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Abstract

A human foot may exhibit a sweat rate of about 30g and in some cases even up to 50g per
hour in a hot environment [1][2]. The average sweat rate reaches around 10g/h per foot
during heavy exercise in a cold environment. This sweat rate may reach to 30g/h per foot
during very high levels of exercise. During common occupational exposures, the sweat rates
are expected to lie between 3-6g/h [3][4]. The thermal resistance of wet fabrics gets
substantially reduced due to the considerably higher thermal conductivity of the absorbed
water as compared to that of air. Keeping high thermal resistance of their socks is important
for people working under wet conditions to be protected from trench foot and hypothermia
like issues. Thermal resistance prediction is also very important for product development of

different textiles.

In the study, an algebraic model and its experimental verification were executed to
investigate the effect of moisture content on the thermal resistance of sock fabrics and the
results were mutually in good agreement. The results show that increasing moisture content
in the studied sock fabrics caused a significant reduction in their thermal resistance. Along
with the model and its experimental verification, a novel method to measure thermal
resistance and comfort properties of various knitted socks samples under real conditions of

their use (it means under extension and in wet state) was proposed.

Generally, any level of moisture largely influences all thermophysiological properties of
textile fabrics. Therefore, plain knitted socks with different fibre composition were wetted to
a saturated level, and then stepwise their moisture content was reduced. When achieving the
required moisture content, the socks samples characteristics were determined by the
Alambeta testing instrument (as regards thermal resistance and thermal absorptivity), and by
the Permetest tester (as for relative water vapor permeability) and by the Horizontal Plate
Friction Analyzer (to get the coefficient of friction in the wet state).

Moreover, various skin models were also utilized to get thermal resistance values of dry
samples for the comparison. One of these thermal models was a special thermal model of the
human foot. The experimental results from this model well correlated with the results from

the Permetest skin model.



Three different existing mathematical models for the thermal resistance of dry fabrics were
modified for predicting thermal resistance of knits used in socks under wet conditions.
Volume porosity values of the studied fabrics, used in these thermal models, were determined
both by means of semi-empirical approach and by a micro-tomography procedure. The
results from both ways are in very good agreement for all the socks at a 95% confidence

level.

In the above-mentioned models, the prediction of thermal resistance presents newly a
combined effect of the real filling coefficient and thermal conductivity of the so-called “wet”
polymers instead of dry polymers. With these modifications, the used models predicted the
thermal resistance at different moisture levels with a significantly high coefficient of

correlation.

Along with thermal resistance, the thermal absorptivity of the sock fabrics in a wet state (this
time experimentally only) was first time investigated in the Thesis. This parameter increases
with the increasing moisture content of materials, this time of textile fabrics. It characterises
thermal contact feeling from dry to cool, cold, and wet feelings of any objects. The results of
this study show that thermal absorptivity values of the studied dry fabrics range from 80 to
180 [Ws*?m?K™]. As thermal conductivity and capacity of water are much higher than that
of fibres and air entrapped in the textile structure is partly replaced by water and thermal
absorptivity of wetted fabrics increases. In these thermal absorptivity measurements, the
effect of an extension of socks during their practical use was also newly respected.

As already mentioned, moisture in textiles also significantly affects (reduces) the vapor
permeability of fabrics. Because the measurement of the vapor permeability of wet textiles by
conventional commercial instruments is difficult (the measurement takes too long, so that the
moisture evaporates during the measurement), there are very few relevant publications. Given
that vapor permeability is the second main parameter of thermo-physiological comfort of
textiles, in the last part of the work the influence of moisture on the vapor permeability of
socks was also studied experimentally by using the original methodology developed several
years ago at the Faculty of Textiles TU Liberec. It was found that the effective relative vapor
permeability of wet sock knits made of synthetic fibers is higher than the vapor permeability

of wet knits made of natural materials.



In the (appendix 3) of the study, the newly developed (upgraded) models of thermal
resistance of wetted fabrics were successfully applied on some knitted and woven fabrics of

different composition. The next research in this area will follow.
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Abstrakt

Lidska noha miize v horkém prostfedi za hodinu vytvofit 30 gramu, nékdy dokonce az 50
graml potu. Primérna produkce potu pfi intenzivnim cviceni v chladu ¢ini kolem 10 g/h na
nohu. Intenzita poceni mize dosahnout az 30 g /h na nohu pii velmi vysokych trovni cviceni,
zatimco béhem béznych pracovnich aktivit bude produkce potu lezet mezi 3-6 g/h [3][4].
Tepelny odpor vlhkych textilii se podstatné snizuje diky mnohokrat vyssi tepelné vodivosti
absorbované vody ve srovnani s tepelnou vodivosti vzduchu. Zachovani vysokého tepelného
odporu ponozek je dilezité pro osoby pracujici ve vlhkych podminkéch, aby byli chranéni
pred zakopy a problémy s podchlazenim. Predikce tepelného odporu je také velmi dilezita pti

vyvoj riznych ochrannych a sportovnich textilii.

Ke zkoumani vlivu obsahu vlhkosti ponozkovych textilii na jejich tepelny odpor byl v této
praci sestaven matematicky (algebraicky) model a vypoctené vysledky byly v dobré shodé
svysledky experimentalnimi. Vysledky ukazuji, ze zvySujici se obsah vlhkosti ve
studovanych textiliich vedl k podstatnému snizeni jejich tepelného odporu. Ve zminéném
matematickém modelu, ale pifi proméfovani tepelného modelu vzorkli byly nové
respektovany (realizovany) konkrétni podminky uZivani ponozek v praxi, tj. kromé vlivu

vlhkosti bylo pfi vypoctech 1 méfeni simulovano prodlouZeni ponozek pfi jejich noSeni.

Obecné, jakékoli urovné absorbovana v textiliich vyznamné ovliviiuje vSechny parametry
jejich termo-fyziologického komfortu. Proto byly hladké ponozkové tuplety s riznym
sloZenim vldken navlh¢eny na maximalni Groven a postupné vysouSeny na poZzadovany obsah
vlhkosti. Takto pfipravené vzorky ponozek byly poté proméfovany pfistrojem Alambeta (pro
zjisténi jejich tepelného odporu a tepelné jimavosti), dale byl pouZit i pfistroj Permetest typu
Skin model (pro stanoveni relativni propustnosti vzorkii pro vodni paru) a na zahrani¢nim
pracovisti byl k relativné novym métenim pouzit Horizontalni deskovym analyzatorem tieni

(pro zjisténi soucinitele tfeni ponozkovych textilii ve vlhkém stavu).

Kromé toho byly tepelné odpory nezavlhéenych vzorkii ponozek pro moznost porovnani
vysledkli méfeny i1 na jinych tzv. Skin modelech s riznou geometrii. Jednim z nich byl
tepelny model lidské nohy. Vysledky z tohoto modelu velmi dobfe koreluji s vysledky
ziskanych pomoci malého Skin modelu Permetest.



Pro predikci tepelného odporu vlhké textilie byly piivodnim zplGsobem modifikovany tti
ruzné jiz existujici matematické modely pro suché textilie. Tyto modely sestavené pro
predikci tepelného odporu ponozkovych textilii jsou nové zaloZzeny na kombinovaném tc¢inku
skute¢ného koeficientu objemového zaplnéni a tepelné vodivosti tzv. vlhkého vlakenného
polymeru namisto polymeru suchého. Hodnoty objemové porozity textilii, nezbytné ke
konstrukci uvedenych tepelnych modeli, byly zjistény semi-empirickym postupem a také
pomoci tzv. mikro-tomografie. Vysledky obou postupti zptisobti jsou pro vSechny ponozkové
textilie na 95% arovni spolehlivosti prakticky shodné. Algebraické modely, sestavené na
zéklad€¢ vySe uvedenych postupii a modifikaci umoziluji stanoveni a predikci tepelnych
odport vSech zkoumanych ponoZzkovych textilii pfi relativné rozsahlém stupni zavlhceni

s vyznamn¢ vysokym soucinitelem korelace.

Vedle tepelnych odpori, byl v této préci také poprvé experimentélné studovan vliv vihkosti
na tepelnou jimavost ponozkovych textilii. Tento parametr roste se zvySovanim obsahu
vihkosti v materialech, v nasem piipadé plosnych textiliich a postupné miiZze charakterizovat
suchy, teply chladny a mokry tepelné — kontaktni vjem. Vysledky této studie ukazuji, ze
hodnoty tepelné jimavosti zkoumanych nezavlhéenych suchych tkanin se pohybuji od 80 do
180 [Wsllzm'zK'l]. Ve vlhké textilii je vzduch o nizké tepelné vodivosti ¢aste¢né nahrazen
vodou o cca 25 x vy$§i tepelné vodivosti a vysoké tepelné kapacité, takZe vysledna tepelna
vodivost vlhké textilie podstatné vzroste. Jak jiz bylo uvedeno, pii méteni tepelnych odport
bylo (prakticky ovéfeném) prodlouZenim vzorku simulovano prodlouzeni ponoZek pii jejich
noSeni. Tento pfistup byl nové aplikovan i1 pii hodnoceni tepelné jimavosti zavlhéenych

ponozkovych textilii.

Jak jiz bylo uvedeno, vlhkost v textiliich také vyznamné¢ ovliviiuje (sniZuje) paropropustnost
plosnych textilii. Vzhledem k tomu, Ze méfeni paropropustnosti vlhkych textilii klasickymi
komerénimi piistroji je obtizné (méfeni trva ptilis dlouho, takze vlhkost se pfi mefeni odpaii),
pfislusnych publikaci je velmi malo. Vzhledem k tomu, Ze paropropustnost je druhym
hlavnim parametrem termo-fyziologického komfortu textilii, byl v posledni ¢asti prace vliv
vlhkosti na paropropustnost ponozkovych upleti rovnéz systematicky experimentalné
studovan, a to pomoci originalni metodiky vyvinuté pied n€kolika lety na fakulté textilni TU
Liberec. Bylo zjisténo, Ze efektivni relativni paropropustnost vlhkych ponozkovych upletii ze

syntetickych vldken je vyS§$i neZ paropropustnost vlhkych upleti z ptirodnich materiali.

Vi



V (ptiloze 3) prace jsou nové vytvoiené modely tepelného odporu vlhkych ponozkovych
uplett také s dobrymi vysledky pouzity ke stanoveni tepelného odporu vybranych tkanin

zZ riznych vlakennych materiali. Vyzkum v této oblasti bude pokracovat.
Klicova slova
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treni.
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Dissertation outline

Chapter 1 provides a detailed introduction about the dissertation theme that contains current
state of the problem and research objectives. Chapter 2 provides state of the art and
discusses related work in previous literatures. The main body of the dissertation is in chapter
3 and chapter 4. Chapter 3 describes the experimental conditions, materials, methods,
equipment, characterizations, modulations and formulas that modified during the research
work. Chapter 4 explains a detailed theoretical, experimental, and statistical analysis of the
results derived from different models and experiments. In the end, Chapter 5 concludes the
dissertation and suggests some avenues for further research
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Chapter 1

1 Introduction

Consumers believe comfort as one of the most essential features in their purchase of apparel;
therefore companies lean to focal point on their apparel’s comfort. Comfort is an amusing
condition of physiological and psychosomatic accord among a human being and the
surrounding [5]. Thermo-physiological and sensorial are the two major components of the
clothing comfort that unite to generate a subjective sensitivity of satisfaction. Thermo-
physiological narrates the method how clothing protects and transfers a metabolic heat and
mass [6][7], whereas the sensorial deals with the interaction of the wearer’s senses and
clothing [8][9]. Ventilation, convection, conduction, and radiation are ways of dry heat
transfer, whereas several complex processes like sorption and desorption, wicking,
evaporation, wet conduction, and condensation involve in wet heat transfer [10][11][12].
Heat transfer due to conduction mostly depends on fibre’s thermal conductivity, volume,

orientation to the heat flow direction, and fabric construction [13][14].

Garments required not only physiological comfort but also the ability to maintain the
sensation and well-being of the wearer during their work. For example when soldiers, fire-
fighters, mountain climbers, medical rescuers, or the marathon runners will be more
comfortable if their clothing has suitable protection, along with optimum
thermophysiological comfort or if their lives and health are in danger by some means due to
improper clothes. Unlike general perception about garments (often used in wet state) due to
sweat sorption because of damp or rainy weather influences their comfort properties. Thus,
the thermophysiological comfort has two main components: thermal resistance and the active

cooling in the wet state [15].

Thermal-wet comfort is the strongest perception among tactile and pressure comfort
perceived by subjects during exercise [16]. Thermal comfort is mainly dependent on the
moisture spread by textile layers, which is related to fibre and yarn characteristics, fabric
construction, and finish. The scope of their link to comfort perception in clothing is also
affected by garment cutting, design, and fitting. Thermal resistance and water vapor
resistance are basic comfort properties [11]. Thermal conductivity and resistance of the
fabrics can be evaluated in different ways: experimental method, analytical solution method,

and numerical method [17]. It is well recognized that the fabric insulation may be lowered
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substantially if the clothing becomes wet probably due to rain penetration. Most of the
weather garments generally include a water repellent outer layer. Conversely, clothing is also
exposed to moisture from inside due to body perspiration [18]. Moisture in this way leads to
condensation of water in the fabric layers, particularly under cold weather conditions. As air
replaced by water molecules, there is a substantial reduction in thermal resistance of the wet
fabric observed due to approximately 25 times higher thermal conductivity of water than air
[19].

Most of the studies on thermal resistance/conductivity in the wet state to date are
experimental and reported a reduction in thermal resistance by increasing the moisture
content [20][21][22][23][24]. Bogustawska and Hes have reported a 50% reduction in the
thermal resistance between 10 to 20% moisture content in different fabrics [25]. Oglakcioglu
and Marmarali measured the thermal resistance of cotton knitted fabric in the wet state. They
found that the wetted fabrics indicated lower thermal insulation and cooler feeling [22].
Clothing thermal insulation decreases during perspiration, and the amount of reduction varies
from 2 to 8%, as related to water accumulation within clothing ensembles [23]. Another study
on footwear reported about 19-25% (30-37% in toes) reduction of thermal insulation during
sweating [24]. Kalev Kuklane et al. measured the effect of different sweat rates on thermal
insulation and found a strong negative correlation. Furthermore, he found that 30% of the
total moisture can stay in socks [26]. Wet heat loss results in dry and wet states through
thermal manikins are presented from different laboratories. They have observed the
condensation within the clothing increased the conductivity of the wet clothing layers [27].
This study will provide a quantitative prediction of the insulation loss with the addition of

water in socks.

Thermal absorptivity is another important parameter that adversely affected by moisture
content. It is an objective measurement of the warm-cool sensation and a surface-related
attribute of fabrics. A higher value leads to cool, cold, and wet effects; the lowest value has a
dry to warm feeling at first contact with the skin. The surface character of the fabric greatly
influences this sensation [28]. This warm-cool feeling is also a thermal contact property that
is characterized as the maximum heat flux (qmax) proposed by Kawabata and Hes respectively
[29][30]. It is measured, when the fabric touches the human skin for a short time, normally,
less than two seconds [30][31][32]. Fabric structural parameters affect the thermal contact
feeling measurement [33]. A lot of theoretical (dry state) [34] and experimental (dry and wet

states) [35][36][37][33] investigations for thermal absorptivity were reported by the
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literature. The areal density of knitted fabrics has a positive correlation with the number of
contact points between the human skin and the textile material. It causes to increase the
thermal absorptivity [38]. Thermal absorptivity depends also on the fabric surface profile:
Smoother surface leads to more contact between the human skin and the textile material
[33][39][40]. The characterization of surface profile depends on its definition. “This is
generally expressed as the relative height of the major peaks to the valleys” [41] oris “a

measure of positive and negative vertical difference from the mean line” [42].

The area of contact between two adjacent bodies promotes the heat flow through conduction.
More contact area points will increase the warm-cool feeling through a raise in heat transfer
with higher thermal absorptivity. The wet fabric has significantly higher thermal absorptivity
as compared to dry one [43][20]. The thermal absorptivity of the common textile products
was experimentally investigated by various researches. As per Asif et al. it varies from 20 to
900 [Ws¥?m™K™], corresponds to dry and wet cotton fabrics [44]. Thermal absorptivity of
dry fabrics range 20-300 [Ws*?>m™K™] reported in the literature and these values increase
between 150 and 300 [Ws“?m™K™] when the fabrics get wet [45][46].

Water vapour permeability also significantly affected by humidity. Ruckman has studied the
effect of moisture regain on water vapour permeability of fabrics without taking into
consideration the evaporation of water [47]. Hes and Dolezal reported that as the moisture
content of fabric increases, water vapour permeability decreases, but the total relative water
vapour permeability (RWVP) increases due to the evaporation of water from the fabric
surface [48]. Hes & Araujo simulated the effect of air gaps between the skin and wet fabric
on the resulting cooling flow and found that water vapour permeability decreased when the
layers of 2mm and 4mm thickness were introduced without any dependence on the fabric
moisture content [49]. Water vapour transportability is deteriorated significantly by the
higher moisture content. A decrease of 70-80% is observed for wool and wool/viscose
blended fabrics, which is caused by exchanging the air pores by water. It means that the
physiological properties of the wet fabrics are subject to abrupt changes, significantly affects
the quality of the apparel [25].



Chapter 2

2 Purpose and aim of the thesis

This study deals with the thermal comfort properties of socks in the wet state. Sock insulation
is linked to the material thickness and trapped air (porosity) in between the fibres. The
increase in the insulation of footwear may not be obvious for the shoes only. It depends on
the sock’s insulation as well because low insulation shoes can get comparatively more
insulation from socks than shoes. Footwear insulation is a vital feature for feet warmth; on
the other hand, the sweat generation due to the motion of subjects can strongly affect the foot
temperatures. Mostly the cold feet sensation is associated with low skin temperatures due to

sweating [50].

Sweating is the reaction of an organism to overheating [51] and primarily a way of
thermoregulation by discharging the water from the eccrine glands [52]. Even the well-
insulated footwear will start feeling cold on wetting. Socks are made of fabrics where the
absorbed moisture can strongly influence their thermal comfort properties since a human foot
could generate up to 30-50 grams of sweat per hour in a hot environment [1][2]. At a high
physical activity, it could be 30g/h even in the cold environment [3][4]. The work by Smith
also verifies Fogarty’s findings [1] with an average sweat rate of 27.6g/h [53]. The most
recent study reports this range with shoes (10.3 = 3.6 g/ h) compared to nude (12.6 + 3.7 g/h)
for a single foot [54]. These sweat rates are quoted just for information, however, the research
aims to study the consequences of sweat rates rather than sweat generation. Due to these high
sweat rates, the thermal resistance may substantially decrease. Prolonged damp and cold
conditions can cause injuries like a trench foot. The trench foot, however, does not require a

freezing temperature; it can occur at a hot temperature as well [55].

By using Alambeta fast working tester there were made measurements of thermal resistance
and thermal absorptivity of plain surface socks consisting of cotton, viscose, polyester, nylon,
polypropylene, wool, and acrylic fibre, with the same plaiting yarn polyester covered
elastane, without any special finishing (commercial state). The measurements were executed
at different levels of moisture content. Additionally, in these experiments, the extension of
socks in their practical use was also observed by using an additional device which made the
experiments very realistic. Alambeta testing corresponded well to the use of socks inside a

shoe (boundary conditions of first-order). In the next step, the focus was placed on the
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development of a mathematical model for the prediction of thermal resistance of plain socks
in the wet state. Following models have been tried for the prediction of thermal conductivity/
resistance in the wet state. The model's selection criteria based on the assumption that the
addition of water changes the volumes and ultimately thermal conduction. These prediction
models aren’t customized for textiles only but they are being used in the fields of food
technology, soil sciences, and civil engineering as well. The first four models involved the
moisture effect, but the rest of them are applied by the combined approach of water and
polymer components for the determination of thermal conductivity instead of dry polymer.

