will be acceptable as long as the

speckles applied form a good contrast with the background (Reu, 2015).
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pEaiEs spEiEaen Outcome (Topview) Speckles relative size
method
Airbrush Very Fine
Aerosol paint spray Fine
Toothbrush Least fine

Figure3-3, Thesize of the speckles using different speckle application methods (on a silicone

hemisphere)

3.2.3 Camera seup

To start using the stereo DIC system, the cameras should be correctpy Is&ged on the
experiment setip. Throughout the seip, VIC-Snap (Columia, Correlated Solution), an
image acquisition software, was used to monitor the live image set captured by the cameras.
There are a few setp parameters that need to be considered before setting up the cameras.
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Firstly, the stereo angle between the cameras, illustraté&dgure 3-4. The stereo
angle should be chosen between 20° and 60° (Reu, 2012). Foémahe measurement is
more accurate with a wider stereo angle while a narrower stereo angle gives less projection

errors.

The next setip parameter to be considered is the distance between the cameras and
the specimen. Ideally, the specimen should roughly fill up the field of view of the cameras. If
the distance between the cameras and the specimen is too shothetrspecimen will be
larger than the field of view of the cameras. This will cause the DIC data to be localised on a
small region of the specimen. On the other hand, if the distance between the cameras and the
specimen is too far, then the specimen wdlsmaller in the field of view of the cameras. In
this case, the spatial resolution of the DIC data will be reduced. In addition, the deformation
of the specimen should also be taken into account because the deformed specimen must
remain in the field of ew of the cameras. For instance, #ilecone hemispheres (Chapten 5
with |l ow Youngbés modul us wil/l be more susc:¢

silicone hemisphere should only fill up roughly half of the field of view of the cameras.

Beforeadjusting the focus of the cameras, the aperture of the lens should be turned to
the largest possible. This will help in finding a good focus more easily. After the focal length

has been fixed, then the aperture of the lens can be adjusted to the appsgtting. This is

Camera 1‘ !Camera 2
Q /

\

illustrated inFigure3-4.

\

/
\ /
Stereo\\/\/

/

Focal length
Depth of fielo\l\\\‘/l
N Silicone hemisphere

Figure3-4, Stereo camera sap terminology

3.2.4 Calibration
After the cameras are sap, the next step is to perform the calibration for the cameras.

Unlike the 2DDIC, where the calibration only requires measuring the ratio of the actual
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distance to the pixels dimension in the image, B0 requires a more soplhisated
calibration. A calibration grid is required for the calibration of the stereo DIC. The calibration
grid consists of an array of dots with fixed distance between each dot. Among the dots, there
are three distinctive hollow marker dots (highlightngsired circles), which the 48D
software will track during the calibration process, as showhigare 3-5. The calibration

grid should also roughlfjll up the field of view of the cameras at the same focal plane as the
specimen that consist of all three hollow maker dots because the calibration algorithm is
designed to track the three hollow marker dots before tracking other dots. Therefore, if the
tracker dots are too small, then the 3D software will not able to find the dots while if the

tracker dots are too big then calibration will be unsuccessful.

In the acquisition stage of the grid images, it is typical to acquire 15 to 20 sets of grid
images. But, it is better to acquire abundant grid images because this allows poor images of
high calibration score (red) to be discarded as showAgure 3-5. The grid images captured
should consist of the grid in various poses that include significant grid rotation about all 3
axes and moving closer and further away from the cameras. Theselwilhtestimating the

perspective information, aspect ratio and distortion accurately.

The Vic-3D will give a calibration score, which is the standard deviation of residuals
for all views (Vic3D Testing guide v7). If the final calibration score is gretwen the
calibration can be accepted and the user can proceed with acquiring images of the specimen

that under consideration.

| Calibration grid

@ ¢ @ @
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Result
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Calibration score

® © 000 0 0 0 0

® ® 00000 0 0
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Score: 0.074

Figure3-5, Calibration grid (11*10 dots with 2mm space between each dots) with three

distinctive hollow marker dots (left) Calibration score (right)
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3.2.5 Data Collection

The next stage involves image acquisition of the specimen undergoing deformation in an un
deformedstate. For the Vi8D system, the image acquisition of the specimen is achieved
using VieSnap, which is an image acquisition software developed by Correlated Solutions.
The only setting that required attention is the image acquisition rate or the ftamehia is
highly dependent on the type of camera. The maximum frame rate of tB¢C3Bystem in

this study is 8 frames per second.

3.2.6 Image Correlation

A 3D-DIC system gives two pair of images showing an undeformed and a deformed
specimen. The image cetation algorithm will compute the position/displacement field of
the specimen for each pair of images, which is similar teD2D. Then, the3D-DIC
algorithm could generate the 3D position/displacement data by triangulating the two pairs of
images usinghte calibration that has been-sgt previously The 3D displacement field can

then be used to compute the surface strain of the specimen.

In order to correlate images using V8D, an area of interesinustbe defined as
shown in the transparent red box-igure3-6. Then, the appropriate subset size and step size
can be selected. The subset size controls the partial region of the image that is used to track
the displacement between the images {3ixreference manual, 2010). As such, the subset
size has to be largenough to contain some distinctive speckles pattern. In addition, the
subset size also directly affects the spatial resolution of the DIC data, which is shown in

Figure3-7.

The step size controls the spacing of the points that are analysed during correlation
(Vic-3D reference manual, 2010). If a step size of 1 is selected, then the correlation analysis
will be performed at every pixel inside the a#anterest. However, a lower step size has a
very high correlation analysis time because the analysis time varies inversely with the square
of the step size. As a traadf, the step size selected is either half of the subset size selected

or less.

Forthe strain computation, the settings that require attention are the filter size and the
strain tensor type. Filter size is required for smoothening of the strain data, which the total
smoothing area is the multiplication of filter size and step size. Moethened area is also
known as the virtual strain gauge size. If the virtual strain gauge size is too small, the DIC

data will become noisier. On the other hand, oversized virtual strain gauge will produce
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erroneous strains for specimen with complicatedngetries, for instance, a curved surface
specimen such as silicone hespiheres. In this study, the Grelemgrange strain tensor was
chosen throughout the study because the spatial coordinates of the specimen change with
time. If the correlation is succesl, a full field displacement/strain DIC data can be
presented, as shownkiigure 3-8.

Silicone hemisphere

N\

Area of interes
selected

Figure3-6, Area of interest selected

Figure3-7, Selected subset size within the avéanterest (a) 41x41 pixels (b) 81x81 pixels
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Figure3-8, The firstprincipalstrain of a silicone hersphere (Chapter 6)

3.2.7 Strain Analysis

There aregenerally two types o$train measure for hyperelastic teaal, which are Euler
Almansi strain and Greelnagrange strain. The first strain measure is Eulerian based while
the latter is Lagrangian basdfulerian based strain measure tracks a spatial point across at
different time points while the Lagrangian bdsstrain measure tracks a material point at
different time points. Therefore, GreenrLagrange strain tensor is chosen because the DIC

software tracks the material points (speckles) on the specimen.