%+ Mangat parallel/ series models [56][19]

% R.S Hollies model (parallel model) [18]

% S. Naka model (three parameters model series/ parallel) [57]

+ Dias and Delkumburewatte (three parameters series model) [58]

% Fricke’s model (100% Series) [59]

¢+ Ju Wei model (considered polymer + air in parallel and air in series) [60]

%+ Schuhmeister model (considered 30 % parallel+ 70% series) [61]

% Baxter model (considered 21 % parallel+ 79% series) [62]

%+ Militky (considered 50 % parallel+ 50% series) [63][64]

% Maxwell Eucken-1 and Maxwell Euken-2(dispersed and continuous phases) [65][66]

Above all models were compared with the experimental data. Unfortunately, none of these
models was offering a good correlation with the experimental data from the wetted socks
except Maxwell Euken-2, Schuhmeister and Militky’s models. The solution was based on
modifications of these models has done by adopting a combined approach of water and
polymer components for determination of thermal conductivity and introduction of linear
changes of the filling coefficient (volume ratio) with the increasing moisture. In this way, the
predicted thermal resistance of all samples at different moisture levels with the coefficient of
determination R? ranging from 0.7691 to 0.9535. Based on the knowledge of the fibre

composition (thermal conductivity of the used polymer), fabric areal density and thickness,



these original models can predict the thermal resistance of the studied socks at any moisture

regain up to 100%.

In addition to thermal resistance, thermal absorptivity also determined experimentally (wet
state) by using Alambeta. The results were treated statistically and presented in diagrams.
Very interesting results were also achieved when measuring thermal resistance of socks
subject to the heat transfer by the convection on their free surface where the socks are worn
free, not inside a shoe (boundary condition of 3rd order). A special thermal foot model
installed in the laboratory of the Textile faculty in Zagreb (Croatia) was used. It was
discovered that the gaps between the heated elements of this commercial device were the
source of measuring errors. Consequently, this was fixed by a semi-permeable membrane on
the foot model to avoid the turbulence effects. After this improvement, the samples measured
on this model had good repeatability. Then these results were compared with the results
achieved on the Permetest skin model (which works on similar principle). Both devices

showed very good correlations.

In addition to thermophysiological comfort, interface of fabrics with the human senses is an
important comfort property as textile materials are in contact with the skin [67]. When a
fabric is moved along the skin, the perception of the fabric roughness or smoothness is
induces. The friction during this contact is the key factor for the perception of unevenness or
smoothness. The smooth surface fabrics mostly have the lower friction. Presence of the
moisture between the friction interfaces can change the fabric roughness perception. The
friction of skin increases, with the increase of the moisture content, and it can activate more
feel receptors by bringing discomfort [68]. The information about friction is very essential for
the protection of feet against blister formation or slippage issues. The general aims of this

study are as follows;

¢ To find/ develop simple mathematical models for thermal resistance prediction in the wet

state

% To investigate the effect of different moisture content [%] on the socks porosity, thermal
resistance [m2KW™], thermal absorptivity [Ws”m?K™] and relative water vapour
permeability RWVP [%)].

X/
°e

Effect of extension on porosity, thermal resistance, thermal absorptivity & RWVP
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Thermal resistance (predicted/ experimental) in the extended state (controlled moisture
content %) for simulating a real extension and minimizing the effect of the dimensional

changes.

To compare the thermal resistance (dry state) measured by thermal foot model (TFM),

Permetest and Alambeta.
Yarn porosity (theoretical and experimental)
Volume porosity of socks with and without extension by model

Volume porosity and pore size distribution of socks my X-ray micro tomography

scanning without extension
Effect of moisture content on sock-material (insole) coefficient of friction
Validation of models for other kind of fabrics (appendix 3)

Coding of the developed thermal resistance models in FreeMat/ Matlab (appendix 5)



2.1 Overview of the current state of problem
2.1.1 Thermal resistance

The characterization of insulation under wet conditions is very critical. There are numerous
general thermal resistance prediction models to be found within the textile engineering and
heat transfer literature to fulfil this need. The option of selection is depending on the required
precision and nature of the question. Heat transfer through conduction is the easiest means to
explain mathematically and is often the individual major way of heat transfer within a shoe
from the skin to shoes having socks in between. Although methodical solutions for
conduction equations through uniform shapes are available [69]. But, most textiles do not
have uniform structures and the logical solution for rough figures can be intricate or not

viable.

Thermal resistance in the wet state may be illustrated by a common exponential curve despite
the structure of the sample. This scrutiny has permitted a product to be modelled by a
methodical solution for smoothly formed items with pragmatically resultant structure and gap
factors. Nevertheless, such methodologies are not appropriate for complicated thermal
processes where fibre composition and discontinuity in physical properties within the socks
are involved. There are many studies for thermal resistance prediction though empirical
models available in the literature and these models are specifically volume fractions and their
respective thermal conductivities based. These empirical models can measure thermal

resistance only in the dry state.

Numerical approaches can deal with uneven profiles, solid/liquid/gas phases, different forms
of heat transfer, number of boundary conditions, and uneven material properties. Numerical
methods also have the potential to attain the utmost precision [70]. There are many soft wares
available in the market that allows the user to describe the numerical problem and their
solution. However these methods are intrinsically more complex and awkward, and in some

conditions, plain methods demonstrated to be more precise for much less stab [71].

Some researchers employed ANN (artificial neural networks) models for thermal resistance
[72][73] and thermal conductivity [74] predictions. In most of the studies, thermal resistance
is predicted by statistical models [40][75]. Some researchers have predicted the thermal

resistance of wet fabrics with mathematical approaches. Dias and Delkumburewatte [58]



suggested a three parameters series model (Eg.1) that predicts the thermal conductivity (A) of
knitted fabric in terms of porosity (p), thickness and moisture content in pores (w). They have
found that by increasing moisture content the porosity of fabric decreases causes to increase
the thermal conductivity.

_ Am Aa Aw

 (1-P)Aw Aa+ (P~ Pw)Am Aw+ Pw Aw Aa

1)

Am, Aq and 4, are thermal conductivity of material, air, and water respectively

Das et al. [76] assumed fabric assemblies as cuboids filled with randomly oriented infinite
cylinders (fibres) and heat transfer by conduction can be calculated with the analogy to

electrical resistance and Fricke’s law (EQ.2).

] , V1
Aetr = 1—<W>X7\f (2)
I UL v

Wie et al. have divided the fabric fundamental unit into three components for heat transfer i.e.
1.solid fibres, 2.series porosity, and 3.parallel porosity to the heat flow direction (Fig.1).
Fabric thermal resistance mainly depends on the heat transfer process through this basic unit.
In their model (Eq.3), heat flow considered through the fabric in a combination of fibre & air

in series plus the air in parallel [60].

ol T
Heat flow (. -
T

~

Figure 1. A Ju Wie model diagram [60]
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Rrapiic = fabric thermal resistance [m*KW™], d = fabric thickness [meter], A = air thermal
conductivity [Wm™K™], Auet polymer = Wet fibre thermal conductivity [Wm™*K™],

a = fabric structural parameter = dcompressed/ d, d= thickness [m] at 2kPa,

while deompressed = Thickness [m] at 15kPa

Schuhmeister [61] developed a relationship to calculate the thermal conductivity of the

mixture of air and fibre with the following assumption:

a) Fibres are distributed homogeneously in all directions;
b) One-third of fibres placed parallel; and
c) Two third were placed series or perpendicular to the heat flow.
The developed relationship (Eq.4) on the basis of the above assumptions is:
2 Af X Ay ) 1

Aetf = 3 (}\f o) T30 T k) @
Later on, many researchers followed the footprints of Schuhmeister by changing the ratio of
series and parallel [62][77]. In recent times, Militky (Eq.5) considered 50% fibers placed in
series and 50% in parallel to the heat flow [63][64].

1
Aett = 3 \ooins Uf) +2(ueAs +0ada)  (5)

R. S. Hollies and Herman Bogaty have suggested a parallel combination (Eq.6) for measuring
the effective thermal conductivity of moistening fabric by combining the volume fraction and

thermal conductivity of water and polymer [18].

Aetf = UwAyw + A(1 —vy,) (6)

Mangat presented a number of mathematical models (Eqgs.7-8) for thermal resistance (wet
state) in the series and in parallel combinations of air, fibre, and water resistance. His
predictions are in good correlation with the experiments by model-3 (air & fibre resistance in
series, water in parallel) for denim fabrics while model-5(Ra and Rw in a parallel
arrangement and Rf in series) and model-7(Rf and Rw in a serial arrangement and Ra in
parallel arrangement) for weft knitted fleece fabrics of differential fibre composition. He has

suggested the following equations for model-5 & 7 respectively.
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R = R 7
t = R.IR, + R (7)
RayX(Rw+R
Ra+Rw+R¢
he hx(1-¢) hx(1-¢) Fabric density
Where R ==, R, =— —=, R,, = ——2, g =
ere Re A2 Aax@-uw)’ W Awxu Fibre density

__ Wet weight of fabric—oven dry weight of fabric
- Wet weight of fabric

u

Furthermore, he concluded that about 70% of the thermal resistance decreased up to 30%
moisture content [56][19]. Another study reported a 50% reduction between 10-20% moisture
content [25]. S. Naka et.al (Fig.2) suggested three parameters (air, water, and polymer) model

(Egs.9-12) for thermal conductivity prediction of wet woven fabrics with the combination of
parallel and series arrangement [24].

2/ % a OEE )
AI ;112” ‘R'J_ ‘2“21_
(b) (c)

Figure 2. A model of wetted parallel fiber assemblies (1) swelled fiber, (2) Water,
(3) Saturated air [24]

They have considered the effect of thermal anisotropy of fibre to calculate the thermal

conductivity of fabric perpendicular (1,) and parallel (4,,) to the surface by:
a a
Ay = Exell + (1 - E) Aer 9)

Aw = du{(1 = @Ay + ahe ) + de{S 2oy + (1= 3) e} 10)
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where 4. is the thermal conductivity of fibre parallel to the fibre axis, 4., is the thermal
conductivity of fibre normal to the fibre axis, d,, is the thickness of the warp layer, d; is the

thickness of weft layer and “a” is the ratio of fibre which are parallel and normal to the yarn.

}\e" = ff)\" + f17\1 + (1 — ff — fl)Aa (11)

— Y 1-y
et = it & 5 158 (12)
IR VI Wi VR

_ f-(-fpy
B= T

Where

The problem with Mangat’s models that; he assumed the filling coefficient or porosity as
constant components. But they are changing by varying the moisture levels because water has
a different density. Although, his second assumption that the air is replaced by water is
theoretically correct but he didn’t quantify it. R. S. Hollies and Herman Bogaty have ignored
the series arrangement in their suggested models. It will predict the lower thermal resistance

as heat will conduct along with the thickness of the fabric.

S. Naka et al. suggested a theoretical approach for thermal conductivity prediction but they
didn’t use it for calculations. They also involved the warp and weft fabric thickness in their
suggested model. Dias and Delkumburewatte three parameters series model is a very simple
approach but they ignored the parallel conduction part so it will predict higher thermal

resistance.

As well as the thermal conductivity of fibre concerned, different values were reported in the
literature. Biron reported 0.20 [Wm™K™] thermal conductivity for polypropylene fibre [78].
The work by Kawabata [14][79], Hearle [80] and Haghi [81] is very famous in this regard.
Haghi has reported thermal conductivity values for non porous polypropylene and porous
acrylic i.e. 0.518, 0.288 [Wm™K™] respectively. For hydrophilic fibres, he used following
regression equations (Egs.13-14) from previous studies for calculating the thermal

conductivity of wool and cotton fibres are given below. R is the moisture regain [%].

Wool (A) = 1073 x [(38.49 —0.72 x (=) + 0113 X (FRO)Z —0.002 x (%))] (13)
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Cotton (1) = 107% x [(44.1 + 63.0 x ()| (14)
As mentioned earlier, by combining the fibre and water filling coefficients approach, only
three models have predicted the reasonable thermal resistance for socks that are in agreement

with the experimental results. These models are as under;
2.1.2 Maxwell-Eucken2 (ME2)’s modified model

Maxwell introduced the two-phase concept for the determination of electrical conductivity
[65]. Later on, Eucken used the same analogy for the thermal conductivity evaluation [66].
Brailsford and Major (Eq.15) have modified the Maxwell-Eucken models for thermal
conductivity of a three-phase mixture assuming first phase as continuous while other two as
dispersed [82].

370 N 320
}\ _ 7\000+;\1U1(27L0+7kl) I A2U2(2l0+l2)
- Ao N 3790 (15)

3
UO+Ul(27&0+7&1)I 2(2?\0+?L2)
Later on (Eq.15) was generalized by Wang et.al [83] as shown by (Eq.16).

m 4o dGx
A= Zi=17L101°(011—1)7t+7ti
— d;x (16)

m ..o "i%
1=1"1o(d;—1)A+2;

Maxwell-Eucken (Eqg.17) is obtained by assuming air and wet polymer as disperse and
continuous phases respectively for above (Eq.16). Maxwell-Eucken (ME) model (Eq.17) can
be used to describe an effective thermal conductivity of a two-component material with
simple physical structures. (EQ.17) representing a two components system for effective
thermal conductivity based on volume fraction and respective. Many effective thermal
conductivity models require the naming of continuous and dispersed phases. Materials with
exterior porosity, individual solid particles are surrounded by a gaseous matrix, and hence the
gaseous component forms the continuous phase and the solid component forms the dispersed
phase [84]. For external porosity, and are considered as continuous & dispersed phases

respectively.
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AFa+Awet pOlymeeret polymel‘z}\a+7xwet polymer

Afap = 7 17
Fat+Fwet polymerz;\a_”\

wet polymer
Fuwet polymer @Nd Ayet polymer IS Calculated as per (Eqs.43-45).
2.1.3 Schuhmeister’s modified model

Schuhmeister (Eq.18) summarized the relationship between the thermal conductivity of fabric
and the fabric structural parameters by an empirical equation [61];

Afab = 0.67 X As +0.33 X A, (18)
A 1 XA
Where }\S — wet polymer a (19)
Awet polymer Fat+2a Fwet polymer
and Ap = l:"wet polymer}\wet polymer + Fa}\a (20)

Where Ag,, is the thermal conductivity of fabric, Ayetpolymer 1S the conductivity of wet
fibers, A, is the conductivity of air, Fyyet porymer IS the filling coefficient of the solid fiber, F,

is the filling coefficient of air in the insulation.
2.1.4 Militky’s modified model

Militky (Eqg.21) summarized the relationship between the thermal conductivity of fabric by an

empirical equation [63][64];

Afap = ()\Sj\p) 1)

Where A and A, are calculated as per (Eqgs.19-20) respectively.

Where Ag,p, is the thermal conductivity of fabric, Ayetpolymer 1S the conductivity of wet
fibers, A, is the conductivity of air, Fyet potymer IS the filling coefficient of the solid fiber, F,

is the filling coefficient of air in the insulation.
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2.2 Porosity

Fabric comfort properties could be significantly affected by porosity. “It is a measure of the
void (i.e., empty) spaces in a fabric, and is a fraction of the voids over total volume” [85].
“Porous media refer to a solid of an unspecified form including vacuums called pores filled
with liquid and gas. These vacuums can communicate with each other to exchange matter and

energy” as shown in (Fig.3).

Liquid Sown -

Figure 3. The geometry of a porous medium [86]

Porosity can be classified as inter-yarn, intra-yarn and intra-fibre; these are spaces in-between
the yarns, in-between fibres in the yarn and in fibre substances respectively. The inter-yarn
porosity, also known as macro porosity, is of great significance in the case of air
permeability, UV rays transmission, etc. [87][88]. Inter-yarn porosity is influenced by the
fabric structural parameters: yarn sett, yarn diameter, yarn twist, weave type, fabric thickness
[89][90], yarn density [88], as well as the fibre characteristics [88]. For absorption and
capillary phenomenon, the intra-yarn porosity, also known as micro porosity and inter-fibre
porosity [88], is essential [91]. Porosity also affects the fabric heat and mass transportation. It
has a significant effect on the fabric thermal conductivity [19]. Water vapour permeability of
knitted fabrics increases with higher porosity and lower fabric thickness and areal density
[91]. Cubric et al. reported that the evaporation resistance of fabrics has very high positive
correlation with areal density, tightness factor and fabric thickness. It increases with denser
fabrics as the porosity of the textile material reduces [92]. Mangat et al. considered porosity as
a key parameter for the prediction of thermal absorptivity in their suggested model [34][44].
Dimitrovski et al. stated that the number of inter yarn pores; total porosity and hydraulic
diameter of pores have a strong influence on air permeability prediction [91]. Ma et al. studied
the relationship between fluid permeability and porosity of different knitted architectural

glass fabrics. They found that permeability influenced by many factors such as pore size,
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roughness, porosity, and channel lengths [88]. As the comfort parameters influenced by
porosity, so the changes in porosity with extension and moisture will be studied in this work.
Although different approaches were made to characterize porosity in yarns and socks,
however, the aim of the work is porosity consequences on comfort parameters (under
extension and wet state) not porosity characterization methods. The porosity of the woven
and knitted fabrics is around 70% and can be 98% for some nonwovens [93]. Siddique et al.
reported a 64-76% porosity range for different compression socks without extension [94].
Mansoor et al. investigated the effect of the pre-heat setting process on plain socks comfort.
During their investigation, they have found porosity is between 83-86.5% [95]. Siddiqui and
Sun have predicted the porosity of weft knitted fabrics between 86-93% by using the
Karaguzel’s model [96].

2.3 Thermal absorptivity

Thermal absorptivity is mainly a surface-related property, it could be changed by any
finishing treatment, like raising, brushing coating [30][32]. Yarn spinning technology can
also affect the warm-cool feeling of knits, where the ring-spun yarns provide a warmer
feeling than open-end yarns [97]. Hes as a pioneer of this newly used term “thermal
absorptivity”, in the area of textiles has many studies on his credit [20][98][99][100].

“As the thermal contact between the textile material and the human skin is transient, the
fabric was assumed to be a semi-infinite body characterized by its thermal capacity”. The
temperature difference between the human skin (t;) and the fabric (t;) simulates the heat flow
(q) through the textile material during a time (t) [101].

b(ty—t,)
qdyn = # (22)

Hes proposed to use the thermal absorptivity in the (EQ.23) as a measure the of thermal
contact feeling of textile materials. Thermal absorptivity neither depends on the temperature

difference between the two bodies in contact nor on the time measurement [30][32].

b = /Apc (23)

A thermal absorptivity prediction model proposed by Mangat and Hes for rib knitted fabrics,
based on the thermal absorptivity of polyester in solid form (by), fabric porosity (Pnw) and the

relative contact area between the human skin and fabric (A) as shown in below (Eq.24).
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b= bp X A(]. — PHW) (24)

Baczek & Hes observed 9 times higher thermal absorptivity of plaited knitted fabrics in the
wet state [36]. Mangat’s model for thermal absorptivity prediction is based on the contact
area effect [34][44]. Oglakcioglu’s contribution to thermal absorptivity covered the effect of

moisture content [22], fibre composition [102] and fabric construction [40].

Up to now several researchers had analysed the effect of fabric structure, contact area
[33][30], moisture content [98][20][22][99][103], extension [104][105], fibre composition,
finishing (chemical/ mechanical) [95][33] on thermal absorptivity [35][36][37], but no study
was found with the combined effect of moisture and extension. Faisal et al. used a special
frame for extension and observed reduction in thermal absorptivity of compression socks at
different extension levels [105]. Gupta also extended the compression circular knitted
garments up to 60% and found a decrease in the thermal absorptivity [87]. Irrespective of
other studies an embroidery hoop was used for simulation of real extension. Previous
researchers have extended the fabric in one direction only. They have not considered the real
situation of extension. Because elastic garments extended in both directions. So the
motivation of this work is based on the following gaps;
% As the socks are extended in both directions at the same time during wearing. So the
extension of socks should be simultaneous in both directions for thermal absorptivity
measurement.

% No combined study found having both moisture and extension consequences on

thermal absorptivity.

2.4 Relative water vapor permeability

“Water vapours are transmitted through the textiles by diffusion, absorption, transmission &
desorption (in the fibre), adsorption & migration (along the fibre), and forced convection”.
Fick's law, Darcy's law, and Kozeny equation are based on the fluid concentration gradient,
hydraulic radius theory, and fluid pressure drop respectively, are generally used in evaluating
the fabric permeability [106][107][108]. Fick was the first person who proposed the relation
between diffusing flux and the concentration gradient as shown in (Eq.25) [109].

dc dp
Jax = —Dag(o d—; = —Dapp) d—; (25)
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Where Jax is moisture flux rate, dCa/dx or dPa/dx is the concentration/ pressure gradient, and
Dag is the mass diffusivity or diffusion coefficient. At a particular gradient, the diffusion rate

along the textile material depends on the porosity and water vapour diffusivity [109].

So far researchers found that water vapor permeability could be affected by fibre type and
structure, fibre composition [108][98][110][111], yarn diameter [37], fabric thickness,
covering factor, porosity [112], fabric structure [40][113], chemical [114] and mechanical
finishes.

The work of Hes et al. [25][15][111] for total heat flow in the wet state has opened new
directions. According to their theory, total relative cooling heat flow (q::) transferred through the
boundary layer of the wet fabric surface is given by the sum of heat flow passing from the skin
through the permeable fabric ‘qrpw’ and heat flow ‘Qrapsuf’ caused by temperature gradient
between the skin and fabric surface, which is cooled by evaporating of water from the fabric
surface as shown by (Eq.26) and (Fig.4).

Jtot,w = dfabw T Afab,surf (26)

Flow from the skin passing
Flow from the fabric surface through the fabric

1] MUHU/U

Figure 4. Cooling flow from the surface & through the fabric [25]

Rajwin & Parash observed that plasma treatment of cotton fabric for 15mins at 100kHz
frequency increased the water vapor permeability [115]. Gupta extended the compression
circular knitted garments up to 60% and found 47% increase in the water vapor permeability
[87]. Moisture content can also significantly change the water permeability
[48][100][103][111][116]. But no study was found with the combined effect of moisture and
extension. Likewise thermal absorptivity an embroidery hoop also used for simulation of real
extension. Previous researchers have extended the fabric in one way only. They have not
considered the real situation of extension. Because elastic garments extended in both

directions. So the motivation of this work is based on the following gaps;
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% As the socks are extended in both directions at the same time during wearing. So the
extension of socks should be simultaneous in both directions for relative water vapor

permeability measurement.

X/
°e

No combined study found having both moisture and extension consequences on

relative water vapor permeability.

2.5 Coefficient of friction

Blisters are caused by clothing friction on the skin. Their formation depends on the
magnitude of the frictional forces and the number of times that an object touches across the
skin [117]. The friction coefficient normally increases when epidermal moisture raises [118].
To avoid the blister occurrence, the sliding should take place either between the sock-shoe or
between two layers of socks interfaces. This implies that friction between the sock-skin
interface has to be higher than the other interfaces. “Activity-related blisters are mostly due to
frictional shear forces” [119]. However, frictional shear forces do not appear to be adequate
for a blister to arise. As per Reynolds et al., it is the combination of shear, pressure, and a
moderate level of moisture [120]. Moisture accumulated within a shoe is mainly due to a high
sweat rate. An athlete may have a sweat rate of nearly 3 litres per hour during a long run in a
damp environment [121].

Sweat evaporation from the body into the environment is much quicker compared to the
sweat accumulated within an enclosed shoe. It will increase the sock’s moisture and in return
influence the friction at the plantar skin interface [122][123][124]. Furthermore, accumulated
moisture in the socks has the potential to bridge air gaps between fibres which consequently
increases the contact area between these two surfaces. This could lead to an increase in the
available friction [125], in addition to influencing the thermal resistance and thermal
conductivity of the sock fabrics [126].

Additional shear force at sock fabric - plantar skin interface could have a negative impact on
the range of movement and could even potentially lead to friction blisters [125], which would
increase discomfort to the wearer [127]. Blisters are caused by the rubbing pressure between
the skin of the foot and adjacent sock surfaces. When a runner’s shoe strikes the ground, the
shoe tends to undergo a rapid decrease in velocity whereas the foot and sock within the shoe
be likely to continue forward at a fast speed until the shoe restricts the forward motion.
Subsequently, there is an abrasive action occurs at the foot-sock and sock-shoe interfaces.

Heat built up due to friction at these interfaces is the main cause of blisters [128].
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So, both kinds are very important with respect to blisters or irritations. Many researchers have
studied sock’s friction at these interfaces such as sock-skin friction [129] & sock-material
(shoes insole, floor covering, tile, etc.) friction [130][131][132]. Furthermore, it was well
established that sock-insole friction should be lower than sock-skin to avoid friction blisters
[133]. Factors recommended as changing the friction of fabrics are the fiber type
[127][134][135], yarn density [136], orientation of the fabric structure [125][129], applied
weight[137], and the moisture content [137][138]. The friction force is more related to the
wetness of the skin than material or finishing treatment of the fabric [122][137]. Very fewer
studies found on COF between sock-material (insole/shoes) interfaces in the wet state with

the information of moisture content percentage.
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Chapter 3
3 Materials and Methods

3.1 Fibre fineness

Fibre fineness is one of the important structural parameters. It has a big effect on the
incoming yarn and fabric parameters. There are many methods/ instruments available to
measure the fibre fineness based on the different principles and measuring technique i.e.
optical microscopy, gravimetry, optical diffraction, porosity (resistance to airflow), harmonic,
radiometry, photometry and image analysis etc. [139]. Single fibre fineness has been
measured through vibroshop. It based on the principle of creating a natural vibration
(harmonic) in the fibre by an electronic delta impulse. The titer [dtex] is derived from the
fiber‘s vibration frequency. Fibre samples are picked from the ravelled yarn of the knitted
socks. So much handling and care were required. Information about the nominal fineness of
the fibres was taken from the yarn manufacturer. So pretension is selected according to the
nominal fineness of the fibre. This test is just an estimation of the fibre fineness. Tiny clips
that can generate pretension ranges from 30mg to 7000mg are available with the machine.
One end of the fibre is clipped with the selected pretension while the other is picked with the
help of tweezers. Then hanged it in the sample holder and left the tweezer’s end. After 30
seconds, press the lower black button. The fineness of the fibre will be displayed on the top

screen and given as under in Table 1.

Table 1. Experimental fibre fineness results

Fibre Pretension [mg] Fibre fineness [dtex] CV [%]
Cotton 100 1.42 15.72
Viscose 100 1.43 10.24
Polyester 100 1.58 10.55
Polyamide 100 3.43 5.55
Polypropylene 200 3.40 6.91
Wool 500 8.17 15.85
Acrylic 100 3.00 7.05

3.2 Yarn linear density, twist & porosity

The following are the yarns (Table 2) that have been used for socks knitting. Their nominal
yarn linear density and twist per inches range has been given. These values are from raw
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yarn. Dyeing makes the yarn coarser. It is rational because of some dye/ color attached to the
fibre caused to increase the weight. Dyeing of spun yarns was done after soft winding on
perforated springs or plastic tubes while the used filament yarn (polyamide) was dyed in muff
form. So the mechanical stresses have been relaxed during wet processing. It may be another
reason for the coarser yarn after dyeing.

Table 2. Yarn specification

varn descriotion Measured yarn count Twist
P [tex] CV [%0] Twist per meter CV [%]
20/1 Nec 100% Cotton
combed spun yarm 30.407 1.35 698.82 3.85
yam_
igﬁ ﬁ Nec 100% Viscose Spun | 5 5oq 1.20 610.24 3.02
0,
20/1 Nec 100% Spun 30.282 1.28 551.18 2.54
Polyester yarn
0,
100/36/2 D 100% Nylon 24.444 7.13 94.88 3.47
filament yarn
0,
84/25/2 dtex 100% 17.611 6.32 85.00 422
polypropylene filament yarn
0,
igﬁ ﬁ Nm 100% Wool spun 34.603 453 395.00 4.46
. :
igﬁ ﬁ Nm 100% Acrylic spun 50.505 48 525.00 5.16

Porosity is more one of the most important parameters for understanding the structure and
orientation of the fibres inside the yarn. It is defined as “the ratio of total empty area to the
total area or the empty volume to the total volume” [140] There are many theoretical and
experimental approaches are available to calculate the porosity of the yarn. A semi-empirical
model by Neckar (Eq.27) has taken care of yarn linear density, yarn twist, and yarn

technology factor as given below [141].

dyarn[km] = K x N{! x T¢ 27)

Where d is yarn diameter in micron, Kk is spinning technology coefficient and ‘g’ and ‘¢’ are
exponents to yarn fineness N; [tex] and yarn twist T [twist per meter] respectively. The values

of ‘q’ and ‘c’ remain constant with types of fibre. The values are based on the below Table 3;

Table 3. Constant values for (Eq.27)

Fibre type K q c
Cotton 135 0.6416 -0.2613
Viscose 251 0.6342 -0.3763

Polyester 161 0.6650 -0.2790
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Later on Ishtiaque and Das [142] have modified the above Neckar’s model by separating the
type of fibre and spinning technology as given in (Eq.28).

dyarn[im] = K3 + Ky X N X T¢ (28)

For ring spinning technology K2 = 222, where as the values of the other constants for (Eq.28)
have been given in below Table 4
Table 4. Constant values for (Eq.28)

Fibre type K1 q c
Cotton 86.7 0.6416 -0.403
Viscose 28.6 0.6342 -0.372

Polyester 49.5 0.665 -0.357

The equivalent fibre diameter [143] is calculated as per below (Eq.29)

4Ti re
dfipre[sm] = \/ fib (29)

10~ 6XTIXPfipre

Tribre is the fibre fineness in tex and pripre is the fibre density in kgm™. (Eq.30) could be used to
calculate the packing yarn density based on the theoretical fibre number (n) is as under;

nd?g
n x fibre

0 =—">2— (30)

nd’yarn
4

n is the number of fibres in the cross-section of the yarn is calculated as per (Eq.31)

tex

n=—>2="xk, (31)

teXfibre
The value of k, depends on the orientation of the fibre assemblies. For filament yarns without
any twist this value will be 1 and for cotton yarn 0.95 etc [141]. After calculating the packing

density the yarn porosity (Eq.32) will be;
€yarn[%] = (1 — @) X 100 (32)

For experimental yarn diameter, images of the yarns have been taken by camera (ProgRes-
CT3) attached to a microscope under transmitted light. The grabbed images were analyzed by

using NIS-elements software. Following are the images for all the sock samples (Fig.5);
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Figure 5. Yarn images for diameter measurement

Measured and experimental yarn diameter has been given in below Table 5
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Table 5. Yarn diameter results

Yarn diameter [um]

Yarn Description
Neckar Ishtiaque Experimental
20/1 Nec 100% cotton carded spun yarn 218.059 228.45 239.16
20/1 Nec 100% viscose spun yarn 196.65 207.39 230.45
20/1 Nec 100% spun polyester yarn 267.29 274.76 234.86
100/36/2 D 100% nylon filament yarn 246.46
84/25/2 dtex 100% polypropylene filament yarn 236.53
30/1 Nm 100% wool spun yarn 237.83
20/1 Nm 100% acrylic spun yarn 330.21
Yarn porosity (measurement & calculated) is given in Table 6
y
Table 6. Yarn porosity results
Fibre No. of fibres
Yarn diameter in yarn cross Yarn porosity [%]
Yarn description count [pm] section
[tex] (Eq.29) (Eq.31) Neckar Ishtiaque Experimental
0,
100% cotton carded | 34 447 10.84 203.43 49.73 54.20 58.21
spun yarn
R
;gron/" viscose spun | 34 596 10.88 203.26 37.78 44.06 54.69
0,
;g?n/" Polyesterspun | 34 5g7 11.43 182.08 66.70 68.49 56.87
5 -
100% nylon filament |, ;1 16.84 72 66.39
yarn
100% polypropylene | ;7 5,4 16.77 50 74.87
filament yarn ' ) )
100% wool spun yarn 34.603 26 40.24 51.91
5 -
igfnﬂ’ acrylic spun 50.505 15.75 159.93 63.62

3.3 Socks samples

All the plain (single jersey) socks samples as shown in (Table 7) & (Fig.7) were knitted on
the same machine (Lonati Goal GL544S, 144Needles, Diameter 4°°, 4Feed) settings by

varying the main yarns to get the homogeneous samples with respect to specs and stretches

for contrast comparison. “The yarn running at the surface of the sock is called the main yarn

and the plaiting yarn (generally spandex covered polyamide or polyester filament yarn) runs

inside the fabric providing stretch, elasticity, comfort and shape to the sock” [144][95]. After
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knitting, all the samples were processed for washing (appendix 15) in the same machine bath

followed by tumble drying and boarding.

Table 7. Sock samples specifications

Main yarn nominal " . TS, GSM Thickness Sock
count Plaiting yarn Fibre composition [%] [em™] [mm] codes
29.525/1 tex 100% Cotton 80%, Polyester
Cotton spun yarn 18.20%, Elastane 1.8% 129.88 0.95 P1
Viscose 81.08%
o ,
f,?siiié 1;%‘”10%’ Polyester 17.22 %, 130.44 0.90 P2
pun’y Elastane 1.70%
29.525/1 tex 100% Polyester 98.38%, 125.70 0.95 P3
Spun Polyester Elastane 1.62%
2.22/8.33/36/1
11.11/3@/2 tex 100% tex Polyester air | Nylon 70.83%, Polyester 115.34 0.91 P4
Nylon filament yarn covered Elastane | 26.54%, Elastane 2.63%
8.4/25/2 tex 100% (91:9) % Polyproplene 65.22%,
polypropylene filament Polyester 31.65%, 108.92 0.82 P5
yarn Elastane 3.13%
33.33/1 tex 100% Wool 76.19%, Polyester
Wool spun yarn 21.67%, Elastane 2.14% 133.69 1.16 P6
. Acrylic 81.25%
0 1
SOL/J %] te:rr}OO/" Acrylic Polyester 17.06%, 166.89 1.20 p7
pun’y Elastane 1.69%

dededy

ﬂ.‘h‘.‘.

”’M\fm

ﬂ.‘ ‘.‘.
GTRITOGTOTQ

W o v 4w nN

Figure 6. Knitting style of plain (single jersey) sock construction

Images for all the samples have been taken through a camera (ProgRes CT3) attached to a
macro scope (NAVITAR) with the lights and stand (HAISER Germany) from front and
backside of the socks with (Fig.8) and without extension (Fig.7). Main and plaited yarns
could easily be observed from front side and back side of the socks.
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SEas INRY L =
P4 (front side) P4 (bak‘ s_ide) -
Figure 7. Sock images by macroscopic camera (without extension)
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P6 (front side) P6 (back side)

P7 (front side) P7 (back side)
Figure 7. Sock images by macroscopic camera (without extension)

Main yarn is more prominent from side except some of the plaited yarn loops could be seen
oven the main yarn for samples P1, P2 & P3 due to contrast of color. Plaiting yarn along with
the main yarn could be easily distinguished from the back side of these samples very easily.
As well as P4, P5, P6 & P7 samples are concerned, plaited yarn could be identified with its

glow difference.
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P3 (front side)
%A Re

P4 (frontside) P4 (back side)
Figure 8. Sock images by macroscopic camera (with extension)
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P5 (front S|de)

P6 (fron side) P6 (back side)

P7 (front sidé) P7 (back 5|de)
Figure 8. Sock images by macroscopic camera (with extension)

For friction testing, an insole (commercially available) was arranged randomly.

Specifications (mentioned on the label) of the insole are as under (Table 8);
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Table 8. Insole sample specifications

Salamander professional (melvo GmbH)
Length = 30cm

Top layer = Long terry cotton woven fabric
Middle layer = Activated carbon

Bottom layer= Latex foam

3.4 Fibre quantitative analysis

Fibre composition of the socks was measured by the standard test method “AATCC-20A
Fiber Analysis: Quantitative” [145]. A specimen of not less than 5g was taken and dried to
constant weight in an oven at 105-110°C. Moisture content was calculated. After de-knit the
socks, the main yarns were separated from plaiting. The weight of the main yarn recorded
and converted into a percentage. Whereas, the plaiting yarns i.e. polyester covered elastane
and polyamide covered elastane were chemically separated as per the instruction given in
Method No.7 & Method No.6 (AATCC-20A) respectively. Record the weight of the dried
residue to the nearest 0.1 mg. Fibre content was calculated as per (Eq.33).

G—H;
Xi = L

—TX 100 (33)

Where:
Xi = content of fiber i, percent.

G = weight of clean, dry, prepared specimen

H; = weight of dried residue after treatment

3.5 Volume socks porosity by model

Sock’s structure is important due to several advantages. Physically, it presents properties of
comfort such as high elasticity, conformity with the shape of the body, softer hands feel, and
others. In general, heat & mass transmission rate is dependent mainly on the fabric
geometrical parameters, namely, thickness and porosity [146]. Porosity (¢) is the volumetric
ratio of the pores accessible by total volume [147]. The porosity of the fabrics can be
calculated by air permeability, image processing, and geometrical modelling approaches
[148]. Volume porosity of the socks was determined according to (Eq.34) [149][150].
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Porosity (£)% = (p‘;—‘p) x 100 34)

0
where py is fibre density [kgm™] and p is fabric density [kgm™]

3.6 3D porosity of socks by micro-tomography scanning

3D porosity of the socks was investigated by using an x-ray computed micro-tomography
SKYSCAN 1272 system. In this system (Fig.9), radiation is converted into an electrical
signal between the x-ray source and the detector, the specimen revolves on a vertical axis. 2D
images in several steps are taken during this rotary motion. Reconstruction software
generates a 3D model of the actual specimen from these images [151]. Following are the
common settings for all the tested samples: image pixel size —3.0um, lower grey
threshold—33, upper grey threshold —255, rotation step — 0.2°, rotation degrees —180 °, frame

averaging — 3, exposure — 672 ms, voltage source — 50 kV, source current —200 uA. For more

detail see (appendix 13).

B

360° rotation

Figure 9. Working Scheme of micro-tomography [152]
3.7 Sample preparation for testing

For the extension simulation, the socks were loaded on a dummy leg (Salzmann MST
Switzerland) [153] of medium size (24cm) as per specification of the standard method (RAL-
GZ-387/1), for detail see (appendix 2 & appendix 15). Then worn socks are marked as per the
testing template. After unloading, the socks were extended to the marked circle with the help
of an embroidery hoop as shown in (Fig.10). Sock samples were tested for the thermal
resistance & thermal absorptivity in the dry state (lab conditions moisture content). Then wet
to the saturated level (100% moisture content) by BS EN ISO 105-X12 standard test method.
The established technique for preparing a wet fabric of the known oven-dry fabric weight,
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then thoroughly wetted in distilled water. The wet pick-up brought to 100 + 0.5% by putting
wet testing fabric on a blotting paper. The evaporation of the moisture content below the

specified level was avoided by using polyethylene bags. Furthermore, tested again for the up

\

given tests under extension at different moisture levels.

(©

Figure 10. Schematic illustration of (a) Circle marking, (b) Socks loading on dummy foot,
and (c) Embroidery hoop respectively

During adsorption and desorption of socks the hysteresis arises inherently. It is a
phenomenon during which a material experiences a separate saturation level at the same
relative humidity depending on its loading history as shown in (Fig.11). This phenomenon
was first reported by van Bemmelen [154], but the first detailed theory of adsorption
hysteresis was put forward by Zsigmondy [155]. In (Fig.11), OBT and TAO are the
adsorption and desorption arms of the hysteresis loop respectively. There exist many studies

on the adsorption hysteresis. But the study didn’t aim to grasp it in detail.