The GreerLagrange strain tensdg, was calculatethased on a deformation gradient
tensor formulation for motion kinematics mapping from a reference to a deformed

configuration (Parsons at., 2004; Sutton et al., 2009)

O -"0J0 O -0 © Equation3-1

whereO is the GreerLagrange strain tensor of point i of the random patt€is, the
corresponding deformation gradient based on the reference famethe right Cauchy

Green deformation tenso@s the unit matrix.

The matrix components of tenddiare given by:

Equation3-2
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Note that tensor components in the Equation above are referred to pattern surface and
hence evaluated on twarthorormal local axis X, Y tangent at each point of the pattern. Out
of-surface strains are considered to be negligible versus computed membrane (surface) strains,
according to the classical hypothesis of thin layer surface kinem@tiososhenko &
WoinowskyKrieger, 1959)

As the matrix E] is symmetrical, by definitior,,=E,,. By introducing eigenvalues
in the strain matrix, which by mathematical definition are principal strains when the
determinant of the matrix becomes zero, which is in associated principal strain directions, the

shear components,, are null.

T Equaton 3-3

The principal strainsk; andE, were computed from the characteristicymamial, as

shown in Equation-3.
o _ 00 O T Equation3-4

Solving the charactestic polynomial of Equation-& will give:

-n Op — _— O Equation3-5

_ i are eigenvalues of matrix E and called principal strains.

3.2.8 Postprocessing

Successful correlation can give the full field displacement dataandW of the specimen.

Full field strain datsExy, Eyy, Ex, E1 and E; can be presented in contour terms as well.
However, due to the complex shape geometry of the specimen (curved surface) in this study,
the T principal strain and ? principalstrain are often used to describe the strain behaviour

of the specimen. This &lso due to the fact that the reference axes of the full field strain data
are localised. The X, Y and-a&xes inFigure 3-8 are used only to plot thehape of the

specimen.

As the 3DDIC system captures images at reale with a frame rate abfps, so this

means thathe strain behaviourof the specimenis registered every 0.23his could help
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visualising the viscoelastic property of the soft material specimen especially when the soft

material recovers from deformation.
3.3 Optical Coherence Tomography

3.3.1 System overview and sap

Optical Coherence Tomography (OCT) is a {ovasive imaging techgue that can take
images that show the surface and subsurface morphology of biological tissues. The working
principal of the OCT technique is dominated by interferometric methods. Infrared light is
split into two paths as shown Kigure 3-9. The first path launches into the sample and the
second path goes to a reference mirror. The combination of lights scattering in the sample and
the reference generates a two dimensional infegecher, 2010)Normally the OCT has a

penetration depth of 12 mm in a sample with varying path length.

The morphology and the structure of the human skin (Chapter 5 and 7) were imaged
using clinically approved Vivosight from Michelson Diagnostics (Kent). The Vivosight
system is a Fourier domain OCT with a 20khi#ept source diode laser at 1300 nm centre
wavelength. OCT is able to present different image results depends on the types of scanning,
which are known as Acan, Bscan and &can. Ascan is the abbreviation for axial scan that
shows the intensity of theeflected optical amplitude (described as gray value) along the
distance (pixels) on the axis of the light propagation, as showiguime3-10. A B-scan gives
the crosssectioral images of the specimen whereasdan is a volumetric scan that uses
multiple B scans to form a@mensional scanned specimen, as showkigare3-10.

The Vivosight OCT has a 7.5um lateral and 5um axial resolutions with an A scan
image capture rate of 20 frames per second with each image of 1342x460 pixels. The hand
held probe of the Vivosight OCT system has a visiblesat that is used to position the
scan on the required area of the skin. In addition, the live imaging of the OCT software can
be used to further pin point the region for imaging. The probe was fixed in a microscope
holder to improve the stability throughe scanning process, as showrfrigure3-11. There
is a method to make sure that the resolution of the image is a correct representation of actual
magnitude of the measuremenhe user cafiirst capture an image by aligning the scagni
region to a small rectangular piece of paper with a set length of less than 6mm. Then, ImageJ
can then be used to measure the length of the paper that had been scanned.
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The hand hel d pr ob eFigire3-12 nsdembvedto prevent as h o wn
physical contact with the human skin (Chapter 4) as the contact will affect the natural
stretching of the human skin at different postures. The premelcif was removed in the
finger pad glass interaction experiment (Chapter 7) because the physical contact between the
standoff and the glass will affect the force behaviour and the surface strain of the finger pad.
Therefore, the working distance betwettie probe and the specimen is adjusted using a

microscope holder to get an optimursBanned OCT image.

Reference Mirror
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Low-Coherence ¢ >

Light Source :D: OCT Depth Scan

Fibre-Coupler \
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-Processing q Sample Lense Probe
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Figure3-9, Workingprincipalof an OCT system (Liu, 2013)
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Figure3-10, lllustration of Ascan, Bscan and &can(Kraus, et al., 2012)
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Figure3-12, Removing the probe standoff

3.3.2 OCT image analysis

B-scan images obtained from OCT measurements were first converted to single tag image
file format (tiff) file by using an imagerocessingsoftware ImageJ from ImageJ Developers.
Next, a Matlakalgorithm (Matlab version R2015a) was used to identify the boundary lines of
theskin layer The Matlab algorithm was developed by a pamttoral researcher and a Ph.D.
student (Maiti et al., 2016).

The surface is identified in each image (yellow lim&igure3-13(a)) and the dermal
epidermal junction (DEj) (green line Figure3-13(a)). However, it should be noted that the
layer between the surface boundary line and deepiaermal junction (DEj) is still under

debateas towhether this layer is stratum corneum or epidermal lajee boundary lines
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identified are used to determine the roughness of the skin or the dggit@tmal junction
(DEJj). It is then used to study the morphological change of the skin. This identification
method is based on the change in the gray value iingtiteintensity profile from the A scan
(Kraus et al., 2012)

Stratum corneum layer

Epidermaldermal
junction layer

SC trend
DEJ trend

SC data (Top) =
DEJ data (Bottom)
Refined epidermal thickness'

400 1 1 1 1 I 1
200 400 600 800 1000 1200

7EAQOE j

Figure3-13, Procedurdor determining the epidermis thickness (a) the boundary line
detection for stratum corneum (yellow line) and deremtlermal junction (green line) (b)
thickness determination of epidermis (in pixels) based on skin layers detection

The Matlab algorithm wes anisotropic filtering to remove the speckle noises from the
images, using priory knowledge of the multiple channel foci in the fbeiim OCT. A first
mean filter is used to remove speckle noise from the images. First, a proprietary filter is used
to blend the four multbeam OCT channels, which maximises speckle suppression while
maintaining resolution and contrast. A second mean filter is then used (chosen for simplicity
and speed) which is not uniform in shape, having a greater size in and givitey greight
to pixels in the X and Y dimensions (i.¢éaterally). This filter has been chosen to preserve
resolution in the axial dimension and therefore minimise blurring of the interface between the

epidermis and dermis.
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The image is then processed gsiwo separate algorithms, in which the first of these
uses an edge filter designed to identify the boundary line between the air and the stratum
corneum by targeting the edge spike combination caused by the sharp change in refractive
index. Candidate edgeexceeding a threshold (greater than 30 pixels in size) are recursively
used to calculate a confidence value for each measurement based on surface smoothness and
edgefit. This confidence is used to negate the effect of surface artefacts caused byrayerlay
hairs or surface #Afl ared or reject measur er

Finally, the point in each image column with the greatest confidence factor is chosen.