Desorption

A

Isotherm

Isobar +~

Isostere
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o
1-0
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Figure 11. Schematic illustration of hysteresis loop showing the paths of the isobar,
isostere and isotherm curves [156]
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3.8 Testing equipments/ methods

Type of equipments was selected for this research as per the situation of worn socks and
limitations of the manikins. Socks wore inside shoes shown 1st order boundary conditions;
the constant different temperatures on both surfaces of the fabric (like Alambeta). Socks were
worn (calf area) partly under 3rd order boundary conditions; conduction inside = convection
outside (Thermal foot model, Permetest). The condition is more clearly illustrated in (Fig.12).
Furthermore, short testing time (almost keep the specific moisture content) distinct the
Alambeta and Permetest from other skin models and manikins. So Alambeta and Permetest
were selected especially for wet testing.

Boundary Conditions

¥ Thermal Resistance Comparison in Dry State

_)‘g = (t; — tp) B TFM Permetest ~ Alambeta

dx

Thermal Resistance in Wet State

Theoretical ‘ Experimental

Alambeta

1** order boundary conditions
Teonstant (X = 0 at the surface) E{/

Figure 12. Worn sock situation inside the shoe

3.8.1 Alambeta (equivalent to 1SO 8301)

The thermal resistance (Rct) and thermal absorptivity (b) of the developed samples were
measured by Alambeta tester [30], which provides a fast measurement of both steady-state
and transient-state thermal properties. This instrument simulates the heat flow q [Wm?] from
the human skin to the fabric during a short initial contact in the absence of body movement
and external wind flow. With the two bodies brought into ideal contact the time course of
temperatures is determined by solving the known one- dimensional partial differential

equation (Eg.35) according to the relation;

oT _ _ 0°T

E = aﬁ (35)
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where a is the thermal diffusivity which can be calculated from the below (Eq.36)
a=— (36)

The measuring head drops down, touches the fabrics, and the heat flow levels are processed
and the thermo-physical properties of the measured specimen are evaluated [5]. The
measurement lasts for several minutes only. Thus, reliable measurements on wet fabrics are
possible, since the sample moisture during the measurement keeps almost constant. As
mentioned earlier, socks are worn inside the shoes under first-order boundary conditions, and
Alambeta testing corresponded well to the use of socks inside a shoe (boundary conditions of
first-order). Thermal resistance (Rct) assessed using the Alambeta tester, which enables fast
measurement of both steady-state and transient-state thermal properties as shown in (Fig.13).

This diagram demonstrated the maximum Qmax, dynamic (transient) gayn and Qsteady heat flow.

4

Omax

q[Wm?]

Figure 13. Time dependence heat flow after contact [30]
Steady-state heat flow has been shown by (Eq.37)

_ 44

(steady — Rt (37)

Thermal resistance (Rct) [m2KW™] is used to express the heat insulation properties of the
fabric. Rct of textiles is affected by fibre conductivity, fabric porosity, and fabric structure. It

is also a function of fabric thickness, as shown by the following expression (Eq.38);
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h
R = Y (38)
3.8.2 Permetest

The relative water vapour permeability and Rct [m2KW™] were measured by using Permetest.
The Permetest [157][98][49] instrument is the so-called skin model that simulates dry and
wet human skin and it serves for the determination of water vapour and thermal resistance of
fabrics. Common standard measuring instruments mostly do not provide for a reliable
measurement of water vapour permeability for wet fabrics due to the time-consuming
measurement. Permetest is the equipment which provides a faster measurement of the water
vapour permeability of fabrics, especially, in the wet state. The main contribution of the
measurement is the determination of the exact ratio between the level of heat flux density of
the heat flow penetrating the wet fabric having a cooling effect, and that of the heat flux
density of the heat flow caused by the moisture evaporation from the fabric surface, also has
a cooling effect [25]. Results of measurements are expressed in the units defined in the 1ISO
Standard 11092. Thermal resistance Rct is measured as per below (Eqs.39-41).

ts—ta)xA
Reo = {tsta)xA Pa) (39)
(ts—ta)xA
Retn =5 — (40)
Ret = Retn — Reto (41)

Where, ts, t; are skin and ambient temperatures respectively. A represented area [m?] and P is
the transmitted power [W]. Ry and R, are the thermal resistance values without and with a
sample. Relative water vapour permeability (RWVP) is a non-standardized but practical

parameter. It is given by the following relationship (Eq.42):

RWVP (%) = 100 (3—) (42)
0

s, Qo are heat flow with and without sample respectively.
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3.8.3 Thermal foot model

Thermal foot model (TFM) is a part of the “thermal sweating foot manikin system”. It
consists of 13 silver alloy surface segments, stainless steel supporting structure, shock
absorbers, heating subsystem, and sweating subsystem. TFM is intended to test the thermal
resistance and evaporation resistance of footwear. Geometrically it resembles a human foot
with several geometrical modifications. The size of the TFM was tuned to fit into the
footwear of standard 42 EU size. The heating subsystem was connected by highly flexible
cables to thermal manikin controller (TMC). The sweating subsystem was connected to the
water dispensing unit (DU). For more detail see (appendix 1). At the moment water
dispensing was functional as per the gravimetric method. Both TMC and DU were controlled
programmatically by means of MANICON computer program on a standard PC. (Fig.14a)
depicts an assembled FM, attached to Gait Simulator. (Fig.14b) is a general layout of
individually controlled surface segments. The thermal resistance of the sock is measured as
per the above (Eqs.39-42).

(b)
Figure 14.(a) Assembled foot manikin (b) The layout of surface segments [158]

Before discussing the comparison of Rct between Alambeta, thermal foot model (TFM), and
Permetest, it is very important to understand the difference of measuring conditions as given
in Table 9. The thermal resistance comparison was performed based on the similarity of
testing conditions. There is no free convection existing on Alambeta. So (0.1~0.25 ms™) air
velocity is selected when comparing Alambeta with TFM. In the case of Permetest and TFM

comparison, both have 1ms™ air velocity.
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Table 9. Thermal skin models comparison

Parameter Thermal foot model Permetest Alambeta
Convection 0.1~0.25 ms™®, 1ms™ 1ms* 0.1~0.25 ms™
Relative humidity 6515 % 65+5% 65+5%
Ambient

21+1°C 21+1°C 21+1°C
temperature
Foot /skin model 350 Ambient temperature Ambient temperature
temperature +10°C +10°C
Chamber door Open Not Applicable Not Applicable

TFM glued with a semi-

Permeable permeable membrane as Permetest already has a .

N Not Applicable
membrane shown in (Fig.15a and GORE-TEX membrane.

Fig.15b)

(@)

(b)

Figure 15. (a) A semi-permeable membrane of 2.9 m?paW*glued (b) Open spaces between
segments are covered with paper tape

3.8.4 Averaging thermal conductivity & filling coefficient calculations

By assuming that the fabric density is changing by wetting, then wetting causes the change of
filling coefficient, porosity and thermal conductivity of fabrics. On the basis of these
assumptions following three equations are developed that will be applied to find the fabric
density, filling coefficient and thermal conductivity for different moisture levels. An average
thermal conductivity for different fibres (within socks) at different moisture levels will be

calculated as per (Eq.43).
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(Fw-7\w+Ffibl-7L fib1+Ffib2-7\fib2+”‘) (43)
Fw+Ffib1 +Ffip2+--

Average Thermal Conductivity ( Awet polymer) =
F. = Water filling coefficient, Fsip;= 1% fibre filling coefficient,
Frino= 2" fibre filling coefficient, Aw= Water thermal conductivity,

Aip1= 1% fibre thermal conductivity, Asino= 2" fibre thermal conductivity

Filling coefficients for water, fibre, wet polymer, and the air is calculated as per below steps

given in Table 10;

Table 10. Filling coefficients

Measurement F, = Water filling coefficient Fti, = Fibre filling coefficient
Moisture content % %
Mass gram gram
Area m?2 m?2
. ram ram
Areal density g > g =
m m
. . Areal density -3 Areal density -3
Volumetric denSIty Fabric thickness [kgm ] Thickness [kgm ]
Filling coefficient Volumetric de.nsity Volu.metric de.nsity
Water density Fibre density
Air filling coefficient (F,) is calculated as per below (Eq.44);
Air filling coefficient (F,) = 1 — (F,, + Fgp) (44)

Filling coefficient for wet polymer will be calculated as per (Eq.45). This value will be used

as input in all above models for measurement of thermal resistance in wet states.
Wet Polymer filling coefficient (FWet polymer) = Fy + Fsp (45)

The output of (Egs.43-45) is used as input in the above models. The thermal conductivity of

water and air is taken as 0.60, 0.026 [Wm™K™] while the density of water is 1000 [Kgm™].
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Different values were found for the thermal conductivity of textile fibres. However, the
following values of density [159] and thermal conductivity have been taken for different

fibres in this study are given below in the below Table 11.

Table 11. Different fibres properties

Fibre name Density [Kgm3] Therm[%:/;:#?&glt]:tivity
Cotton 1540 0.50 [160]

Viscose 1530 0.50 [62] [159] [160]
Polyester 1360 0.40 [159]

Polyamide 1140 0.30 [159] [160] [161]
Polypropylene 900 0.20 [159] [160]

Wool 1310 0.50 [62]

Acrylic 1150 0.29 [81]

3.8.5 Validation of the models

Validation of the theoretical models is done by comparison of results (x) with results obtained
by experiments (y) for a set of parallel determinations. If both methods (theoretical &
experimental) lead to same results, the dependence of y on x is linear (y = B1x + B2) with zero
intercept B2 = 0 and unit slope B; = 1. This validation is done by the joint confidence region
for intercept and slope because estimators are correlated. Assumptions for this composite

inference will be as under i.e.
1. Null hypothesis Hyp: B2 =0and p; =1
2. Alternative hypothesis H;: B2 #0 and 1 # 1
3. Level of significance: « = 0.05
4. Test statistics:

_ (RSC;—RSC)(n—m)
- RSCq

Fq (46)
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5. Critical region:
Check the value from table for Fisher-Snedecor F-distribution Fo.95 (m, n-m)
6. Conclusion:

If the calculated value (Eq.46) is less than the critical value then accept the null
hypothesis Ho: B2 = 0 and B; = 1. It means both intercept and slope isn’t significantly
different from 0 and 1 respectively at a 95% confidence level. A simultaneous test of
the composite hypothesis confirmed that a new laboratory method (by theoretical
model) is in agreement with the results of a standard one (experimental). And if the
calculated value is higher than the critical then alternative hypothesis Hi: B, # 0 and
B1 # 1 will be accepted with the conclusion that theoretical model results aren’t in

agreement with the experimental results [162][163].

3.8.6 Frictional characteristics of socks in wet conditions

Clothing comfort is an intricate theory affected by different causes i.e. thermophysiological,
sensorial, and ergonomic. Thermo-physiological relates to heat and mass transfer, sensorial is
a tactile property related to skin feel and ergonomic comfort links to the garment fit and an
affinity to stick the skin [164]. Various researchers investigated the effect of humidity on the
coefficient of friction between skin-socks & socks-textile interfaces. They all reported an
increase in the coefficient of friction with higher humidity [127] [131][165][166]. Friction
between another interface (sock-insole) is also very critical to design (socks/ shoes), blister
formation, postural balance and friction ratio (between sock-skin & sock-insole interfaces).
The purpose of the current study was to assess the effect of different levels of moisture
content, influencing the sock-insole frictional performance on the plain knitted socks. All the
plain knitted socks (Table 7) have been used for the characterization of friction properties at
different moisture levels. The frictional property of the sock-insole interface was determined
by using a horizontal plate method (ASTM D1894) where a sled of known weight (2009)
connected with a tensile testing machine (Zwick/ Roell ZMART.PRO). This apparatus
(Fig.16) is based on the sliding type of movement and can characterize both static and
dynamic friction contacts under a variety of test conditions [167][168][169].
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Sock Normal Force

(@) (b)

Figure 16. Horizontal plate friction analyzer (a) Drawing (b) Real situation

The contact area of the sock sample with the insole is (6.4x6.4) cm?. The load cell of 5N was
selected with a pretension of 0.25N and 100mm/min speed to pretension. During the friction
test, the insole remained stationary, while the sock (clamped inside the sled) was submitted to
a horizontal movement. The friction force between the sock-insole interface was measured by

a force sensor and coefficients of friction (u) were calculated according to (Eq.47).

= (47)

Although, friction should be characterized under an extension to simulate the real condition,
along with the load that produces equivalent normal force to the average human body weight.
But it was not feasible on the above-mentioned machine until unless some modification was
done through mechanical work. The bodyweight factor could be compensated by the
frictional force conversion into the coefficient of friction (COF). Secondly, the aim of the

study is the effect of the moisture content on the sock’s frictional properties.
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Chapter 4

4 Results and discussions

4.1 Socks porosity
4.1.1 Volume porosity of socks by model & micro-tomography (MCT)

Volume porosity (with and without extension) was determined by a semi-empirical approach
as per (Eq.34). As fabric areal density and thickness need to be determined experimentally.
Socks are extended as per section (3.7 Sample preparation for testing). (Fig.17) shows the
final (from the top, wales, and course views) images of all the tested socks scanned by micro-
tomography scanner (SkyScan 1272) as 2D and converted into 3D by using NRecon. A

sample size of 5x5 mm has been used for scanning these images.

P3
Figure 17. 2D scanned images conversion into 3D images by using NRecon
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P7
Figure 17. 2D scanned images conversion into 3D images by using NRecon

For porosity quantification, distribution of the pores, and pore thickness, above images were
analyzed by using another software recommended by the manufacturer (BRUKER) is CTAN.
The analysis data generated by CTAnN has been given at the end (see appendices 2-8). The
color coded images (Fig.18) were generated by CTVox by using the data provided by CTAN.
The measurement of the 3D pore thickness referred to as “sphere-fitting” and this thickness

considered as the diameter of the largest enclosed sphere [170].

> 500 um <

Figure 18. Color coded images by CTVox
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> 500 um <

P7
Figure 18. Color coded images by CTVox

Final plots for pore distribution presented in (Figs.19-25) are constructed on the basis of data
that has been generated during micro-tomography analysis by CTAn. For more detail, see
(appendixes 6 - 12). Pore distributions are colored similar to their representation in the color
coded images (Fig.18) where pores are represented by light blue to blue color for large,
medium and small pores respectively. Three ranges were selected for distributing the pores
into three sizes randomly i.e. small pores range (0.003-0.021mm), medium range (0.021-
0.075) and large range (0.075- 0.0309). Although the socks were developed with the same
knitting machine on the same parameters, still variation observed in the distribution of pores.

Pores distribution depends may upon many factors i.e. fibre type, fibre fineness, yarn
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fineness, yarn twist, yarn manufacturing technology etc. (Fig.19) shows the pore distribution
thickness for sample P1. Likewise the color coded images (Fig.19), light to dark blue color is
divided in three sections for small, medium and large pores. As per the assumed ranges for
pores, 22.3775%, 61.5542% and 16.0685 volume is fall in small, medium and large pores

range respectively.

Pore distribution (P1)
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Figure 19. Pore size ranges distribution (P1)

(Fig.20) shows the pore distribution thickness for sample P2. 23.31661% volume is covered
by the small pores highlighted with dark blue color. 55.6958% volume is designated for
medium size pores and 20.989881% volume is for large pores. As per (Fig.21), medium pores
range consist of 42.2126% volume followed by large pore size range 41.39371% and
16.2636% covered by the small pores for P3 sample. The higher percent volume of the large
pores is also evident physically (plaited yarn could be seen along with main yarn) and from
the macroscopic images (Fig.7). Although the plaited yarn is the same for all the samples,
probably the preheat setting of the polyester yarn during dyeing at 130°C causes to reduce its
shrinkage. P4 sample has 6.4242%, 58.3583%, and 35.215% volume in range for small,
medium, and large pores respectively (Fig.22). Like P4, 8.0138%, 60.3677%, and 31.6184%
volume is covered by small, medium, and large pores for P5 (Fig.23). P6 sample has
6.5378%, 41.2942%, and 52.1681% volume for small, medium, and bigger (large) pores
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(Fig.24). Likewise to P1 and P2, P7 has 20.4087%, 57.0487%, and 22.5428% volume for

small, medium, and large pores (Fig.25).
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Pore distribution (P4)
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Pore distribution (P6)
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Figure 25. Pore size ranges distribution (P7)

For the measurement of volume theoretical porosity without extension, areal density and

thickness are given in (appendix 4). The results of the volume porosity demonstrated that

extended socks have higher porosity (Fig.26). This increase in the porosity also reported by

49



Abdolmaleki et al. at different extension levels for loose knitted fabrics [171]. Porosity falls
between 78% to 90% range without and with extension respectively. Guidoin et al. stated that
knitted fabrics porosity lies between 67%-84% and even 90% is not uncommon [149].
Extension causes to increase the pore size (space between loops) of the fabric and decrease
the fabric thickness. It leads to a decrease in the volume of the fibre (solid part) and increases
the volume of air corresponds to porosity. Porosity measured by micro-tomography (Fig.26)
IS in agreement with theoretical porosity (without extension) at a 95% confidence level for all
the socks. As the thermal resistance model’s prediction in the next sections is based on this
porosity model. This comparison is logical and it further validated that the used model for the
calculation of porosity is correct. The difference is between (0.14 - 4.3715%) for all the socks
except P1. 7.4256% lower porosity is measured by micro-tomography with respect to the
predicted value. That is close to the difference observed by Doczyova et al. i.e. 6% during

porosity comparison of knitted structures [172].
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Figure 26. Volume porosity (micro-tomography vs theoretical)

4.2 Effect of moisture content on thermal resistance

Figures 28, 30, 32, 34, 36, 38 and 40 clearly demonstrate that as the moisture (%) increases,
the thermal resistance decreases irrespective of sock fibre composition. That is in compliance
with the previous researchers [22][56][19][18][57][173]. For all the models the input thermal
conductivity and filling coefficients were measured in wet polymer at different moisture
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levels. The correlation between experimental and predicted models was checked by
coefficient of determination (R2). The values of coefficient of determination (Figures 29, 31,
33, 35, 37, 39 and 41) for all the three modified models (ME-2, Schuhmeister and Militky)
showed that these models could make reasonable predictions of thermal resistance in the dry,
as well as the wet condition also at different moisture levels for all the major fibre blends
being used for socks. Coefficient of determination (R?) is fall between 0.7691-0.9535 for all

the samples.
4.3 Assumptions for theoretical models

All the theoretical models for thermal resistance prediction are used by feeding the thermal
conductivity (Awetpolymer) and the filling coefficient (Fyyet potymer) Of Wet polymer instead
dry. Fiet polymer @Nd Ayet potymer 1S Calculated as per (Eqs.43-45). After this amendment,

these models can also predict thermal resistance for wet fabrics. (Fig.27) demonstrated the

volume fraction of air, water, and fibre.
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Figure 27. Schematic presentation of (a) Segmental mass & volume, and (b) Volumetric
change during wetting

Following are the assumption assumed for the development of theoretical models for the
prediction of thermal resistance in the wet state;

e Fabric thickness assumed as constant
* No Free convection (as Rayleigh Number < 1000)

« The constant different temperature on both surfaces of the fabric 1% order boundary

conditions
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» To simplify the model, fibre filling coefficient is assumed as constant
+ Air and water filling coefficients are variable

» Fibre (polymer) and water filling coefficients are combined as wet polymer filling

coefficient

» Thermal conductivity of wet polymer (water and fibres) are combined as per their

volume
* No dimensional changes occurred at different moisture levels as tested in extended state
» Fabric areal density and thickness measured in the extended state

* Alambeta’s thickness is considered
4.3.1 Effect of moisture content on cotton socks (P1)

The predicted and experimental thermal resistance of P1 (cotton 80%, polyester 18.20%,
elastane 1.8%) at various moisture levels is given in (Fig.28). All three Maxwell modified
Militky modified and Schuhmeister modified models have the best prediction at different
moisture levels for the P1 sample. ME-2 modified, Militky modified, and Schuhmeister
modified have R? values, i.e. 0.8911, 0.8851, and 0.8754 respectively as shown in (Fig.29).
The thermal resistance is decreasing with the increase of moisture level (Fig.28). About 50%
reduction in the thermal resistance is observed at 30% moisture content. This reduction is in
accord with Naka and Kamata’s study and close to the value reported by Mangat i.e. 70%
[57][19]. Kanat et. al also observed a 50% reduction between 25-30% moisture content for
single jersey cotton knitted fabrics in loose as well as tight state [173]. This decrease is
uniform till 20% moisture content, a rapid decline is observed between 20% and 30%
moisture content. This trend is evident in (Fig.28) with green square legends. Overall
Schuhmeister has the highest prediction due to 67% consideration of thermal resistance in
series followed by the Militky modified model. It means as the portion of series consideration
decreases thermal resistance decreases. In line with previous investigations of fibre alignment
in series having 2-3 times higher thermal resistance than parallel [77][174].The findings are
in accordance with Wang et. al [83] work. They have predicted the thermal conductivity with
respect to porosity by using different combinations and models i.e. ME-1, ME-2, series,

parallel, EMT, series+ parallel, ME-1+ME-2, etc. According to their findings, the series
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model has the lowest thermal conductivity followed by ME-2 while the parallel model has the
highest prediction. Conversely, higher thermal conductivity means lower thermal resistance
and vice versa. Reddy and Karthikeyan [175] also have the same findings during their study
for predicting the thermal conductivity of frozen and unfrozen food materials. Carson’s work

further validated these results through the thermal conductivity prediction of wheat flour.

Thermal resistance (P1)
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Figure 28. Predicted & experimental thermal resistance: P1 (cotton 80%, polyester 18.20%,
elastane 1.8%)

Coefficient of determination (R?)
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Figure 29. Coefficient of determination predicted & experimental thermal resistance: P1
(cotton 80%, polyester 18.20%, elastane 1.8%)
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Validation of the theoretical models is done by comparison of results (x) with results obtained

by experiments (y) for a set of parallel determinations. This validation is done by joint

confidence region as shown in Table 12.

Table 12. Summary output P1 (ME-2 Mod. Vs Experimental)

Preg‘(‘;md EXpeE'yr;‘e”ta' §1=b(1) +0 (y- 522 §=1.3127x -0.0041 (- §)°
001745962 | 00189 | 0.01745962 0.00000207 0.01881924 0.00000001
001460966 | 00167 | 0.01460966 0.00000437 0.01507811 0.00000263
001264591 | 00104 | 0.01264591 0.00000504 0.01250028 0.00000441
001106021 | 00094 | 0.01106021 0.00000276 0.01041874 0.00000104
000855142 | 00084 | 0.00855142 0.00000002 0.00712545 0.00000162

RSC,= 0.00001427 RSC= 000000971

On substitution in to (Eq.46)

0.0001427-0.0000971)(5-2
F, = 222 - 0,7039

(0.0000971)(2)

In the case of ME-2 modified model, (F1 =0.7039) is lesser than the quantile of the Fisher-
Snedecor F-distribution Fogs (2, 3) = 9.5521, so the null hypothesis Hy cannot be rejected. It

means the predicted thermal resistance with the ME-2 modified model isn’t significantly

different than the experimental results. Similarly, Table 13 shows the calculations for Militky

modified model.

Table 13. Summary output P1 (Militky Mod. Vs Experimental)

et | PP | gi=by o0 (- 92 § = 1.5592x -0.0096 -9
0.01814618 0.0189 0.01814618 0.00000057 0.01869353 0.00000004
0.01584099 0.0167 0.01584099 0.00000074 0.01509927 0.00000256
0.01420975 0.0104 0.01420975 0.00001451 0.01255584 0.00000465
0.01286227 0.0094 0.01286227 0.00001199 0.01045485 0.00000111
0.01066660 0.0084 0.01066660 0.00000514 0.00703136 0.00000187

RSC;= 0.00003295 RSC = 0.00001024

On substitution in to (Eq.46)

F1 — (0.00003295 — 0.00001024)(5-2) = 33266

(0.00001024)(2)

In Militky modified model, (F; =3.3266) is lesser than the quantile of the Fisher-Snedecor F-

distribution Fogs (2, 3) = 9.5521, so the null hypothesis Hy cannot be rejected. Again it

verified that the predicted thermal resistance with the Militky modified model isn’t
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significantly different than the experimental results. Table 14 shows the summary out for

calculation of composite confidence region validation with Schuhmeister modified model.

Table 14. Summary output P1 (Schuhmeister Mod. Vs Experimental)

Pregi(;’ted EXpe?;;‘e”ta' §1=b(1) + 0 (- §1)? §= 1.4787x -0.0131 (y- )2
00214083 |  0.0189 00214083 0.0000063 00185565 0.0000001
00191248 | 00167 00191248 0.0000059 00151798 0.0000023
00174395 | 0.0104 00174395 0.0000496 00126878 00000052
00160012 |  0.0094 00160012 00000436 00105610 00000013
00135620 |  0.0084 0.0135620 0.0000266 00069541 0.0000021
RSC,= 0.0001319 RSC = 0.0000111

On substitution in to (Eq.46)

F, = (0.0001319 — 0.0000111)(5-2) = 16.3287
(0.0000111)(2)

Schuhmeister modified model, (Fy =16.3287) is greater than the quantile of the Fisher-
Snedecor F-distribution Fg g5 (2, 3) = 9.5521, so the null hypothesis Hy cannot be accepted. It
means that the predicted thermal resistance with the Schuhmeister modified model is

significantly different than the experimental results.
4.3.2 Effect of moisture content on viscose socks (P2)

In the case of P2 sock (viscose 81.08%, polyester 17.22% & elastane 1.77%), Militky
modified model has the best prediction at 11.45%, and 19.50% moisture levels as shown in
(Fig.30). ME-2 modified has a better thermal resistance prediction at 30.30, 40.17% and
49.80% moisture levels. All three models have a reasonable prediction of thermal resistance
with R? > 0.94 as shown in (Fig.31). Similar to the P1 sample a rapid decline in the thermal
resistance with the increased moisture content is also observed, between 20% to 30%
moisture content. This reduction is in agreement with Naka and Kamata’s study and close to
the value reported by Mangat i.e. 70% [57][19]. Schuhmeister modified model has the
highest prediction followed by Militky modified and ME-2 modified at all the moisture
levels. Over again lowest to the highest prediction of thermal resistance order by different
models has verified the findings of Finck[174], Bogaty et. al [77], Wang et. al [83] & Reddy
[175]. From these studies, it has been established that series alignment has predicted the
highest thermal resistance followed by ME-2, combinations of (ME-2, ME-1, EMT, series,
and parallel), EMT, ME-1, and parallel.
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Figure 30. Predicted & experimental thermal resistance: P2 (viscose 81.08%, polyester
17.22% & elastane 1.77%)
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Figure 31. Coefficient of determination predicted & experimental thermal resistance: P2
(viscose 81.08%, polyester 17.22% & elastane 1.77%)

Tables (15-17) show that the value of composite confidence region for slope and intercept at
95% confidence level validated all the theoretical models except Schuhmeister modified

model as the calculated value F1=24.6719 is higher than the critical value Fogs (2, 3) =

56



9.5521. It means the thermal resistance prediction with Schuhmeister modified model is not

significantly correct with respect to experimental results. As per Table 15 and acceptance of

the null hypothesis Hyo, ME-2 modified model is validated as having lower F; i.e. 3.0476 than
the critical value 9.5521. In case of Militky modified model, (F; =3.0476) is lower than the
quantile of the Fisher-Snedecor F-distribution Fogs (2, 3) = 9.5521, so the null hypothesis Ho

cannot be rejected.

Table 15. Summary output P2 (ME-2 Mod. Vs Experimental)

Experimental

Predicted (x) o) 91=b(1) + 0 (y- 91)2 § = 1.384x - 0.0039 (- 9)?

0.015732933 |  0.0179 | 0.015732933 0.000004696 0.017874379 0.000000001
0.014030435 |  0.0165 | 0.014030435 0.000006099 0.015518121 0.000000964
0.011750911 | 0.0110 | 0.011750911 0.000000564 0.012363261 0.000001858
0.009679554 |  0.0089 | 0.009679554 0.000000608 0.009496502 0.000000356
0.007675258 |  0.0076 | 0.007675258 0.000000006 0.006722557 0.000000770

RSC;=0.000011972

RSC =0.000003949

On substitution in to (Eq.46)

__ (0.000011972~ 0.000003949)(5-2) _

=3.0476

F, =

(0.000003949)(2)

Table 16. Summary output P2 (Militky Mod. Vs Experimental)

Experimental

Predicted (x) ) 91=b(1)+0 (y- 92)? ¥ =1.641x - 0.0093 (y- §)?
0.01648714 0.0179 0.01648714 0.00000200 0.01776035 0.00000002
0.01511428 0.0165 0.01511428 0.00000192 0.01550706 0.00000099
0.01323149 0.0110 0.01323149 0.00000498 0.01241684 0.00000201
0.01146789 0.0089 0.01146789 0.00000659 0.00952225 0.00000039
0.00970520 0.0076 0.00970520 0.00000443 0.00662915 0.00000094

0.06600600 | RSC,=0.00001992 RSC = 0.00000434

On substitution in to (Eq.46)
0.00001992— 0.00000434)(5-2
F, = ¢ )G=2) — 3 0476

(0.00000434)(2)
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Table 17. Summary output P2 (Schuhmeister Mod. Vs Experimental)

Predicted (x) EXper&g‘e”ta' §1=b(1) +0 - 512 § = 1.641x - 0.0093 - 972
001959151 | 00179 | 0.01959151 0.00000286 0.01766701 0.00000005
001822300 | 00165 | 001822300 0.00000297 0.01555978 0.00000088
001627555 | 00110 | 001627555 0.00002783 0.01256109 0.00000244
001437243 | 00089 | 001437243 0.00002995 0.00963067 0.00000053
001238805 | 00076 | 001238805 0.00002293 0.00657512 0.00000105
RSC,= 0.00008653 RSC = 0.00000496

On substitution in to (Eq.46)

__ (0.00008653— 0.00000496)(5—2) _

(0.00000496)(2) 24.6719

Fy

4.3.3 Effect of moisture content on polyester socks (P3)

(Fig.32) depicts theoretical and experimental thermal resistances of P3 socks (polyester
98.38% & elastane 1.62%) at various moisture levels. ME-2 modified, Militky modified and
Schuhmeister modified models have R? values 0.7999, 0.7876, and 0.7671 respectively
(Fig.33). The drop off in the thermal resistance is slower and uniform between 5 % to 10%
and 20% to 50% moisture content levels. But this decline (42% reduction) is fast between
10% to 20% moisture content as evident from experimental green square legends (Fig.32).
This is in concurrence to Bogustawska and Hes work who reported a 50% reduction in the
thermal resistance between 10 to 20% moisture content in different fabrics [25]. Kanat et. al
have reported a 30-35% reduction at 25% moisture level for single jersey polyester knitted
fabrics [173]. Unlike P1 and P2, 50% of the thermal resistance reduction in P3 is observed at
50% moisture content due to the hydrophobic nature of polyester. Once more Schuhmeister
modified model has a higher prediction at all the moisture levels except 5% and 10%
moisture content. It has predicted 0.5 to 2 times higher thermal resistance. It is in accord with
Mao and Russel’s study [176]. They have observed 0.5 to 3 times lower thermal conductivity
prediction for 100% polyester spacer fabric with Schuhmeister’s model. They haven’t
incorporated moisture content. Even then their predictions are very high with respect to
experiments. Lowest to the highest prediction of thermal resistance sequence with these

models are in line with the findings of previous researchers [174][77][83][175].
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Figure 32. Predicted & experimental thermal resistance: P3 (polyester 98.38% & elastane
1.62%)

Coefficient of determination (R?)
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Figure 33. Coefficient of determination predicted & experimental thermal resistance: P3
(polyester 98.38% & elastane 1.62%)

As per Tables (18-20) and the values of the constructed confidence region for slope and
intercept at 95% confidence level validated all the theoretical models. All the models have

lower F; values than the tabulated values (critical region). So the null hypothesis couldn’t be
rejected for these models. It means the intercepts (B,) and slopes (B1) aren’t significantly

different from zero and one respectively. So the thermal resistance prediction with all three
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modified models is not significantly different with respect to experimental results for sample

P3. Calculated values of F; also justify the ME-2 modified model has top prediction among

all others followed by Militky modified and Schuhmeister modified. On the nutshell ME-2

modified model has the better forecast for sample P3 than both other models i.e. Militky

modified and Schuhmeister modified.

Test statistics (calculated F;) values are 0.2369, 1.1055 and 6.8867 for ME-2, Militky &

Schuhmeister modified models respectively against the critical value of the Fisher-Snedecor

F-distribution Fogs (2, 4) = 6.9443. So the null hypothesis Hy cannot be rejected f. It means

the predicted thermal resistance with these models isn’t significantly different than the

experimental results. Similarly, Table 19 shows the calculations for Militky modified model.

Table 18. Summary output P3 (ME-2 Mod. Vs Experimental)

e e R R 0 § = 10001 - 00004 - 9
0.021242 0.0228 0.021242 0.000002 0.020844 0.000004
0.019911 0.0208 0.019911 0.000001 0.019513 0.000002
0.017272 0.0132 0.017272 0.000017 0.016873 0.000013
0.014835 0.0128 0.014835 0.000004 0.014437 0.000003
0.012155 0.0116 0.012155 0.000000 0.011756 0.000000
0.009490 0.0111 0.009490 0.000003 0.009091 0.000004
RSC; = 0.000024 RSC = 0.000022
On substitution in to (Eq.46)
F1 — (0.000024— 0.000022)(6—2) =0.2369
(0.000022)(2)
Table 19. Summary output P3 (Militky Mod. Vs Experimental)
Pre‘z)'(‘;ted EXper(;/Te”ta' §1=b(1) +0 - 1) § = 1.3078x - 0.0056 - 9)?
0.020105 0.0228 0.020105 0.000007 0.020694 0.000004
0.019135 0.0208 0.019135 0.000003 0.019424 0.000002
0.017196 0.0132 0.017196 0.000016 0.016889 0.000014
0.015372 0.0128 0.015372 0.000007 0.014503 0.000003
0.013305 0.0116 0.013305 0.000003 0.011800 0.000000
0.011164 0.0111 0.011164 0.000000 0.009000 0.000004
RSC, = 0.000036 RSC = 0.000023
On substitution in to (Eq.46)
F1 — (0.000036— 0.000023)(6—2) — 11055

(0.000023)(2)
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Table 20. Summary output P3 (Schuhmeister Mod. Vs Experimental)

Predicted

Experimental

) V) J1=b(1) +0 (y-32)° y =1.2703x - 0.009 -39
0.023190 0.0228 0.023190 0.000000 0.020458 0.000005
0.022284 0.0208 0.022284 0.000002 0.019308 0.000002
0.020419 0.0132 0.020419 0.000052 0.016938 0.000014
0.018592 0.0128 0.018592 0.000034 0.014618 0.000003
0.016433 0.0116 0.016433 0.000023 0.011875 0.000000
0.014089 0.0111 0.014089 0.000009 0.008897 0.000005

RSC;=0.000111 RSC; = 0.000025
On substitution in to (Eq.46)
0.000111- 0.000025)(6—2
F, = 262 - 68867

(0.000025)(2)

4.3.4 Effect of moisture content on polyamide socks (P4)

ME-2 modified has the overall top thermal resistance prediction in general and at 5.17%,
10.01%, 20.51%, 40.06% and 49.93% moisture levels specifically for P4 (nylon 70%,
polyester 26.54% & elastane 2.63%) as shown in (Fig.34). This is also evident by the highest
R2 = 0.9446 (Fig.35). Militky modified prediction is on second number with (R2 = 0.9416) as
shown in (Fig.35). A rapid decline in the thermal resistance similar to P1, P2, and P3 between

20-30% moisture content is detected for the P4 sample as well. In the case of P4, a 50%

reduction in the thermal resistance is observed at a 40% moisture level. Schuhmeister

modified has better prediction till 20% moisture content. However, it didn’t follow the

experimental footprints as Militky modified and ME-2 modified models.
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Figure 34. Predicted & experimental thermal resistance: P4 (polyamide nylon 70%,

polyester 26.54% & elastane 2.63%)

Coefficient of determination (R?)
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Figure 35. Coefficient of determination predicted & experimental thermal resistance: P4
(polyamide nylon 70%, polyester 26.54% & elastane 2.63%)

Null hypothesis acceptance (F; calculated values i.e. 0.7963, 4.3633 and 5.4464 are lesser
than the critical value of the Fisher-Snedecor F-distribution Fogs (2, 4) = 6.9443) further

provide strong evidence for the validity of the ME-2 Militky and Schuhmeister modified

models against the assumptions i.e. Ho: B2 = 0 and B3 = 1 at 95% confidence level. It means
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their structured confidence region isn’t significantly different from “0” and “1” for intercept

& slope respectively. It means the modified model’s prediction isn’t significantly different

from experimental results. Tables (21-23) show the calculation for F;.
Table 21. Summary output P4 (ME-2 Mod. Vs Experimental)

Pre‘z)'(‘;teo' EXPGE';;‘e”ta' 91=b(1) +0 (- 92)2 §=1.0397x - 0.0012 (v-9)?
0.02302799 | 0.0229 | 0.02302799 0.00000002 0.02274220 0.00000002
002168373 | 0.0210 | 0.02168373 0.00000047 0.02134458 0.00000012
0.01868030 | 0.0200 | 0.01868030 0.00000174 0.01822190 0.00000316
0.01596953 | 0.0137 | 0.01596953 0.00000515 0.01540352 0.00000290
0.01297455 | 0.0115 | 0.01297455 0.00000217 0.01228964 0.00000062
0.01014068 | 0.0104 | 0.01014068 0.00000007 0.00934327 0.00000112

RSC; = 0.00000955 RSC = 0.00000683

On substitution in to (Eq.46)

0.00000955— 0.00000683)(6—2
F, = ¢ )6=2) - 7963

(0.00000683)(2)

Table 22. Summary output P4 (Militky Mod. Vs Experimental)

Pre‘g)'gteo' EXPeE‘y”)“e”ta' §1=b(1) +0 (- 92)? § = 1.478x - 0.0072 - 9)?
0.02027761 | 0.0229 | 0.02027761 0.00000688 0.02277030 0.00000002
001933921 | 0.0210 | 0.01933921 0.00000276 0.02138336 0.00000015
0.01726859 | 0.0200 | 0.01726859 0.00000746 0.01832297 0.00000281
001530516 | 00137 | 0.01539516 0.00000287 0.01555404 0.00000344
001327859 | 0.0115 | 0.01327859 0.00000316 0.01242576 0.00000086
001119267 | 0.0104 | 0.01119267 0.00000063 0.00934276 0.00000112

0.08555915 | RSC,=0.00002313 RSC, = 000000727

On substitution in to (Eq.46)

Fl — (0.00002313- 0.00000727)(6—-2) = 43633

(0.00000727)(2)

Table 23. Summary output P4 (Schuhmeister Mod. Vs Experimental)

Pre‘z)igted EXpeE;Te”ta' §1=b(1) + 0 (y- §2)? §=1.4822x - 0.0116 (y- 9)2

0.0230595 0.0229 0.0230595 0.0000000 0.0211953 0.0000029
00222070 |  0.0210 0.0222070 0.0000015 0.0199828 0.0000010
00202639 |  0.0200 0.0202639 0.0000001 0.0172193 0.0000077
0.0184277 0.0137 0.0184277 0.0000224 0.0146078 0.0000008
0.0162570 0.0115 0.0162570 0.0000226 0.0115207 0.0000000
0.0140097 00104 | 0.0140097 0.0000130 0.0083246 0.0000043

RSC,; = 0.0000465

RSC =0.0000125
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On substitution in to (Eq.46)

_ (0.0000465- 0.0000125)(6—2)

Fi= (0.0000125)(2) = 5.4464

4.3.5 Effect of moisture content on polypropylene socks (P5)

In (Fig.36) for P5 (polypropylene 65.22%, polyester 31.65% & elastane 3.13%) socks
Militky modified prediction is the best with respect to ME-2 modified model with lower SSE
(standard error) at 10.21%, 19.13%, 29.99%, 38.50 and 50.22%. ME-2 modified has the best
forecast at 5.05%, 38.50% and 50.22% moisture contents. SSE values with respect to the
experimental thermal resistance are shown in Tables (24-26). Militky-2 modified, ME-2
modified and Schuhmeister modified have 0.001799, 0.001817 and 0.001928 SSE values in
that order. The coefficient of determination values (R?) 0.867, 0.8643, and 0.8472 also have
the same sequence as shown in (Fig.37). P5 curve is like P3, i.e. after the sudden decline,
there is some stability in the drop. Similar to P3 it has 50% thermal resistance fall at 50%

moisture content.
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Figure 36. Predicted & experimental thermal resistance: P5 (polypropylene 65.22%,
polyester 31.65% & elastane 3.13%)
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Figure 37. Coefficient of determination predicted & experimental thermal resistance: P5
(polypropylene 65.22%, polyester 31.65% & elastane 3.13%)

Tables (24-26) are the calculation behind the F; values. These values i.e. 2.8625, 1.4727 and
3.2226 (for ME-2, Militky and Schuhmeister models respectively) are smaller than the
critical value i.e. Fogs (2, 4) = 6.9443. So the null hypothesis i.e. Hy: f2-0 and B; - 1 for all
these models couldn’t be rejected. It validates that ME-2 modified, Militky modified and

Schuhmeister modified models prediction isn’t significantly different from experimental

results.