The second algorithm was designed to detect the contrast change at tlaé derm
epidermal junction (DEj), where the image changes in character from the grainy
keratinocytes of the spinosum to the smoother, mottled and brighter papillary dermis
(Abignano et al., 2013). At the position of the meeting of these two skin layers, a hypo
reflective region (typically visible as only a line in OCT images of this resolution) is present,
due to the relatively high nucleaytoplasmic ratio within the basal membrane (Coleman et
al., 2013). Detection of the candidates for this surface is seéleci similar manner to the

algorithm used to detect the skin surface.

No direct validation exists confirming the selection of the correct morphological
feather in this step, but widespread consensus of its identity is present in literature, based on
histology correlation(Coleman et al., 2013nd, in the case of pathological morphology,
modification of the DE]j in a manner predicted by knowledge of the condition as investigated
by Pomerantz et al. (2011), Sattler et al. (2013), Alawi et al. (2015) aiuth Etral. (2015).

In addition to boundary segmentation of stratum corneum and DEj, the algorithms
were programmed to determine epidermal thickness, skin surface roughness and geometrical
parameters of the dermepidermal junction roughness. To accotot any possible skin
curvature in the OCT images, the epidermal thickness was calculated by measuring the
perpendicular lines (approximately 224 lines per mm) betweertoed@r polynomial fitted
stratum corneum and fitted derreglidermal layer, as skwn in Figure3-13(b), on the basis
of a locally weighted fit and a-point moving average filter (Matlab command loses with
smoothing parameter of 0.1). Epidermal thickness distribution is shown in boxpdotkagn

reported as mean thickness = 1.SD

To remove the natural curvature from the surface topography, discriminate between

waviness and true surface roughness (topography profile decomposition in waviness and
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roughness) and be able to reliably deterntime geometry change of DEj, the skin line
profiles of SC and DEj layers were trend removed by subtracting ar@r polynomial

curve fit of the topographical profile from the full profile as showrFigure 3-13. The &

order polynomial curve fits were selected based on sensitivity analysis of a close match to the
trend, and removal of unnecessary undulation in the skin, not required for the trend
calculation. A third polynomial fit was found to describe best the natural curvature of the

OCT images. Higher order fits did not further improve the fitting.

Then, after converting image pixels into distances by dividing the pixel numbers by
the image resation (230 pixels/mm), the skin surface roughness and geometry parameters
were determined using DIN ISO 1302 standard definitions for arithmetic mean roughness Ra

and 10 point roughness depth Rz as shown in Equation 6 and 7.

The average surface roughnesgéfined as:
Y® -B s Equation3-6

wheree is the sample length (total image pixel numbex)s the vertical pixel distance from

the mean line to thd'idata or image pixel point

Rz represents the average maximum height of the topographical profile over five
equal and consecutive sample length periods, into which the full profile as shown in figure 32

was divided per following definition. The roughness parameters are presentedras rsd.
Ya -B Y0 Equation3-7
Yo o & Qtw Equation3-8

where'Y dis the maximum profile heighY ¢or the " sampling length
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Figure3-14, Extracting the roughneg¢ed lines) from topographical skin profiles (blue lines)
of (a) stratum corneum and (b) derreplidermal junction

3.4 Confocal microscopy

3.4.1 System overview

A confocal microscope is a scanning microscope, similar to a scanning electron microscope,
which scans the samples with a focused beam and builds up the image point by point as
Figure 3-15 shows. However, the main characterization of confocal microscopy is that there
is a pinhole in front of the detector (a photomultiplier tube or PMT). Due to the small pinhole,
only laser is able to give enough lighteegy into the small spot. Also, multiple lases of

different wavelengths can be used to give a range of wavelengths for multiple fluorescence.

The main advantage of the pinhole is to smear oubbidcus light from going
through PMT. Therefore confocahage only contains #ocus information, increasing the
resolution and quality of the images. In addition, by collecting a series of images, a full three
dimensional representation of the specimen can be collected. By using respective software of
the conbcal microscopy, the 3D images can be manipulated, controlled and provide different
views on the specimen. However, samples preparation is required before using the confocal
microscope, which is the dyeing of the biological samples with fluorescent dyisscah be

done by immersing the biological samples in a fluorescent dye solution.
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In this study, a fluorescent dye named Eosin B was used to dye the porcine aorta
samples and the confocal microscopy used in this researSpecdsral Confocal &
Multiphoton System Leica TCS SP2.

(PMT)

Pinhole

Dichroic mirror

Laser

Scanning unit
(x-y control)

Y Nt
AW j
223 In-focus
. E: St

Figure3-15, The structure of standard confocal microsc(pgssetti et al., 2013)

3.4.2 Eosin B and Amino Acid Composition of Porcine Aorta

Eosin B is one of the derivatives of Eodinorescent dye. Although Eosin was used
previously in a study to stain elastin fibres, however it was not mentioned which Eosin
derivative was usefMegens et al., 2007Moreover, Eosin B is used to stain cytoplasm and
proteins like collagen, which coatiicts the previous study. Therefore, it is important to
know which type of fibre Eosin B stains.

Based on Waheedb6s study, it is identifiec

amino acids, which are histidine, arginine and lysine (Waheed 2080).

Multiple studies show that collagen has a small portion of histidine, arginine and
lysine across a range of amino acids tested while elastin on the other hand has less or none of
the amino acids mentioned above. In addition, a porcine aorta \gadl afficient amount of
histidine, arginine and lysine dsble3-1 shows (Stein & Miller, 1938; Zeeman et al., 1998;
Grant, 1966).
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It can be assued that Eosin B is able to stain porcine aortic wall, which could

comprise both collagen and elastin fibres. This would be further discussection 8.4.1

Eosin Bwas choseror this studybecause it is commercially available and easy to get.
There ae more specific fluorescent ey that targets collagen fibres. Howewde supply
was highly limited at the time of the experiment.

Table3-1, The amount of arginine, histidine and lysine in pig collagenelastin and aortic

wall represented as the number of residues per 1000 amino acids [(ZA€80hn et al.,

1998)
Arginine | Histidine | Lysine
Pig collagen (averagg 49 5 33
Pig elastin (average) 8 0 4
Aortic wall 28 7 27

3.4.3 Image Analysis Using Fiji(Directionality Plugin)

In this study, Fiji software was used for image analysis. The area of interest from the images
(tissue fibres) was the preferred direction of the tissue fibres, which serves to indicate the
ability of the tissue fibres to recover tbheir undamaged state. As such, the directionality

plugin was used at this stage to infer the preferred orientation of structures present in the
input images. This plugin is able to compute a histogram indicating the amount of the
structure in a given dictionfor oneimage whi ch i s call ed fADirect.i

shown inFigure3-16.

The software can also analyse the tissue fibres orientation in l@céhown in
Figure3-17. This is especially useful whenstack scan is used wieeimages are taken with
vey small increment inz-axis. The plotted directionality histogram should repregbat
whole Zstacledscan, as shown iRigure3-17. The blue lines represent the images at or near
surface section of the specimen, green lines are from the images in the middle section of the

Z-stack scan and brown lines represent the lopastof the Zstack scan.