Table 24. Summary output P5 (ME-2 Mod. Vs Experimental)

B e A R (v $o) = 0.795¢ +0.0021 (v- 97
0.0229367 0.0228 0.0229367 0.0000000 0.0202200 0.0000067
0.0214947 0.0186 0.0214947 0.0000084 0.0190809 0.0000002
0.0188827 0.0153 0.0188827 0.0000128 0.0170173 0.0000029
0.0155861 0.0133 0.0155861 0.0000052 0.0144130 0.0000012
0.0129903 0.0123 0.0129903 0.0000005 0.0123624 0.0000000
0.0095082 0.0111 0.0095082 0.0000025 0.0096115 0.0000022
RSC, = 0.0000269 RSC =0.0000111
On substitution in to (Eq.46)
0.0000269— 0.0000111)(6—2
F, = ¢ 26D = 28625

(0.0000111)(2)
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Table 25. Summary output P5 (Militky Mod. Vs Experimental)

Pre%'(‘;md EXper(;/r;‘e”ta' §1=b(1) +0 - 922 § = 1.2285x - 0.0025 v- )2
00186460 | 0.0228 | 0.0186460 0.0000173 00204066 0.0000057
00176635 | 00186 | 00176635 0.0000009 00191996 00000004
00159560 | 00153 | 00159560 0.0000004 00171019 0.0000032
00138599 | 00133 | 00138599 0.0000003 00145269 0.0000015
00122030 | 00123 | 00122030 0.0000000 00124914 0.0000000
00098982 | 00111 | 00098982 0.0000014 0.0096599 0.0000021
RSC, = 0.0000189 RSC = 0.0000109
On substitution in to (Eq.46)
F1 — (0.0000189— 0.0000109)(6—2) = 14727

(0.0000109)(2)

Table 26. Summary output P5 (Schuhmeister Mod. Vs Experimental)

Pre‘z)'(‘;ted EXpe?yr;‘e”ta' §1=b(1)+0 (- 92)? § = 1.2341x - 0.0057 (v-9)?
0.0209804 | 00228 | 0.0209804 0.0000033 0.0201919 0.0000068
00201015 | 00186 | 0.0201015 0.0000023 0.0191073 0.0000003
00185246 | 00153 | 0.0185246 0.0000104 0.0171612 0.0000035
00164966 | 00133 | 0.0164966 0.0000102 0.0146584 0.0000018
00148154 | 00123 | 0.0148154 0.0000063 0.0125837 0.0000001
00123511 | 00111 | 00123511 0.0000016 0.0095424 0.0000024
RSC, = 0.0000325 RSC = 0.0000124
On substitution in to (Eq.46)
F1 — (0.0000325- 0.0000124)(6-2) — 32226

(0.0000124)(2)

4.3.6 Effect of moisture content on wool socks (P6)

(Fig.38) shows the effect of moisture content (%) on the thermal resistance of P6 socks (wool

76.19%, 21.67% polyester & elastane 2.14%). All the models have an appropriate prediction

of thermal resistance as evident in (Fig.39). Both ME-2 and Militky models have a better
prediction at 21.30%, 28.90%, 40.38% and 49.90% moisture levels. But this forecast is not so

close at 10% moisture level. This trend is also manifested in (Fig.38). As well as the

coefficient of determination

is concerned, ME-2 modified, Militky modified and

Schuhmeister modified models have 0.882, 0.8723 and 0.8566 in that order as shown in
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(Fig.39). Similar to the above samples P6 has also half a thermal resistance with 30%

moisture content.

Thermal resistance (P6)
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Figure 38. Predicted & experimental thermal resistance: P6 (wool 76.19%, 21.67% polyester
& elastane 2.14%)
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Figure 39. Coefficient of determination predicted & experimental thermal resistance: P6
(wool 76.19%, 21.67% polyester & elastane 2.14%)
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Hypothesized results for intercept and slope assuming them as equal to zero and one also

validated that the suggested models have not significantly different results at a 95%
confidence level. Because the F1 values i.e. 1.2677, 2.3522 and 9.2379 for ME-2, Militky and
Schuhmeister modified models are smaller than the critical value i.e. 9.5521 for Fg g5 (2, 3).

So the null hypothesis couldn’t be rejected. It concluded that predicted (theoretical) results

are in agreement with the experimental results. Tables (27-29) show the computation behind

the calculated values of F;.

Table 27. Summary output P6 (ME-2 Mod. Vs Experimental)

Predicted

Experimental

x) ) $1=b(1)+0 (y- 1) ¥ = 1.4789x - 0.0077 (y- 9)?
0.0224008 0.0281 0.0224008 0.0000325 0.0254285 0.0000071
0.0195146 0.0194 0.0195146 0.0000000 0.0211602 0.0000031
0.0175331 0.0159 0.0175331 0.0000027 0.0182298 0.0000054
0.0144509 0.0130 0.0144509 0.0000021 0.0136715 0.0000005
0.0118179 0.0118 0.0118179 0.0000000 0.0097774 0.0000041

RSC; = 0.0000373 RSC = 0.0000202
On substitution in to (Eq.46)
0.0000373—0.0000202)(5 —2
F, = ¢ 7 G2 — 1 9667

(0.0000202)(2)

Table 28. Summary output P6 (Militky Mod. Vs Experimental)

Pre‘z)'(‘;ted EXpeE'yr;‘e”ta' §1=b(1) + 0 - §2)? §= 1.7663x - 0.0155 - 5
0023073 | 00281 | 0.023073 0.000025 0.025254 0.000008
0020754 | 00194 | 0020754 0.000002 0021158 0.000003
0019131 | 00159 | 0019131 0.000010 0018290 0.000006
0016543 | 00130 | 0016543 0.000013 0013720 0.000001
0014263 | 00118 | 0014263 0.000006 0.009692 0.000004
RSC, = 0.000056 RSC = 0.000022
On substitution in to (Eq.46)
0.000056— 0.000022)(5-2
F, = { 6 )6-2) =5 3597

(0.000022)(2)
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Table 29. Summary output P6 (Schuhmeister Mod. Vs Experimental)

Pre%i(‘;teo' EXper&g‘e”ta' §1=b(1) +0 - 922 § = 1.6995x - 0.0209 - )2
0027023 | 00281 | 0027023 0.000001 0.025025 0.000009
0024771 | 00194 | 0024771 0000029 0021198 0.000003
0023140 | 00159 | 0023140 0.000052 0.018426 0.000006
0020441 | 00130 | 0020441 0.000055 0.013840 0.000001
001795 | 00118 | 0017956 0000038 0.009616 0.000005
RSC, = 0000176 RSC = 0.000025

On substitution in to (Eq.46)

__ (0.000176- 0.000025)(5—-2)

(0.000025)(2) =9.2379

Fy

4.3.7 Effect of moisture content on acrylic socks (P7)

(Fig.40) shows the effect of moisture content (%) on the thermal resistance of P7 sock
(acrylic 81.25%, 17.06% polyester & elastane 1.69%). All the models have the apposite
prediction of thermal resistance as evident in (Fig.40 and Fig.41). (Fig.40) shows the
coefficient of the determination between the theoretical (predicted) and experimental thermal
resistance. All the models have good conformity with the experimental thermal resistance, i.e.
0.9051 and 0.8988 for ME-2 modified and Militky modified models, respectively.

Thermal resistance (P7)
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Figure 40. Predicted & experimental thermal resistance: P7 (acrylic 81.25%, 17.06%
polyester & elastane 1.69%)
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Figure 41. Coefficient of determination predicted & experimental thermal tesistance: P7
(acrylic 81.25%, 17.06% polyester & elastane 1.69%)

F1 values for ME-2 and Militky modified models i.e. 3.8301, 3.3563 respectively are lesser
than the quantile of the Fisher-Snedecor F-distribution Fogs (2, 4) = 6.9443, so the null

hypothesis Hy cannot be rejected. It means the predicted thermal resistance with the ME-2

and Militky modified models isn’t significantly different than the experimental results.

However this value (F1 = 17.0908) is greater than the critical value (6.9443). It concluded

that the thermal resistance predicted by Schuhmeister modified model isn’t in agreement with

the experimental values for P7 sample. The computations for the values of F; have been given
in Tables (30-32).

Table 30. Summary output P7 (ME-2 Mod. Vs Experimental)

e | PP gm0 - 922 § = 0.9149x + 0.0004 - 97

00296542 | 00290 | 00296542 0.0000004 0.0275306 00000022
00277264 | 00260 | 00277264 0.0000030 0.0257669 0.0000001
00227405 | 00200 | 00227405 0.0000075 0.0212053 0.0000015
00195054 | 00162 | 00195054 0.0000109 0.0182455 0.0000042
00157317 | 00147 | 00157317 0.0000011 0.0147930 0.0000000
00127835 | 00140 | 00127835 0.0000015 0.0120956 0.0000036

RSC, = 0.0000229 RSC = 0.0000079

On substitution in to (Eq.46)
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Fy

_ (0.0000229— 0.0000079)(6 —2)

(0.0000079)(2)

=3.8301

Table 31. Summary output P7 (Militky Mod. Vs Experimental)

Pre‘é)‘(‘;ted EXpeE‘yTe”ta' §1=b(1) +0 (- 91)? § = 1.3284x - 0.0066 v- 92
002576045 | 00290 | 002576045 |  0.00001049 002752018 0.00000219
002444877 | 00260 | 002444877 |  0.00000241 0.02577775 0.00000005
002109527 | 00200 | 002109527 |  0.00000120 002132296 0.00000175
001890094 | 00162 | 001890094 |  0.00000730 001840801 0.00000488
001627148 | 00147 | 001627148 |  0.00000247 0.01491504 0.00000005
001413186 | 00140 | 001413186 |  0.00000002 0.01207276 0.00000371

RSC; = 0.00002387 RSC = 000000891

On substitution in to (Eq.46)

Fl — (0.00002387—- 0.00000891)(6—2) - 33563

(0.000022)(2)

Table 32. Summary output P7 (Schuhmeister Mod. Vs Experimental)

Pre‘z)'gteo' EXper('y”)“e”ta' §1=b(1) +0 - 1) §=1.3111x - 0.0114 - 9)?
00294703 | 00290 | 00294703 0.0000002 0.0272385 0.0000031
00282617 | 00260 | 00282617 0.0000051 0.0256539 0.0000001
00250497 | 00200 | 00250497 0.0000255 0.0214426 0.0000021
00228465 | 00162 | 00228465 0.0000442 0.0185540 0.0000055
00200921 | 00147 | 00200921 0.0000291 0.0149427 0.0000001
00177518 | 00140 | 00177518 0.0000141 0.0118744 0.0000045
RSC, = 0.0001041 RSC = 0.0000109
On substitution in to (Eq.46)
Fl — (0.0001041— 0.0000109)(6—2) — 170908

4.4 Effect of moisture content on thermal absorptivity

(0.000025)(2)

This section explains the results for the thermal absorptivity of socks in wet state. Dry and

wet socks with different moisture content were checked on the Alambeta instrument in

extended state. These are simulated to real extension as described (under section 3.7 Sample

preparation for testing). Mangat’s model for thermal absorptivity prediction is also based on

the contact area effect [34][44]. (Fig.42) clearly demonstrated that as the moisture (%)

increases, the thermal absorptivity also increases irrespective of sock fibre composition. That

is in compliance with the previous researchers [177][110][22][178]. Baczek & Hes observed
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9 times higher thermal absorptivity of plaited knitted fabrics in the wet state [36].P5 sock has
the lowest thermal absorptivity under dry and wet conditions (at 10%, 20%, 30%, 40% &
50% moisture content) followed by P3 (composed of 100% polyester) socks. Even at 50%
moisture content P5 socks have the thermal absorptivity <300. So these socks will have a
higher feeling of dryness than any other socks due to the composition of hydrophobic fibres
of polypropylene and polyester. At 10% moisture content all the socks P3, P4, P5, P6, and
P7 have the thermal absorptivity between (100-110 Ws™ m2K™) apart from P1 and P2 socks.
P1& P2 socks have 134 and 130 Ws” m? K™ respectively. At 20% moisture content this
range is between (143-171 Ws” m?K™). P5 has the lowest value followed by P3, P7, P4, P1,
P6, and P2. At 30% humidity level the rise of thermal absorptivity is more significant, i.e.
47.95%, 52%, 61.78, 63.03 and 66.66% for P2, P4, P7, P6, and P1 socks. This increase is
also observed in P5 and P3 socks, but to a lower extent, i.e. 38.46% and 34.64%,

respectively.
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Figure 42. Effect of moisture content on thermal absorptivity

4.5 Effect of moisture content on RWVP

(Fig.43) shows that the increasing moisture content in fabrics leads to increasing their ability
to transport water vapour. Same behaviour was also observed by Hes[25], Lenfeldova[116]
and Baczek[15] . Higher RWVP (%) leads to a higher cooling effect. As moisture content and

water condensation in the fabric increased, it causes to increase water vapour permeability
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through the fabric [6]. P6 and P7 will be the warmest socks with a lower RWVP (%). The
approach of the wet study is as follows: if liquid water in the wet fabric structure creates a
partially continuous film, then the transfer of water vapour should be limited. Here are three
main factors that affect significantly the water vapour permeability, i.e. gm?, fibre

composition and thickness.

The presented results show that the addition of hydrophobic fibres affects the water vapor
transportability of hydrophilic fabrics. The water vapour permeability through the textiles is a
very complicated phenomenon. Water vapours are transmitted through the textiles by 1)
Diffusion, 2) Absorption, Transmission and Desorption (in the fibre), 3) Adsorption and
Migration (along the fibre), and 4) Forced Convection. As mentioned earlier, the relation
between the diffusing flux and the concentration gradient was first proposed by Fick [109].
But the vapour diffusion does not obey Fick’s law in the case of hydrophilic fibre assemblies.

It is governed by a non-Fick’s, inconsistent diffusion [47][80].

Relative water vapour permeability increases almost 100% with 50% moisture content. The
study by Hes showed the same results without any air gap [49]. Most of the socks, i.e. P5
(polypropylene 65.22%, polyester 31.65%, elastane 3.13%), P4 (nylon 70.83%, polyester
26.54%, elastane 2.63%), P3 (polyester 98.38%, elastane 1.62%) are composed of synthetic
fibres and have a higher relative water vapour permeability. P6 (wool 76.19%, polyester
21.67%, elastane 2.14%) has the lowest RWVP at the dry and wet state (10%, 20% & 30%
moisture content) followed by P2 (viscose 81.08%, polyester 17.22 %) and P7 (acrylic
81.25%, polyester 17.06%, elastane 1.69%) in the dry state, at 10%, and 20% moisture
content. At 40% and 50% moisture level P7 has the lowest RWVP among all the socks,
slightly different to P6.
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Figure 43. Effect of moisture content on RWVP

Hydrophilic fibres composed socks like wool and cotton owing to bond with water
molecules. Therefore, they have poor moisture transportation. On the other hand, synthetic
fibers such as polyester, polypropylene, and nylon have an advantage of liquid transport and
release by capillary wicking. It is in accordance with previous studies [110][179][180][181].
Swelling can also set up internal stresses that may affect the sorption process. This could
increase the adsorption hysteresis with the increase of hydrophilic fibres [182]. There is an
inverse relation between the diffusion fibre volume fraction and the flatness of fibre cross
section, also reported in the literature [13]. A higher fabric thickness can also decrease
RWVP significantly [183]. P7 sample has the highest thickness followed by P6, P1, P3, P4,
P2 and P5. RWVP is affected by the thickness at all moisture levels.

4.6 Effect of extension on comfort properties

This section explains the results for the effect of extension on porosity, thermal resistance,
thermal absorptivity and relative water vapour permeability of socks in a wet state. Socks are
extended as described (under section 3.7 Sample preparation for testing). This extension is
very important for the real simulation of socks during wearing. As discussed earlier, some
researchers extended the knitted fabric in the uniaxial direction [87][105][171]; but that is not

in accordance with the real situation of extension. Although this kind of extension isn't
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required for thermal manikins, they have some other limitations as described before (3.7

Testing Equipments/ Methods).
4.6.1 Effect of extension on thermal resistance

To measure the effect of extension, all the socks were tested for thermal resistance with and
without extension by Alambeta in a dry state. (Fig.44) demonstrated that extended socks have
a lower thermal resistance. This is mainly due to the thickness reduction with extension.
Thickness is one of the major factors that affect the thermal insulation. This fact already
established by many researchers that thickness has a positive correlation with thermal
insulation [184][185][186]. Gnanauthayan et al. reported that thermal resistance increased by
increasing fabric thickness [187]. Abdel-Rehim et al. also observed higher insulation for
nonwoven 100% polyester and 100% polypropylene fabrics by increasing thickness [188]. It
could be revealed from (Fig.44) that all the socks haven’t close thermal resistance even at
95% confidence level except P1, P3 & P5 socks. So this situation is the motivation for
characterizing the socks in an extended state.
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Figure 44. Effect of extension on thermal resistance
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4.6.2 Effect of extension on thermal absorptivity

(Fig.45) confirmed that extended socks have a lower thermal absorptivity (dry sate) for all the

socks. Thermal absorptivity has a positive relation with contact points (area). As socks
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extended, the number of contact points decreased. It results in a lower value of thermal
absorptivity. These are the expected findings. Many researchers had acknowledged the
negative correlation of contact area [33][30] and extension [104][105] on thermal
absorptivity. Mangat’s model for thermal absorptivity prediction is also based on the contact
area effect [34][44]. Faisal et al. observed a reduction in thermal absorptivity of compression
socks at different extension levels [105]. Gupta also extended the compression circular
knitted garments up to 60% and found a decrease in the thermal absorptivity [87]. So the
characterization of the socks in the extended state is justified to their real simulation and
significant difference of results.
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Figure 45. Effect of extension on thermal absorptivity
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4.6.3 Effect of extension on RWVP

(Fig.46) shows that extended socks have higher relative water vapor permeability (dry sate)
for all the socks. RWVP has a positive relation with extension. Extension changed the
structure, thickness, and porosity of the fabric. And these parameters lead to change the
permeability. These findings are in line with previous studies that verified the effect of fabric
structure [40][113], fibre composition [108][98][110][111], fabric thickness, covering factor
and porosity on relative water vapour permeability [112]. Gupta extended the compression

circular knitted garments up to 60% and found a 47% increase in the water vapor
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permeability [87]. In the current situation, the difference is not significant as evident from the

confidence interval at 95%, but extended socks have higher RWVP for all the socks.
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4.7 Effect of moisture content on coefficient of friction

Results for the sock-insole static and dynamic coefficients of friction (COF) at different water
content for all the seven socks are shown in (Figures 47-53). (Fig.47) shows the graphs for
frictional force (Fig.47a) & COF (Fig.47b) at different moisture levels for P1 sock. The
results clearly demonstrated that as the moisture content increases, it causes to increase the
coefficient of friction. That is in accord with the previous studies[127][137][165][189].
Bertaux et al. reported an 83.87% increase in sock-skin static COF from 0.31 to 0.57 (dry to
wet state) by the addition of 5.58g of water having cotton/polyamide at toes and waist area
[127]. There is a continuous increase in the friction with the increase of moisture content
except between 20-30%. That is also evident from (Fig.47a and Fig.47b). Hes et al. observed
the same increase in static and dynamic friction in a wet state for cotton elastic knitted fabrics
[165]. Tasron et al. reported 0.33 + 0.07, 0.67+ 0.08 & 0.74 + 0.08 dynamic COF values for

cotton plain knitted socks in dry, low moisture and high moisture content respectively [190].
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Figure 47. (a) Effect of moisture content on coefficient of friction (b) Average COF at
different moisture levels (P1)

(Fig.48) shows the graphs for frictional force (a) & average COF (b) at different moisture
levels for P2 sock. Similar to P1 sock, as the moisture content increases, it causes to increase
the coefficient of friction. There is a continuous increase in friction with the increase of
moisture content. That is also evident from (Fig.48a and 48Db). Viscose has lower insole-sock
frictional force or COF with respect to P1 (cotton rich sock) at the nearer moisture levels due

to its smooth glossy surface [191].

Effect of moisture content on COF (P2) Average COF (P2)
1.2 11
1 4
1 4
S 5 09 -
2 081 £ o8-
G G i
£ 0.6 - & 0.7
'S 5 0.6 1
E 04 - £
<] 0 0 & 05 P
38 56.67% 48.12% S8 ==& Dynamic
0.2 - 2951%  ------- 21.02% 0.4 - ;
11,250 === Static
0 T r : . 0.3 T T r . :
0 10 20 30 40 50 0 10 20 30 40 50 60
Distance [mm] Moisture Content [%]
(a) (b)

Figure 48. (a) Effect of moisture content on coefficient of friction (b) Average COF at different
moisture levels (P2)

(Fig.49) shows the frictional force (a) & average COF (b) at different moisture levels for P3
sock. Even though there is a continuous increase in the friction with the increase of the
moisture content. But unlike with P1 & P2 socks, the increment in the friction isn’t so rapid.
That is manifested especially by the blue line slope representing dynamic COF as shown by
(Fig.49b). Dynamic COF almost has the same values between 36.74-56.44% moisture levels.
Here a decline is observed for static COF between this range. The dynamic COF slope is

more uniform than the static COF slope with respect to different moisture levels. Previously,
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Rotaru et al. measured the dynamic friction between human skin and knitted bed sheets
consisting of 50% cotton and 50% polyester and reported 0.50 and 0.90 in the dry, wet state
respectively [192]. Both dynamic and static COF is lower than the P1 sample. Ramakrishnan
and Jeganathan have also found that polyester inner layer fabric has a lower COF value than a

cotton inner layer in the wet state [193].
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Figure 49. (a) Effect of moisture content on coefficient of friction (b) Average COF at
different moisture levels (P3)

Frictional force & average COF at different moisture levels for P4 sock is illustrated by
(Fig.50a and Fig.50b) respectively. Similar to P3 sock, there is a continuous increase in the
friction (both static & dynamic) with the increase of the moisture content. Bertaux et al.
observed dynamic COF (sock-skin interface) values are 0.495, 0.475 for two different wet
socks at heel and waist consist of polyamide after 40 min of exercise [127]. The increment in
the friction isn’t so higher and rapid. Only 10.82 to 11.50% increase in static and dynamic
COF is observed between 10.80% to 59.13% moisture content. It is the 2" lowest increase
observed after P7 sock. That is manifested by their slopes as shown by (Fig.50b). The results
of dynamic COF for P4 socks are in line with Tasron et al. work. As average dynamic COF
falls between 0.57 to 0.64 at 10.80% to 59.13% moisture level. Earlier, Tasron et al. reported
0.44 £ 0.1, 0.61+ 0.08 & 0.69 + 0.07 dynamic COF values for polyamide plain knitted socks
in dry, low moisture and high moisture content respectively [190]. Similar results have been
observed by Ke et al. They have measured the dynamic COF between human skin and five
different polyamide rich medical compression stockings in dry/ wet states and observed that
the COF range is 0.31-0.60 for 1x1 jersey structures in the wet state [194]. But they haven’t

mentioned the moisture content value.
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Figure 50. (a) Effect of moisture content on coefficient of friction (b) Average COF at
different moisture levels (P4)

Frictional force & average COF for P5 sock is showed by (Fig.51a and Fig.51b) in that order.
Similar to P3 and P4 socks, there is a continuous increase in the dynamic friction with the
increase of the moisture content. The increase isn’t so higher and rapid. Merely 16.97% to
17.46% increase in static and dynamic COF is observed between 5.13% to 59% moisture
content. It is the 3" lowest increase observed after P4 and P7 socks. That is manifested by
their slopes as shown by (Fig.51b). Bertaux et al. observed dynamic COF (sock-skin
interface) value is 0.52 for wet sock’s toe consist of polypropylene after 40 min of exercise
[127].
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Figure 51. (a) Effect of moisture content on coefficient of friction (b) Average COF at
different moisture levels (P5)

Frictional force (N) at different moisture levels for P6 sock has been shown by (Fig.52a)
whereas average dynamic and static COF were shown by (Fig.52b). The results clearly
demonstrated that as the moisture content increases, it causes to increase in the coefficient of
friction following Amber et al. work [195]. There is a uniform increase in the friction with

the increase of moisture content.
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Unlike other hygroscopic fibre containing socks i.e. P1 (cotton rich) and P2 (viscose rich), P6
has not shown a rapid increase in dynamic friction with the increase of the moisture content.
20% increase in dynamic COF observed between (10.77% to 47.40%) moisture content
range, whereas about dynamic COF raised to about 25% among the same moisture range.
Minimum dynamic COF (0.60) is observed at 10.77% moisture content. This could be
considered as a dry state for wool fibres as 16% moisture regain is known for wool fibre in
standard atmospheric conditions. This value is close to the result reported by Sanders et al.
They have observed dynamic COF range is 0.60 to 0.79 between wool socks and different

materials (insoles) interfaces in the dry state.
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Figure 52. (a) Effect of moisture content on coefficient of friction (b) Average COF at
different moisture levels (P6)

(Fig.53) shows the graphs for frictional force (Fig.53a) & COF (Fig.53b) at different moisture
levels for P7 sock. Unlike with all the above socks, P7 has not shown a significant increase in
static or dynamic friction with the increase of the moisture content. Arai et al. have observed
the same kind of results on measuring the static COF for water-absorbing acrylic (Kanebo

Lumiza) knitted fabrics at different moisture levels [189].

(Fig.53b) illustrates that there is no change in the dynamic COF till 40% moisture level and a
slight rise of 5.67% at 56.38% moisture level. While static COF has shown a slight decrease
trend with the increase of the moisture. But it is not significant. In an earlier study, the effect
of wetting on the frictional behavior of acrylic and polypropylene multifilament yarns was
examined by EI-Mogahzy [196]. The results show that the coefficient of friction increased
with wetting. But the change in the value of the friction is not significant. Suchatlampong et
al. also reported a decline or no change in the value of the friction coefficient when tested

acrylic liners against aluminium plate and silicone impression material [197].
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Figure 53. (a) Effect of moisture content on coefficient of friction (b) Average COF at
different moisture levels (P7)

4.8 Thermal resistance comparison among different skin models

Thermal resistance study in the wet state should be planned on TFM with aspect to the real
simulation of extension and foot geometry. It was tried, but couldn’t succeed due to the
equipment limitations. The thermal foot model is closer to the real simulation of the worn
sock but due to a longer period of measurement (about lhour) and 35°C temperature of the
thermal foot plus free convection of 1ms™ dries the sample or changes the moisture content.
The second choice may be Permetest. Although Permetest has a short time of testing, free
convection existence here also leads to continuous evaporation of the moisture from the
fabric. Finally, Alambeta was selected for thermal resistance testing in the wet state. The
comparison is done in the dry state to indirectly prove that if the results of thermal resistance
on the selected skin model (Alambeta) are in good agreement in the dry state. They will have
also good conformity in the wet state as well. For a real simulation of the extension like the
thermal FM, socks were loaded on a dummy leg and marked with a circle of 12.2cm diameter
with the help of a paper card (Fig.10). Then socks were slashed and extended on an
embroidery hoop to the marked circle. Finally, these samples were tested on Alambeta and
Permetest for Rct under the dry condition. (Fig.54) shows the comparisons of thermal
resistance, between TFM and Alambeta. Although thermal resistance measured by TFM is
higher for all the samples, however the error bars at 95% confidence interval demonstrated
that these results from two different skin models are comparable between (0~0.25 ms™) air
velocity. These results are in line with the previous researchers. Mansoor et al. observed the
coefficient of determination value is 0.55 while comparing the thermal resistance of terry
knitted socks measured by Alambeta and TFM [110]. Abdelhamid et al. also reported good
agreement of thermal resistance measured by Alambeta and TFM for woven compression
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bandages [198]. Mansoor et al. measured thermal resistance of plain socks with TFM &
Alambeta and found that the coefficient of determination 0.6228 [199].
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Figure 54. Thermal resistance comparison (TFM Vs Alambeta)

(Fig.55) shows the comparison of thermal resistance, between TFM and Permetest. The error
bars at a 95% confidence interval verified that these results from two different skin models
are comparable at 1ms™ air velocity. These results are aligned with the previous researchers.
Mansoor et al. observed the coefficient of determination value is 0.64 while comparing the
thermal resistance of terry knitted socks measured by Permetest and TFM [110]. Mansoor et
al. measured thermal resistance of plain socks with TFM & Permetest and found that the
coefficient of determination is 0.615 [199].
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Chapter 5

5 Conclusion

A semi-empirical approach was used to model the Thermal resistance prediction of plain
knitted socks in the wet state. The aim was to modify/ develop the aforementioned thermal
resistance models with acceptable degrees of accuracy from simple inputs of fabric (socks)
geometrical parameters such as fibre composition, areal density, and thickness. These
parameters were first derived and then used as predictors for the thermal resistance

prediction.

This work focuses on the thermal resistance prediction of socks in the wet state followed by
some other comfort parameters such as thermal absorptivity, relative water vapour
permeability and sock-insole interface friction. The effects of fibre dimensions, orientation,
and yarn hairiness were not taken into account. Although both theoretical porosity (for yarn
and socks) and experimental (socks) were calculated but thermal resistance prediction is
based on theoretical results. Image processing and analysis were used to obtain data on the
porous structure of fabrics. Validation of the models has been done through the coefficient of
determination (R?) and inference statistics i.e. hypothesizing slope =1 & intercept = 0 at 95%

confidence interval.

By adopting this new approach of feeding the wet polymer filling coefficient and the thermal
conductivity instead of dry polymers different models can provide a justified prediction of
thermal resistance under wet conditions as well. All the models (Militky modified, ME-2
modified & Schuhmeister modified) have a coefficient of determination, i.e. R? range in
between 0.76~0.95 for all the sock samples at different moisture levels. As well as the
validation through hypothesis i.e. slope =1 & intercept =0, Schuhmeister’s modified model
couldn’t qualify for P2 and P4 socks. The polymer filling coefficient remains constant while
water and air filling coefficients are changing with the variation of moisture that leads to
changing the thermal conductivity. A higher value of moisture causes to decrease the thermal
resistance. 50% reduction in thermal resistance occurs at 30% moisture content in all the

samples, except P3 (polyester), P4 (nylon) and P5 (polypropylene) socks.

Thermal absorptivity increases by increasing moisture content. It may provide an indication

of dry to cool, cold and wet feelings. The results of this study show that the thermal
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absorptivity values of dry fabrics range from 79.7 to 180 [Ws*?m?K™]. When the fabric is
getting wet, as the thermal conductivity of water is much higher than that of fibre and there is
the air entrapped in the textile structure, these values increase. In the case of plain socks, only
P5 sock has the thermal absorptivity < 300 at 50% moisture level. P1 (>80% cotton) and P2

(>80%viscose) have the highest thermal absorptivity.

Relative water vapour permeability (RWVP) of the most synthetic fibres is higher, except P7
composed of (>80% acrylic). P7 has the worsened RWVP due to its highest thickness and
GSM among all the socks.

Socks theoretical porosity falls between 74% to 90% range without and with extension
respectively. Extension causes to increase the pore size (space between loops) of the fabric
and decrease the fabric thickness. It leads to a decrease in the volume of the fibre (solid part)
and increases the volume of air corresponds to porosity. Volume porosity and pore size
distribution for socks has been measured by micro-tomography also. It is in agreement with

the theoretical volume porosity.

Extended socks have a lower thermal resistance. This is mainly due to the thickness reduction
with extension. Thickness is one of the major factors that affect the thermal insulation. Most
of the socks haven’t close thermal resistance even at 95% confidence level. As socks
extended, the number of contact points decreased. It results in a lower value of thermal
absorptivity. So this condition is the stimulus for characterizing the socks in an extended
state. The thermal resistance measured in the dry and extended state by Alambeta and
Permetest is comparable with Rct measured by the thermal Foot Model at a 95% confidence

interval.

Modified thermal resistance models were also verified on some plain-woven and single jersey
knitted fabrics (Appendix 3). The results demonstrated that these models can make reason
able prediction for other kinds of fabrics in the wet state as well. The models have been
implemented in a programming language FreeMat (Appendix 5) which potentially provides a
software tool for textile designers and technologists to predict the thermal resistance of

fabrics in a wet state for various applications.

The results of the frictional characterization between the sock-insole interface as expected has
positive correlation with the humidity levels. A comparatively higher COF observed for plain

knitted socks with respect to previous studies probably due to the long terry of the insole
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fabric and testing without extension. Sock-insole interface is also very critical with respect to
design (socks/ shoes), blister formation, postural balance and friction ratio (between sock-
skin & sock-insole interfaces). A uniform and slight increase is observed in dynamic COF
except for P1 (cotton based sock) and P2 (viscose rich sock). Whereas static COF has uneven

and rapid risen except P7 (acrylic rich sock).

Working on this dissertation has uncovered many worthy avenues for future investigations.
The inquisitive readers will no doubt have ideas of their own, but there are some suggestions
for research of possible interest:

>

% This study was conducted by assuming thickness and GSM as constant. A separate
study could be planned to identify the effect of swelling on the thickness, especially in

hydrophilic fabrics.

% Future studies could be planned for examining other types of fabrics and

mathematical models by adopting this approach.
¢+ Shoes could be added with the addition of more boundary conditions

%+ COF between the sock-skin interface for the same samples
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Appendixes

Appendix 1

Specifications of the Thermal Foot Model [158]

i
z-axié

Seg Nr. of | Nr. of sw. hMeeia%[ling 'sil'\lfgating gva;ating Sweating Efggem
ment heaters glands rate rate group
powar Wl | o ymin] [ml/min] e

1 2 3 66 0.003 0.3 A 6720
2 4 3 33 0.003 0.3 A 12510
3 2 3 66 0.003 0.3 B 6520
4 3 3 46 0.003 0.3 B 7770
5 2 3 66 0.003 0.3 B 5910
6 2 3 66 0.003 0.3 B 5730
7 2 2 50 0.002 0.2 B 7570
8 2 3 44 0.003 0.3 A 8560
9 2 0 66 0 0 - 4380
10 3 4 30 0.004 0.4 B 11590
11 2 3 44 0.003 0.3 A 6960
12 2 2 45 0.002 0.2 A 8350
13 2 0 66 0 0 - 3880

total 30 32 688 - - 96450
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Appendix 2

Specifications of the wooden Leg (Salzmann MST Switzerland)

Foot dimensions Value
Maximum foot length [mm)] 235
Maximum foot width [mm] 97.5
Maximum foot girth [mm] 260
Minimum foot girth [mm] 230

Predicted [200]

FSA mae = 1.06 x MFL x BG

) 64766

Foot surface MFL = maximum foot length
area [mm-] )

BG =ball girth

Measured 60375

For more detail see the specifications for medium size (24cm) in standard test method (RAL-

GZ-381/1).