There are two useful outcomes of the dir
of anal ysis. First, the directionality histoc
range of dir ecili oOntad u @ e raniyd ier eocf tFigwerBd8 t ab a

Second, a table that shows the peak directionality angle of the image, dispersion, amount and
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goodness of the image as showrfigure 3-16 and Figure 3-17. The particulaisectiors of
interest are peak directionality and the quality of the image. The quality of the image implies
the quality of the fit, in other words, it shows how credible the result is. The highest quality

value igesilerediohlity) and A00 for the | owe

The main concept of using Fip analyse the confocal images in this project (Chapter
8) was to determine the orientation of the tissue fibres before and after the firdiored
damages were applied on the porcine adii@ orientation of the fibres can be analysed as a
whole value before and after damages and also how the orientation of tissue fibres changes at
different layers of the porcine aorta specimen.

i Series002_z36.tif EEIES [ (Fiji Is Just) Image) - El=F x
5.33x5.33 inches (512x512); 32-bit, TMB ‘ File Edit Image Process Analyze Plugins Window Help

9/12/2014 1:42:03 PM & oz~ 4] +|x|Ala|o|O| pufswfwt g 4]a] |>
(Fili I Just) ImageJ 2.0.0-rc-14/1.49g; Java 1.6.0_24 [64-bit];

|4 Directionality analysis for Series002_z36 (using Fourier components) o 50 i
Slice Direction () Dispersion (- Amount |__ Goodness ||
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| ] Directionality for Series002_z36 (using Fourier components) = TE T
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Figure3-17, Outcome of Fijii directionality image analysis of a group of imagés{acked
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Figure3-18, The orientation map of the outcomes
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Chapter 4

Interaction between finger pad and transparent glass
plate

4.1 Introduction

To date, there have been very few studies that lookinwestigatingbiotribology problems

using multiple imaging techniques. Additionally, even less studies have focused on obtaining
the strain distribution profile of a finger pad in contact vettother material experimentally.

This work used two imaging techniques that give different visual results to study the finger
pad sliding interaction with a glass plate. Firstly, Digital Image Correlation (DIC) is able to
show the strain field on the finggad throughout the sliding interaction while Optical
Coherence Tomography (OCT) shows the subsurface morphology of the finger pad. This
work will give some new insights on how the finger pad deforms and is strained in response

to the sliding glass.
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4.2 Aim and objectives
The aim of this work was to determine if there is any correlation between the frictional
behaviour and the strain behaviour of the finger pad during sliding interaction with a smooth

glass plate.

The main objective of this work was to irstigate the feasibility of using 3DIC on
sliding interactions. Other objectives include obtaining the coefficient of friction of the finger
pad in response to the stiffness of the finger pad or the normal load applied, monitoring the
change in moistureelzel of the finger pad of each experiment, obtaining the visual result of
the strain on the finger pad while sliding and obtaining the visual result of the morphology of

the sliding finger pad using OCT.

Additionally, in order to understand the differentetween a smooth and a grooved
plate, a pilot study was done to investigate the morphological change of the finger pad when

slid across a grooved plastic plate.
4.3 Methodology

4.3.1 Friction testsetup

The friction test was done with 3DIC and OCT separatelyin other words, the same
friction test wa repeated using different imaging techniquése friction tests were carried

out to study the frictional behaviour of the finger pad by means of coefficient of friction
Each friction testvasdone to determinedw normal load, finger pad stiffness and moisture
level would affect the coefficient of friction and other dependant variaBtirer dependant
variables were measured, such as the strain profile or distribution, surface roughness and

contact area, usinimaging techniques.

The left index finger pad of a volunteer (age 25, male) was loaded against the glass
plate from the experiment sep (Figure4-1) through a finger holding rigHfgure 4-2). The
interaction forces between the fingeaid and the glass plafaverage thickness of 396um)
were recorded through a force plate (AMTI), which is showRigure4-1. The normal loads
applied on the glass plate were 0.5N, 1N, 2N and 3N, which were within the low normal load
region (Liu, 2013). After the desired load had been achieved and stabilised, the glass plate
was slid against the finger pad. The movement and the speed of the glassvgiat
controlled through the dynamic rig. The average speed of the sliding plate was 0.5mm/s.
After the sliding had stopped, the -sgt was left for more than 3 seconds or until there was
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no significant change in force between the finger pad and the getes The load would

only be taken off after that.

The finger pad sliding experiments were done oo types of finger condition: a
finger padin a natural statéhat was not treatedith any water, ointment, hand cream etc.
before the tesind asoakedinger pad that was treated by immersion in a cup of water for 20

minutes and left to acclimatise fomBinutes.

A thin glassplate was used in this finger pad sliding experiment so that the OCT
could show scanned images of the finger pad interactiniy thé glass plate with higher
quality. This is due to the properties of light that reflect and refract when passing through a
transparent medium. As the glass material is highly reflective, thicker glasses will cause
reflection of the glass or both glassdafinger pado overlayon the original image, which

causes a drop in the quality of the images.

In addition to the smooth glass plates, grooved plastic flatgde of polypropylene)
were alsanvestigated in this studifferent shape and size groove®re made to study its
effect on the performance of the O@iid to see how the skin deformed around the grooves
which will be reflected on the quality of the images captured. The grooves were made by
applying a certain amount of force on a cutting knifedaslidng against the plastic plate.
Sharp grooves were made by facing the edge of the cutting blade on the plate while facing the
backside of the cutting blade on the plate madest@amp grooves, which is summarised in
Figure4-3. The normal force and the friction force were not measured and investigated in the

study of the interaction between the finger pad and the grooved plastic plate.

The study potocol was approved by The University of Sheffield (Ethics Number

002074).
X
b (into the page) Glass
Supporting rig moves
z

with the dynamic rig
while the finger pad
stays stationary

Dynamic rig

Friction plate

Vdynamic rig

Figure4-1, lllustration of the finger pad sliding experiment-apt
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Figure4-2, Finger holding rig

Groove type OCT image

Sharp groove

Broken sharp groovs

Shallow groove 1

Shallow groove 2

Big groove

Figure4-3, OCT images obtained for a finger in contact vdiffierent types of grooves
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4.3.2 Water application to make aoakedfinger pad

In this study, the frictional behaviour sbakedinger padwasalsoinvestigated because skin
hydration is one of the main interests in the biotribology study. It is important to know how
the water was applied because different water application methods may vyield different

expectations on the skin moisture.

The methodof water application on the finger pad fibre 3D-DIC test was slightly
different to the other tests because BIT requires the application of speckles (black ink) on
the finger pad to be able to track the displacement field of the finger pad. Therentastl
of the finger pad was measured using a corneometer (Courage + Khazaka electronic GmbH).

The illustration of the timeline of the water application during OCT and stiffness tests
is shown inFigure4-4 (a). Theleft index finger pad was first immersed into asy of water
for 20 minutes. Thenoisture level of the finger pad before and after the immensias
recorded. Thergry and clean tissue was used to wipktbé excess water ldabbingon the
finger pad. Next, the finger pad was l&gtacclimatisgor 8 minutesand moisture level was
measuredFinally, thesoakedfinger pad was ready for the OCT or the stiffness tests. After

the tests, the moisture level of the finger pasrecordedagain

The illustration of the timeline of the water application dud}DIC tests is shown
in Figure4-4 (b). Theleft index finger pad was similarly immersed into a glass of water for
30 minutes. The moisture ldvef the finger pad before and after the immersi@sobtained
before usingdry and clean tissue to wipe of the excess walbe speckles were applied
immediately after the excess water had been remoledn the finger pad was lefio
acclimatisefor 8 minutes.The moisture level of the finger pad before and after the speckles
applicationwas recorded. Finally, thesoakedfinger pad was ready for the OCT or the
stiffness tests. After the tests, the moisture level of the fingewpartkcordedagain
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Figure4-4, Timeline of the moisture measurement of (a) OCT and (b) DIC test
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4.3.3 Stiffness test

The stiffness test vgaperformed to measure the finger pad stiffness under a normal load. The
current stiffness test sap is meant to be convenient, portable and flexible to different
experimentsThe stiffness test sefp in this study is similar to an indentation test. ldoer,

the stiffness test usesflat plate instead of an indenter probe in ordersimulate the actual

condition of thefriction test as much as possible

The left index finger was located in the fingleolderlocated and fixed on the MDD
Manual Test Stand. Alat stainless steel plate was attached kbesmecin force gauge (500N)
and the MDD Manual Test Stanéigure 4-5). The face of the stainless steel plate was
adjusted to be as close as possible to the tip of the finger pad without touching it, as shown in
Figure 4-6. The force gauge and the displacement transducer were zeroed before acquiring
the force magnitude every 0.10mm displacement increment. The stiffness of the finger pad
was computed from thiorce-displacement graph obtained from the stiffness test. The first
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test was done onraaturalfinger pad (temperature: 22.8°C, relative humidity: 47.5%) and the

second test was done os@akedinger pad (temperature: 22.8°C, relative humidity: 48.3%).

Fmger locatlon 4

b

Figure4-5, The stiffness experiment sep

F

Stainless steel flat plate

Finger

l ------ Initial displacement = 0.00mm

displacement

Figure4-6, The relative position between the flat plate and finger pad

4.3.4 3D-DIC camera seup, calibration anddata acquisition
Detailed information regarding 3DIC setups and the development of the image analysis

has been introduced gection3.2.

In the speckles preparation stage for the finger pad, droplets of blackbaagst ink
(crafters acrylic paintDecoArt Inc., Stanford) were distributed randomly on the finger pad
through the flickering the bristles of an unused toothbasskhown irFigure4-8. The pant
was left for approximately 1~@&inutes tadry.

Next, the camera sefp included choosing the stereo angle of the cameras and the
distance between the cameras and the object, which in this study, were 30° and 150mm
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respectively Figure4-7). The details of the camera sgi can be referred ®ection3.2.3 in
this thesis.The distance was set between camera and the glass plate to ensure that the

interaction between the finger pad and glass plate wmatldo out of focus.

After the cameras were set, the next step is to calibrate the cameras to the DIC
software. A grid size of 11x10 with 2mm spatial distance was selected in this study. The
calibration score was 0.062 pixels which in in the green regiba calibration of 3EDIC is

done by placing the grid at the same focal plane of the material.

The friction experiment was ready to start after the calibration. The acquisition rate
was set to 5 frames per second. The acquisition was started befdmggérepad came in
contact with the glass and stopped after the finger pad was fully lifted from the glass. Then,
the images were input into VIC 3D DIC software in which subset size, step size and filter size
must be set (61x61, 7, and 15 respectivelyhia study) before running the software. The

strain calculated was based on Lagrange.

The DIC softwarecorrelatesthe deformed image and reference image that is un
deformed and give the surface contour of the samples in terms of displacement and strain.
During the post analysis, the strain along thexs or Y-axis can be extracted using the DIC

software as well.

It needs to be noted that using ink may have an effect osutfecepropertiesof the
human skin because ink can be treated as a third body layer or lubricant. Therefore, the ink
applied in this study wasiinimisedso that the ink has a lesser effect on the frictional and

moisture data.

The measurements were carried ol@6°C and 3637% relative humidity.
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Figure4-7, lllustration of friction experiment seip with 3DDIC

Finger pad

Figure4-8, Finger pad with speckles
4.3.5 Apparent contactrea

3D-DIC data gives a cloud of coordinates that represent the shape of the finger pad. When the
finger pad is in contact with the plate, some coordinates change due to the deformation. So,
the main concept of this measuring method is to find the acuate at the boundary of the
deformation. The collection of the coordinates will give us the shape and the apparent contact
area of the finger pad. As the previous studies found, the real contact area of the finger pad is
much smalletthan theapparentcontact area due to the finger pad ridges. The real contact
area of the finger pad cannot be determined because the resolution of the coordinates is not

fine enough to reonstruct the geometry of the finger pad ridges.
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The apparent contact area canfband using 3BDIC imaging technique. It was
determined by using a series of Matlab coding (attached in Appendix B) that is able to find
the boundary line from the deformed shaped of the finger pad when in contact with the glass
plate. The deformed shapeflthe finger pad in contact with the glass plate is presented as
Figure4-9. The Matlab coding performs multiple differentiations and filtration to determine
the two boundary points (the first and the last), for which the result is shokwigure 4-10.

Then the ellipse bedit Matlab function can be used to determine the size of the contact of
the finger pad irFigure4-11.

(a) Boundary points (2) .

226

227+ @
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Finger pad 7°° |
229

z position [rn]
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“230— -
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Figure4-9, lllustration of(a) the deformed finger pad wisllices and (b) alice of position

graph of deformed shape of the finger pad in contact with glass plate
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Figure4-10, The process of finding the boundary points from Z position graph
(differentiations and filtration)
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Figure4-11, The ellipse best fit of the boundary points of the contact area

4.3.6 Optical Coherence Tomography
Detailed information regarding OCT system and the development of the image analysis has

been introduced irection3.3.

The OCT system used in this study was a Vivosight (Michelson Diagnostics, Kent)
and it was setip as shown ifrigure4-12. In the data acquisition stage;s&an (reflectivity)
was used and the frame rate was set to 20 images per second. The images captured have a
resolution of 1342x460 pixels. For stability, the hand held probe was fixed on the microscope
holder.

In the OCT experiment, the images were taken at two positions of the finger pad
(Figure4-13). The Bscan of the OCT was first used to scan the finger pad before it touched
the finger pad. Then, the-&an of the OCT was used continuously from the loading of the

finger pad under the plate (no slidinglais point) to sliding and until the sliding stopped.

The measurements were carried olB@IC and 450% relative humidity.
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Figure4-12, Experimental setip using OCT

Position 1 Position 2
4: '? Glass
sliding direction

Figure4-13, Scanning positions of the OCT on the finger pad

4.3.7 Real to apparentontact area ratio

By definition, the real contact areshouldalwaysbe smaller than the apparent contact area.
Due to the limitation of the scanning rangiethe OCT, it cannot be used to determine the
whole real contact area of the finger pad. Instead(2013)used OCT to determine the real
to-apparent contact area ratio of the finger,@asdshown irFigure4-14. The realto-apparent
contact area ratio is calculated by dividingadwhich is the summation ofidd, and @in
Figure4-14, by dipparent
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Figure4-14, lllustration of the finger pad loaded against a glass plate
4.4 Results

4.4.1 Stiffness of thea natural and a soakedfinger pad

Theforce-displacement graph of the finger pahows a noilinear relationship as shown in
Figure 4-15 (b) due to the viscoelasticity of the finger pad$ie equation of best fit was
applied as a polynomial function with a maximum power of e condition of the finger
pad has a direct effect on the fortisplacement graph as teeakedfinger pad requires
lower normal force to readine samalisplacenent as thenaturalfinger pad.Additionally, a
power equation of best fit waalso applied on the normal load vs displacement data, as
shown inFigure4-16 (a). The differences betweethe polynomial equation relationship and

the powerequation relationship adiscussed isectiond.53.

It should be noted that the stiffness values of the fipgelsused in theremaining

resultsectiors are obtained frorthe polynomial equation relationshipkigure4-15 (a).

The stiffness of the finger pad, which is the gradient of a fdigglacement graph,
can be plotted against the change in normal load on the finger pad, as shiéguré®-15
(b). The figure shows that there is a difference between the stiffnessabdiral statdinger
pad anda soakedinger pad at the same normal load. However, this difference becomes
smaller as the normal load increadgsth thenaturaland soakedfinger pads have the same
stiffness value when they are loaded at Bblthis study only focused on the low normal load
region (ON- 3N), it can be safely assumed thla¢ stiffness of theaturalfinger pad is flgher
than thesoakedinger pad throughout the experiments in this study.
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Figure4-15, (a) Forcedisplacement graph of thimger padsand(b) stiffness vanormalload
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Figure4-16, (a) Forcedisplacement graph of the finger pads and (binetss vahormal force
graph using powegquationrelationship

4.4.2 Forcebehaviour before, during and after sliding

Figure 4-17 shows the changes in the behaviour of the normal forces applied and the
frictional forces on the finger pad before, during and after being slid against a glass plate. The
origin of the graphi(when t=0s) was set at the time point when the glass was about to slide
because the duration of the slide was the same for all finger pad experiments as the sliding
distance and speed of sliding were fixed.
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Three different states have been highlighte&igure4-17. The first state was set at
the point where only normal load was applat before the friction increased substantially
due to sliding The normalload was applied on the finger pad for a period of tireebe
stabilised At this state, there should be minimal or notion acting on the finger padhere
are some friction fluctuations before the state 1 due to involuntary finger pad mavéheen
second state is known as the steady sliding state, which only happens when the finger pad is
fully slipped against the sliding gla¥3efore reaching the steady statee frictionincreased
sharply After the whole contact has fully slipped, thection would reach a steady friction
value.The time used to achieve this state varies with the normal load applied, which ranges
from 3s to 5s in DIC sliding experiments and 3s to 8s in the OCT sliding experirStates 3
is when the sliding stopped. Whihe sliding stopped, the friction tended to decrease because

the finger pad was recovering from the sliding deformation due to its viscoelastic property

The normalload applied on the finger pad decreased initially after the sliding started
and increased after a period of time. The main factor is due to the bending of the glass plate
during sliding interaction. This curved parabolic norread behaviour during sliding as
not found in Liuds study (2013) and the nor
during sliding. As such, state 2 in the lasectiors was taken at t=19.5s, which was half of

the sliding duration. The respective normal load at state 2 waslegcmTable4-1.

A4

# Friction Force [N] mNormal Force [N]

Force [IN]

10 30 50 70
Time [s]

State 1. State 2: State 3:
Application of Steady sliding Sliding glass
normalload stateachieved stopped

only, sliding (t=19.5s) (t=39s)
startsat t=0s

Figure4-17, Force vs time graph of the finger pachatural statéoaded at 3N during the
whole sliding interaction (3DIC)
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Table4-1, Instantaneous normal force at state 1 (static) and sfdig@mic) of finger pad

State 1: Static | State 2: Dynamic

(t=0s) (t=19.5s)
05N 0.5N
Natural finger 10N 09N
DIC 20N 1.7 N
3.0N 2.3N
0.5N 0.6 N
Soakedfinger 10N 11N
DIC 20N 1.7N
3.0N 2.3N
0.5N 0.6 N
Natural finger (Position 1) 10N 0.8 N
OCT 20N 16N
3.0N 20N
05N 0.4 N
Natural finger (Position 2) 10N 0.8 N
OCT 2.0N 1.4 N
3.0N 25N
0.5N 0.5N
Soakedfinger (Position 1) 10N 0.7 N
OCT 20N 1.1N
3.0N 20N
0.5N 04N
Soakedfinger (Position 2) 10N 0.8N
OoCT 20N 1.6 N
3.0N 25N

4.4.3 Moisture level of the finger pad

This sectionshows the overall change of the moisture level of the finger pad before and after

of each test under a natural state or a soaked condition. For the soaked fingebjet2

also shows the moisture level before the application of water on the finger pad. The specific
moisture levels of the finger pad are tabulated in Appendix D, like the moisture level of the
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finger pad before and after the water application, and before and after the speckle application
for a DIC test.

Table4-2 summarises the moisture levelsthe finger pads throughout the test, which
are the moisture level of the finger pad before water application, before the sliding
experiment (after acclimatisation) and after the sliding experiment. The purpose of this table
is to show how the moisturevel of the soaked finger pad changed before the sliding
experiment in comparison to a finger pad in natural sfdtes tableshows that there is not
much difference in the moisture level between the natural finger pad and the soaked finger
pad. Even thogh the soaked finger pad had been immersed into a glass of water for 20
minutes, the moisture level of the soaked finger pad before the experiment decreased after the
acclimatisation of the finger pad. Then, the moisture level of the finger pad incréased a
the experiment regardless of the experiment type and the moisture state of the finger pad,
which demonstrates the occlusion phenomenon of the finger pad (Adams, 2012). Occlusion
occurs whenever the finger pad is pressed against a cdacéemateriahnd the water under

the skin is forced onto the surface or-suisface of the finger pad.

It should be noted that the moisture level of the finger pad did become higher after the
water application as the measurement was taken before the excess watapedhsff,
which is shown in Appendix DThere was also a very small amount of wrinkling in the
finger pad.

It was expected previously that the natural finger pad and soaked finger pad would
represent the dry and moist finger pads respectively. Haw&able 4-2 shows that it is
difficult to identify the dry and moist finger pads based on the moisture level measured
before the experiment itseEven though the moisture measurement was not able to properly
distinguish adry finger pad and anoist finger pad, the moisture level of the finger pad
measured before the experiment could still be used as a benchmark in tHaaghysts.
Therefore, the misture level of the finger pad was used to plot with the apparent contact area
(measured from DIC data), real to apparent contact area ratio (measured from OCT data) and
the shear force on the finger pad as showfignre4-18 andFigure4-19.

Overall, the moisture level of the finger pad during the DIC tesal@ser moisture
values than the finger pad during the OCT tedterethe naturalfinger pad has the most

notabledifference On the other hand, the shear force on the finger pad seems to increase
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with the increase of the moisture level of the finger pad if the shear data from bBtpufres

4-18 andFigure4-19 arecombined, although there are fluctuations in the shear data.

In Figure4-18, the apparent contact area of the finger pad decreases when a certain
moisture level is reached. Figure4-19, the realapparent contact area ratio might have an
increasing correlation with the moisture level of the finger pad although the fluctuation or
noise is quiteobvious. Althoughtiis difficult to draw a conclusion withertainty based on

the dataset, this could be achieved by repeating the test with a wider population.

Table4-2, Moisture level of the stratum corneum of the finger pads in natural state or soaked
condition in stiffness, 3DIC and OCT tests

_ Moisture level of stratum corneum [AU]
Moisture Sl f
Test type normal Before (After After
state loard water acclimatisation) .
oad [N] o= : experiment
application | Before experiment
Stiffness Natural = - 38.245.7 46+8.7
test Soaked - 46.8+7.3 30.6+3.1 42.6+3.3
0.5 - 17.4+1.7 18.2+3.1
1 - 15.6+£1.5 16.2+3.2
Natural
2 - 14.8+1.3 17.84£2.2
3 - 17.8+1.8 17.6£3.4
3D-DIC
0.5 44.8+4.3 25.0%+4.9 28.0+6.4
1 34.416.2 22.8+4.6 25.2+5.9
Soaked
2 38.4+1.8 16.4+4.8 16.0£2.5
3 31.8+5.3 15.2+3.3 18.8+4.6
0.5 - 35.8+4.2 42.4+6.4
1 - 36.4+4.7 42.9+9
Natural
2 - 36.75.3 44.3+8.3
3 - 41.616.1 46.5+9.8
OCT
0.5 34.9+3.8 23.7+4.7 27.615.3
1 29.245.2 24.5%+3.6 27.4+3.5
Soaked
2 29.2+3.8 26.5+2.4 32+5.2
28.1+3.3 26+3.9 316
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Figure4-19, The relationship between the dynamic apparent contactfacgan force and

the moisture level of theoakedinger padbefore the sliding test with OCT

4.4.4 The influence of normal force and stiffness on the dynamic coefficient of friction
Figure 4-20 (a) shows the relationship betweéme dynamic coefficient of friction anthe
normal load ofthe finger pad in bothnatural and soakedconditions using both imaging
techniques (OCT and 3DIC). The overall pattern of the graph is similar to Derler &
Gerhardt (2012), where there is a pool of coefficient of friction data that desredh the
normal load applied.

In general, both the shear force and dynamic coefficient of friction ofdh&ed
finger pads from the OCT test is higher thanrhturalfinger pads although there a few data
points have fallen into theaturalfinger pad region. However, the dynamic coefficient of

friction from all thesoakedfinger pad data points in 3DIC tests behaves like @atural
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finger pad, as shown iRigure4-20 (a) and (b). The moisture level of the finger pad could be
the main cause of this behaviour becausestiakedfinger pad waslrying out during the
DIC test (seghe moisture resudtin secton 4.4 3) andthe application of the speckjmattern

applied on the finger pad during the sample preparation stage before-DE3Bst. This
behaviour is further discussedsactior4.5.2.

In terms of the curve fitting, as the normal load is gettimggarer to zero, the
coefficient of friction increases. So, a power law equation is used for the curve fitting in this
study. The curve fitting patter also looks similar to Derler & Gerhardt (2012) even though
they expressed the coefficient of friction withe pressure applied. It is found that the

exponent constant in theigure 4-20 (b) is the subtraction of value 1 from the exponent
constant in thé&igure4-20 (a).

Next, the dynamic coefficient of friction was also plotted against the stiffness of the
finger pads, as shown iRigure 4-20 (c). Similarly, this figure showghat the dynamic
coefficient of friction decreases with the increase of the stiffness of the fingerIpattie

case of thesoakediinger during OCT test, the dynamic coefficient of frictidecreases only
after a certain stiffnesslue
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Best fit for (a):|y = 0.54%74] |y = 0.39%%5] |y = 0.69%5
Best fit for (b):[y = 0.54x°2 y = 0.69x° 14

Best fit for (c):|y =0.70x°%] [y = 0.390%] |y = 0.79x°%

ODIC, natural finger ODIC, soaked finger OOCT, natural finger OOCT, soaked finge
Figure4-20, (a) Frictionforce against normal load with thgrdamic coefficient of friction

(COF) againstb) normal load andc) the stiffness of the finger pad
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4.4.5 General strain and deformation behaviour

Figure4-22 show the 1 principalstrainE; (tensile), 2% principal strainE, (compressive) and

shear strairk,y on the surface of the finger pathenloaded at 0.5Nn static stateFigure

4-21 is added toillustrate the global position axis of the finger pad and alse sliding
direction of the glass plate while the finger pad was statiofaeyirregular strain patterns or
fluctuations in the strain distributions are caused by the involuntary or subconscious human
motion during the experimenthe strainprofile in the static and dynamic state were taken
when t=0s and t=19.5s in the force vs time graph in section 4.4.2. They are state 1 and state 2

of the force temporal evolution behaviour respectively.

4.4.5.1 First principal strain, &

The straindistributionpatternshows thathere is a pool of lowt® principal strairfield within

the contact area that is near to timgertip region as shown irFigure4-22. From the static

state to the dynamic state, the size of the low strain field is smaller and nearer to the fingertip

region.

4.4.5.2 Secondrincipal strain, &
Similarly, low 2" principal strain vas more concentratesiithin the contact areawhich is
surrounded by high strain field in both the static and the dynamic.stdtesize of the low

strain region increases from the static to the dynamic. state

4.4.5.3 Shear strain,

In both the static andynamic statg a shear strain pattern was fornigdthe negative and
positive shear strain with each occupying one side of the finger Tpel.negative and
positive notions of the shear strain means that the surface of the finger pad was sheared in a

clok wi se and counter clockwi®eddireec¢ti omn when

Sliding direction of » y (positive)
glass plate /’
Ly X (positive)

Z (positive)

Figure4-21, An illustration of the position reference axis (global) of the finger pad and the

sliding direction of the plate
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State 1: static State 2: dynamic

1°' Principal strain, E; [%)]

2" Principal strain, E, [%]

Shear strain, Exy [%0]

Figure4-22, DIC result of thenaturalfinger pad loaded at 0.5N with the respective straihs 1
principalstrainE;, 2" principalstrainE; and shear straiByy

4.4.6 The effect of normal loadind the stiffness of the finger paoh the strain behaviour
This sectionpresents the strain line profile from a crssstionof the naturalfinger pad
along thewaxis, to show how the normal load changes the surface strain behaviour of the

finger pad, as shown ifrigure 4-24. The remaining strain linerpfiles are shown in
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Appendix C The main advantage of the strain line profile is thatakes it easieto identify

which region has a higher tendency to deform based on the change in strain values. The cross
sectionof the finger pad is shown iRigure4-23 andillustrates the top view of a finger pad

in contact with a glass plate. The outermost boundary line (dark blue in colour) is the selected
region of interest before the 3DIC correlation process. The area of the inner circle (pink

region covered Y dotted lines) is the area in contact between the finger pad and the glass

pl at e. X, X0, Y and YO are t he secwospebvedni ve p
the edge of the area in contact amor wwaxes.In Figure 4-24, the most obvious change in

strain distribution from static to dynamic state is tPfep2incipal strain.

Figure 4-26 presents the averaged strain values within the contacbatba finger
pad that are plotted against the normal load and the stiffness of the finger pad. This figure can
show the big pictu in strain values between thaturaland themoistfinger pad.A linear
equation with an intercept sit= 0 whenx = 0 is used in describing the relationship between
the average contact surface strain and the normal or the stiffness of the finger pad.

4.4.6.1 First principal strain, &

The first principal straing;, is the maximum possible strain at a position point on a structural
specimenln the static statdhere is a peak®lprincipal strain at the edge of the contact area
near to the palmas shown inFigure 4-24 (a). The peak strain value increases with the
increase of normal load. In the dynamic stitewn inFigure4-24 (b), there is also a peak'1
principal strain at the edge of the contact area near to the palm but therecarsiderable
changes from the static statehich is also reflected in thehange inaverage contact strain
from a static state to a dynamic state, as shiowigure 4-25 (a) and (b) The peak strain

value still inceases with higher normal load.

4.4.6.2 Secondrincipal strain, &

The second principal strairk,, is the minimum possible strain at a point position on a
structural specimerin the static state, there is no obvious strain pattern in"thericipal
strain line profile of the finger paigure4-24 (c). However, in the dynamic state, there is a
negative peak strain value at the edg¢hefcontact area near the fingertip. The peak strain

value decreases with higher normal loasl shown irrigure4-24 (d).

On the other hand, it is very difficult to see the averBgédas a straightforward
relationdip with the normal load or the stiffness of the finger pad in the static atate
dynamic stateas shown irrigure4-25 (c) and (d), andrigure4-26 (c) and (d).
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Figure4-23 lllustration of finger pad from top view
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Figure4-24, First principal strairk; of thenaturalfinger padobtainedalongy axisin the (a)
static and (b) dynamic state, second principal staiof the natural finger pad obtained
alongy axis in the (c) static and (d) dynamic state, and the geometrical shape of the finger

pad alongy axis in the (e) static and (f) dgmic state
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Figure4-25, Averagsfirst principal strairg; strain within the contact area of the finger pad

from (a) static to(b) dynamic stateand average second principal strigirstrain within the

contact area of the fireg pad from (c) static to (d) dynamic statleen plotted against the

normal load applied on the finger pads
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Figure4-26, Average first principal straif; strain within the contact area of the finger pad

from (a) static to (b) dynamic state, and average second principalBtstmain within the
contact area of the finger pad from (c) static to (d) dynamic state when plotted against the

stiffness of theihger pads

4.4.7 Apparent ontact area of the finger pad

It should be noted that the apparent contact area of the finger pad can only be measured from
the3D-DIC data.The apparent contact areas of the finger pad measured in both the static and
the dynamic stateare shown ifrigure4-27 (a) and (b) respectivelyfhis figure also shows

the respective moisture level of the finger pad taken before and after the sliding tests,
however, the moisture level does not seem to has&eat relationship with the apparent
contact area in this experiment. Based on Archard (1957), the contact area of the finger pad
can be described iy @ . In this study, th&values range from 95.1 to 102.2rhend

thewvalues range from 0.2 ta

By using the curvditting equation inFigure4-28 (b), theapparentontact area of the

finger pad (botmaturalandsoakedl increases from the static state to the dynamic state if the
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magnitude of the normal loagmains the sam@n the other hand, the moisture level of the
finger pad has imeased after the sliding tests.

Additionally, Figure 4-28 was plotted to show the linear relationship between the

apparent contact ea of the finger pad and the shear force acted on the finger pads.
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Figure4-28, The relationship between the shear force and the apparent contact area of the

finger pads in the dynamic state

4.4.8 Real to apparentontact arearatio of the finger pad

It should be noted that the regbpparent contact area ratio of the finger pad aag be
measured from the OCT dafa.powerlaw equation can be used to describe the relationship
between the redb-apparent contact area ratio of the finger pad and the ahidoad, as
shown in equation-4 (Liu, 2013).
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Y &0 Equationd-1

whereYis the realto-apparent contact area ratib,is the normal loady is a constant ané

is an exponent.

Figure4-29 (a) and (b) showhe change in reapparent contact area ratio against the
increase of the normal load applied on the finger ipathe static state and dynamic state
respectively In both states,hie contact area ratios seem to increase with the normal load
applied.Figure 4-29 also shows that the moisture level of the soaked finger pad was lower
than the moisture level of the natural finger pagdenthough the moisture level of the finger
pad wheuhal o Aot i seatatksalifficult to say fdricdrtdireifrthe moisture
level is affected byhe sliding conditions. Therefore, more data is needed by performisg test

on wider population.
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¢ Natural finger (real-apparent contact area ratil) Soaked finger (real-apparent contact area r.
== Natural finger (moisture level) = £l Soaked finger (moisture level)

Figure4-29, Thechange of the ratio of the real against apparent contact area of the finger pad

from the static state to the dynamic state with the normal load

4.4.9 Roughness of the finger pad
This sectionshows how the morphology of the finger pad changed from the statie & he

dynamicsliding state as shown irFigure4-31 from the position 2 of theaturalfinger pad.

The morphological changes are reflected inTthbleE-1 andTableE-2 (in Appendix
E) thatgive the mean roughness (Ra) and the mean roughness depthf (Rz)inger ridges
at the position 1 and position 2 of the finger pad, whigte averaged from 5 contious
static or dynamic sliding image3he roughness is then plotted against the normal load
applied, as shown ifrigure 4-30. The figure shows that the roughness of the finger pad
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decreases with the increase in normal Iéagure4-30 (b) also shows that the roughness data

is more concentrated at the low roughness region when the finger pad was at the dynamic
state. This demonstratdsat the Bding has made the finger pad flatter in the procEsslly,

the figure goes on to show that tbeakedinger pad has a higher roughness profile than the
naturalfinger pad. This might mean that the water application has an effect that results in the

change in roughness of the finger pad.
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Figure4-30, The mean roughness, Ra, and mean roughness depth, Rz, against the normal

load
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Figure4-31, OCT images of position @ thenaturalfinger pad

4.4.10 Morphological change of finger pad against grooved plate during sliding

Figure4-32 shows the morphological changes of the finger pad when the finger pad was slid
against different types of grooved plastic plate. The white arrows are to show how the
specific finger pad riges move across the groove. It has shown that there was distinctive loss
of vi sualisation of OCT i mages under t he

grooveo, ifishall ow groove 10 and nAshall ow
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images suffer@ t

loss of visualisation.

From

climbed up the groove before changing its morphology to suit the elafrthe geometry of
the plate. Some OCT images from other grooves typed plates can somewhat show how the

ridge of the finger pad get across the groove although the image quality is not as good as the

mo s t | oss of vi sual i sati on

Aibi g grooveo OCT i mages,

Abi g grooveo.

Deformation of the finger pad
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