103




Appendix 3

Validation of models for other fabrics

Thermal resistance [m2KW™]

Fabric Fibre composition GSM Thickness l\(/:lcc))Ilqsttel#]rte ME-2 [ Schuhmeister | Militky
type [%] [gm™] (mm] [%] |modified | Modified | modified | Experimental
4,53 0.0056 0.0071 0.0057 0.0078
Polyester 100% 154.41 0.46 13.69 0.0046 0.0063 0.0050 0.0059
28.22 | 0.0031 0.0050 0.0039 0.0053
12.97 | 0.0042 0.0064 0.0050 0.0079
1/1 plain
woven Cotton 100% 144.04 0.46 29.57 0.0028 0.0051 0.0039 0.0049
fabric
46.24 | 0.00168 0.0037 0.00284 0.0035
15.20 | 0.0037 0.0056 0.0044 0.0066
Polyester 51.35%, 27.15 | 0.0027 0.0047 0.0036 0.0053
Cotton 48.65% 154.12 0.44
41.29 | 0.0017 0.0036 0.0028 0.0039
12.69
0.0078 0.0115 0.0092 0.01099
Cotton 55.29%, 3071
Polypropylene 28130 | 0.73 "= | 00046 | 0.0082 0.0063 0.00632
44.71%
46.40
0.0025 0.0058 0.0044 0.0049
9.83 0.0101 0.0142 0.0114 0.0119
_S;ggle Viscose 59.12%,
Jk S Yy Polypropylene 287.20 0.82 25.25 0.0067 0.0109 0.0085 0.0089
nitted
. 40.88%
fabrics
45.39 | 0.0034 0.0072 0.0054 0.0059
18.18 0.0095 0.0140 0.0111 0.013
Cotton 53.02%,
Polypropylene 38.14 | 0.0054 0.0099 0.0076 0.0086
25.23%, Polyester 305.37 0.95
21.75%
51.23 | 0.0032 0.0074 0.0056 0.0069

104




Appendix 4

GSM and thickness of the plain (single jersey) socks without extension

Socks code GSM [gm¥] Thickness [mm]
P1 276.42 1.08
P2 315.98 1.12
P3 252.03 1.01
P4 227.64 1.09
P5 211.38 1.04
P6 268.29 1.32
P7 390.24 1.55
Appendix 5

Coding for thermal resistance prediction in Matlab/ Freemat

For prediction of the models (ME-2, Militky & Schuhmeister modified) along with
experimental values to moisture content, FreeMat is used for writing scripts. FreeMat is a
free-access software, almost having the same coding as Matlab. By changing the values of (g,
gl, g2.....) areal density, fibre content, (T) thickness, and thermal conductivity of the used
fibres, thermal resistance could be predicted for any other fabric. Below is an example of a

complete code for ME-2 thermal resistance prediction model (Sample P1).

function rct=ME_model(MC)

%MC=[0:1:60]

% MC is moisture content

MR=MC/(1-(MC/100));

g=305.37;

gl= g*0.5302;
g2=g%0.2175;
g3=g*0.0105;
g4=(g*MR)/100;

T=0.95;

B1=gl/T;
B2=g2/T;
B3=g3/T;
B4=g4/T;

%

%
%
%
%
%

%
%
%
%
%

Moisture Regain

Fabric areal density
1°° Yarn areal density
2" Yarn areal density
3" varn areal density
Water areal density

Fabric Thickness

1°° Yarn Bulk density
2" Yarn Bulk density
3" Yarn Bulk density
Water Bulk density
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F1=B1/1540; % 1°° Yarn Filling Coefficient

F2=B2/1360; % 2™ Yarn Filling Coefficient
F3=B3/1200; % 3" Yvarn Filling Coefficient
F4=B4/1000; % Water Filling Coefficient
Fp=F1+F2+F3+F4; % Wet polymer Filling Coefficient
Fa=1-Fp % air Filling Coefficient

%% Thermal Resistance Prediction
k1=(0.50*F1+0.40*F2+0.20*F3+0.60*F4)/(F1+F2+F3+F4); %fibre thermal conductivity

k2=0.026; %air thermal conductivity
a=k2*Fa+k1*Fp*((3*k2)/2*k2+kl); %1st factor
b=Fa+Fp*((3*k2)/(2*¥k2+k1)); %2nd factor
TC=a/b;

rct=(T/1000/TC);

%plot(rct,mcc)ME

For Schuhmeister and Militky modified models all the script will same like ME-2 except their

formulas as given below;

For Schuhmeister;

a
b

0.3*(k1*Fp+k2*Fa); %1st factor
0.7*(k1*k2)/(k1*Fa+k2*Fp); %2nd factor

rct=(T/1000)/(a+b)
%plot(rct,mcc)

and for Militky;

a = 0.5%(k1*Fp+k2*Fa); %1st factor
b = 0.5%(k1*k2)/(k1*Fa+k2*Fp); %2nd factor

rct=(T/1000)/(a+b)
%plot(rct,mcc)

For loading the experimental thermal resistance values at specific moisture content, another

script is needed as shown in the second column. This should be written in a matrix.

mo_rc=[11.12 ©.0189
23.18 0.0167
31.87 0.0104
39.139 0.0094
50.02 0.0084];

The above code will result in only one value. After the above function, a script is needed in a
different window for plotting the thermal resistance by different models by changing the
moisture. Since all the parameters are scalars except moisture content (%) that is a vector.

The following shows the plotting script for the model and experimental results.

%ploting different values
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i=e

for MC=0:1:60

i=i+1
rct_Mi(i)=Mi_model(MC);
rct_ME(i)=ME_model(MC);
rct_Sc(i)=Sc_model(MC);
mcc(i)=MC;
MR=MC/ (1- (MC/100));

end

%rct
%mcc

plot(mcc,rct Mi, 'k.-") ; hold on
plot(mcc,rct_ME,'o.-"') ; hold on
plot(mcc,rct_Sc,'b.-') ; hold on

% load the experimental data
Experimental_data
plot(mo_rc(:,1),mo_rc(:,2),'ks"') ; hold on

legend('Militky Modified','ME-2 Modified', 'Schuhmeister
Modified', 'Experimental'); hold on

legend( 'boxoff")

% labels

xlabel('Moisture Content (%)', 'fontsize',12)
ylabel('Thermal Resistance (m2kW™*)', 'fontsize',12)
title('Effect of Moisture Content (%) on Thermal
Resistance"')

title('Effect of Moisture Content (%) on Thermal
Resistance', 'fontsize',14)

set(gca, 'fontsize',10)

By running this code, below graph will be plotted for all three models along with their
experimental values at specific moisture content.
File  Tools

RO dHE D+

Effect of Moisture Content (%) on Thermal Resistance

0.024 T T T T T
Militky Modified
iz ME-2 Modified 7
Schuhmeister Modified
— D02 -
I Expetimental
=
== 0018
E
ar
S noe
o]
i
o 0.014
[0
=
E 0012
Fi
i
[
0.01
0.003
0.005 1 1 1 1 1
] 10 20 30 40 50 =10

huaisture Content (9]
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Appendix 6

<<<<< Begin of workflow >>>>>

CT Analyser, Version: 1.18.4.0
Dataset name, F\DATA\Tarik\P-1\P-1_Rec\P-1_rec00000867.bmp
File postfix length, 8

File type, BMP

Image size (W/H), 2452, 2452
Total number of images, 503

Total Z-position range, 617, 1119
Number of images inside VOI, 301
Z-position range of VOI, 660, 960
Z spacing, 1

Pixel size (um), 3.000147

[ 06/05/20 09:19:41 ] Thresholding
Mode, Global

Lower grey threshold, 33

Upper grey threshold, 255

[ 06/05/20 09:19:47 ] Thresholding done

[ 06/05/20 09:19:47 ] Despeckle
Type: Remove white speckles (3D space)
Volume : less than 10 voxels

Apply to: Image

299371 speckles removed

[ 06/05/20 09:20:26 ] Despeckle done

[ 06/05/20 09:20:26 ] Despeckle
Type: Remove black speckles (3D space)
Volume : less than 10 voxels

Apply to: Image

2164 speckles removed

[ 06/05/20 09:23:02 ] Despeckle done

[ 06/05/20 09:23:02 ] Bitwise operations
<Image> = <Image> AND <Region of Interest>
[ 06/05/20 09:23:04 ] Bitwise operations done

[ 06/05/20 09:23:04 ] 3D analysis

Destination folder of images of Structure separation: F\DATA\Tarik\P-1\P-1_Rec\TBSP
Date and time,05.06.2020 09:23

Operator identity,oem

Computer name, T7610

Computation time,00:05:51

Dataset,p-1_rec

Location,F:\DATA\Tarik\P-1\P-1_Rec\

MORPHOMETRY RESULTS

Description,Abbreviation,Value,Unit
Number of layers,,301

Lower vertical position,,1.98009702,mm
Upper vertical position,,2.88014113,mm
Pixel size,,3.00014701,um
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Lower grey threshold,,33
Upper grey threshold,,255

Total VOI volume,TV,14.81359450,mm"3

Object volume,0bj.V,3.57728043,mm"3

Percent object volume,0Obj.V/TV,24.14863208,%

Total VOI surface,TS,47.40659594,mm"2

Obiject surface,0bj.S,939.84538343,mm"2

Intersection surface,i.S,6.16710206,mm"2

Object surface / volume ratio,Obj.S/Obj.V,262.72622490,1/mm
Object surface density,Obj.S/TV,63.44478942,1/mm
Centroid (x),Crd.X,-0.04255805,mm

Centroid (y),Crd.Y,0.08958559,mm

Centroid (z),Crd.Z,2.43044838,mm

Structure separation,St.Sp,0.04418313,mm

Number of objects,Obj.N,12624,

Number of closed pores,Po.N(cl),64,

Volume of closed pores,Po.V(cl),0.00003363,mm~"3
Surface of closed pores,P0.S(cl),0.02546847,mm”2
Closed porosity (percent),Po(cl),0.00094004,%

Volume of open pore space,Po0.V(0p),11.23628044,mm"3
Open porosity (percent),Po(op),75.85114091,%

Total volume of pore space,Po.V/(tot),11.23631406,mm"3
Total porosity (percent),Po(tot),75.85136792,%

Euler number,Eu.N,-367145,

Connectivity,Conn,379833,

Connectivity density,Conn.Dn,0.00069240,1/mm”3

Structure separation distribution, St. Sp

Range, Mid-range, Volume, Percent volume in range
mm, mm, mm”3, %

0.00300 - <0.00900,0.00600,0.10210700,0.9121
0.00900 - <0.01500,0.01200,0.91223281,8.1486
0.01500 - <0.02100,0.01800,1.49080160,13.3168
0.02100 - <0.02700,0.02400,1.72756406,15.4317
0.02700 - <0.03300,0.03000,1.14826017,10.2570
0.03300 - <0.03900,0.03600,0.75824173,6.7731
0.03900 - <0.04500,0.04200,0.75316882,6.7278
0.04500 - <0.05100,0.04800,0.63581985,5.6795
0.05100 - <0.05700,0.05400,0.54497588,4.8681
0.05700 - <0.06300,0.06000,0.49645642,4.4347
0.06300 - <0.06900,0.06600,0.45352648,4.0512
0.06900 - <0.07500,0.07200,0.37291944,3.3311
0.07500 - <0.08100,0.07800,0.33777070,3.0172
0.08100 - <0.08700,0.08400,0.31496244,2.8134
0.08700 - <0.09300,0.09000,0.25725907,2.2980
0.09300 - <0.09900,0.09600,0.20215409,1.8058
0.09900 - <0.10501,0.10200,0.17476102,1.5611
0.10501 - <0.11101,0.10801,0.13045507,1.1653
0.11101 - <0.11701,0.11401,0.11830782,1.0568
0.11701 - <0.12301,0.12001,0.08865238,0.7919
0.12301 - <0.12901,0.12601,0.06627409,0.5920
0.12901 - <0.13501,0.13201,0.04788036,0.4277
0.13501 - <0.14101,0.13801,0.02113004,0.1887
0.14101 - <0.14701,0.14401,0.01590104,0.1420
0.14701 - <0.15301,0.15001,0.01170795,0.1046
0.15301 - <0.15901,0.15601,0.01163755,0.1040
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Standard deviation of structure separation,SD(St.Sp),0.02897733,mm

3D-analysis summary

Dataset,Date and time,Pixel size,Unit,Lower grey threshold,Upper grey threshold, Total VOI volume,Object
volume,Percent object volume, Total VOI surface,Object surface,Intersection surface,Object surface / volume
ratio,Object surface density,Structure thickness,Structure separation,Structure linear density,Surface convexity
index,Centroid (x),Centroid (y),Centroid (z),Structure model index,Degree of anisotropy,Eigenvalue
1,Eigenvalue 2,Eigenvalue 3,Fractal dimension,Number of objects,Number of closed pores,Volume of closed
pores,Surface of closed pores,Closed porosity (percent),Volume of open pore space,Open porosity

(percent), Total volume of pore space, Total porosity (percent),Euler number,Connectivity,Connectivity
density,Standard deviation of structure thickness,Standard deviation of structure separation,Moment of inertia
(x),Moment of inertia (y),Moment of inertia (z),Polar moment of inertia,Radius of gyration (x),Radius of
gyration (y),Radius of gyration (z),Polar radius of gyration,Product of inertia (xy),Product of inertia
(xz),Product of inertia (yz),

U, TV,0bj.V,0bj.V/TV,TS,0bj.S,i.S,0bj.S/Obj.V,0bj.S/TV,St.Th,St.Sp,St.Li.Dn,SCv.1,Crd.X,Crd.Y,Crd.Z,
SMI,DA,,,,FD,0bj.N,Po.N(cl),Po.V(cl),Po.S(cl),Po(cl),Po.V(op),Po(op),Po.V(tot),Po(tot),Eu.N,Conn,Conn.Dn,
SD(St.Th),SD(St.Sp),MMI(x), MMI(y),MMI(z), MMI(polar),Gr.R(x),Gr.R(y),Gr.R(z),Gr.R(polar),Pr.In(xy),Pr.1
n(xz),Pr.In(yz),
»um,,,,Un3,U"3,%,U"2,U"2,u2,1/U,1/U,U,U,1/U,1/U,U,U,U,,,,,,,,,U"3,U"2,%,U"3,%,U"3,%,,,1/U"3,U,U,U”
5,UN5,UN5,UN5,U,U,U,U,UN5,UN5, UN5,

FADATA\Tarik\P-1\P-1_Rec\p-1_rec,05.06.2020
09:23,3.00014701,mm,33,255,14.81359450,3.57728043,24.14863208,47.40659594,939.84538343,6.16 710206,
262.72622490,63.44478942,,0.04418313, ,-
0.04255805,0.08958559,2.43044838,,,,,,,12624,64,0.00003363,0.02546847,0.00094004,11.23628044,75.85114
091,11.23631406,75.85136792,-367145,379833,0.00069240,,0.02897733,,,.,,,111,

<<<<< End of task (c07b070e-4018-4ff5-9274-e0340bd992cd) >>>>>

Appendix 7

<<<<< Begin of workflow >>>>>

CT Analyser, Version: 1.18.4.0
Dataset name, F:\DATA\Tarik\P-2\P-2_Rec\P-2_rec00000819.bmp
File postfix length, 8

File type, BMP

Image size (W/H), 2452, 2452
Total number of images, 535

Total Z-position range, 593, 1127
Number of images inside VOI, 301
Z-position range of VOI, 660, 960
Z spacing, 1

Pixel size (um), 3.000147

[ 06/04/20 14:38:18 ] Thresholding
Mode, Global

Lower grey threshold, 33

Upper grey threshold, 255

[ 06/04/20 14:38:24 ] Thresholding done

[ 06/04/20 14:38:25 ] Despeckle
Type: Remove white speckles (3D space)
Volume : less than 10 voxels

Apply to: Image

550656 speckles removed

[ 06/04/20 14:39:02 ] Despeckle done
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[ 06/04/20 14:39:02 ] Despeckle
Type: Remove black speckles (3D space)
Volume : less than 10 voxels

Apply to: Image

9257 speckles removed

[ 06/04/20 14:41:43 ] Despeckle done

[ 06/04/20 14:41:43 ] Bitwise operations
<Image> = <Image> AND <Region of Interest>
[ 06/04/20 14:41:45] Bitwise operations done

[ 06/04/20 14:41:45 ] 3D analysis
Destination folder of images of Structure separation: F\ADATA\Tarik\P-2\P-2_Rec\TBSP

Date and time,04.06.2020 14:41
Operator identity,oem

Computer name, T7610

Computation time,00:06:03
Dataset,p-2_rec
Location,F:\DATA\Tarik\P-2\P-2_Rec\

MORPHOMETRY RESULTS

Description,Abbreviation,Value,Unit

Number of layers,,301

Lower vertical position,,1.98009702,mm
Upper vertical position,,2.88014113,mm
Pixel size,,3.00014701,um

Lower grey threshold,,33

Upper grey threshold,,255

Total VOI volume, TV,14.81359450,mm"3

Object volume,0bj.V,3.89472976,mm"3

Percent object volume,Obj.V/TV,26.29159158,%

Total VOI surface,TS,47.40659594,mm"2

Object surface,0bj.S,936.58713878, mm~"2

Intersection surface,i.S,7.21755031,mm"2

Obiject surface / volume ratio,Obj.S/Obj.V,240.47551323,1/mm
Object surface density,Obj.S/TV,63.22483979,1/mm
Centroid (x),Crd.X,-0.12284217,mm

Centroid (y),Crd.Y,0.01176283,mm

Centroid (2),Crd.Z,2.45126185,mm

Structure separation,St.Sp,0.04953284,mm

Number of objects,Obj.N,16789,

Number of closed pores,Po.N(cl),809,

Volume of closed pores,Po.V(cl),0.00041230,mm"3
Surface of closed pores,P0.S(cl),0.34731052,mm"2
Closed porosity (percent),Po(cl),0.01058500,%

Volume of open pore space,P0.V(0p),10.91845243 mm~3
Open porosity (percent),Po(op),73.70562516,%

Total volume of pore space,Po.V(tot),10.91886473,mm"3
Total porosity (percent),Po(tot),73.70840842,%

Euler number,Eu.N,-400647,

Connectivity,Conn,418245,

Connectivity density,Conn.Dn,0.00076242,1/mm"3
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Structure separation distribution,St.Sp
Range,Mid-range,Volume,Percent volume in range
mm,mm,mm*3,%

0.00300 - <0.00900,0.00600,0.22386204,2.0551
0.00900 - <0.01500,0.01200,1.20101893,11.0258
0.01500 - <0.02100,0.01800,1.11491467,10.2353
0.02100 - <0.02700,0.02400,1.02429642,9.4034
0.02700 - <0.03300,0.03000,0.82830312,7.6041
0.03300 - <0.03900,0.03600,0.67622338,6.2080
0.03900 - <0.04500,0.04200,0.75568000,6.9374
0.04500 - <0.05100,0.04800,0.68390620,6.2785
0.05100 - <0.05700,0.05400,0.60377187,5.5428
0.05700 - <0.06300,0.06000,0.56400418,5.1778
0.06300 - <0.06900,0.06600,0.50658520,4.6506
0.06900 - <0.07500,0.07200,0.42408270,3.8932
0.07500 - <0.08100,0.07800,0.39816154,3.6553
0.08100 - <0.08700,0.08400,0.35556858,3.2642
0.08700 - <0.09300,0.09000,0.27002606,2.4789
0.09300 - <0.09900,0.09600,0.23039187,2.1151
0.09900 - <0.10501,0.10200,0.19401631,1.7811
0.10501 - <0.11101,0.10801,0.16169094,1.4844
0.11101 - <0.11701,0.11401,0.14512921,1.3323
0.11701 - <0.12301,0.12001,0.11999495,1.1016
0.12301 - <0.12901,0.12601,0.10206709,0.9370
0.12901 - <0.13501,0.13201,0.07253037,0.6659
0.13501 - <0.14101,0.13801,0.05427169,0.4982
0.14101 - <0.14701,0.14401,0.04831869,0.4436
0.14701 - <0.15301,0.15001,0.02713056,0.2491
0.15301 - <0.15901,0.15601,0.02197397,0.2017
0.15901 - <0.16501,0.16201,0.02448072,0.2247
0.16501 - <0.17101,0.16801,0.00723245,0.0664
0.17101 - <0.17701,0.17401,0.00774768,0.0711
0.17701 - <0.18301,0.18001,0.01409340,0.1294
0.18301 - <0.18901,0.18601,0.01566878,0.1438
0.18901 - <0.19501,0.19201,0.00968792,0.0889
0.19501 - <0.20101,0.19801,0.00599566,0.0550
Standard deviation of structure separation,SD(St.Sp),0.03405722,mm

3D-analysis summary

Dataset,Date and time,Pixel size,Unit,Lower grey threshold,Upper grey threshold, Total VOI volume,Object
volume,Percent object volume,Total VOI surface,Object surface,Intersection surface,Object surface / volume
ratio,Object surface density,Structure thickness,Structure separation,Structure linear density,Surface convexity
index,Centroid (x),Centroid (y),Centroid (z),Structure model index,Degree of anisotropy,Eigenvalue
1,Eigenvalue 2,Eigenvalue 3,Fractal dimension,Number of objects,Number of closed pores,VVolume of closed
pores,Surface of closed pores,Closed porosity (percent),Volume of open pore space,Open porosity

(percent), Total volume of pore space, Total porosity (percent),Euler number,Connectivity,Connectivity
density,Standard deviation of structure thickness,Standard deviation of structure separation,Moment of inertia
(x),Moment of inertia (y),Moment of inertia (z),Polar moment of inertia,Radius of gyration (x),Radius of
gyration (y),Radius of gyration (z),Polar radius of gyration,Product of inertia (xy),Product of inertia
(xz),Product of inertia (yz),

U, TV,0bj.V,0bj.V/TV,TS,0bj.S,i.S,0bj.S/0Obj.V,0bj.S/TV,St.Th,St.Sp,St.Li.Dn,SCv.1,Crd.X,Crd.Y,Crd.Z,
SMI,DA,,,,FD,0bj.N,Po.N(cl),Po.V(cl),Po.S(cl),Po(cl),Po.V(op),Po(op),Po.V(tot),Po(tot),Eu.N,Conn,Conn.Dn,
SD(St.Th),SD(St.Sp),MMI(x), MMI(y),MMI(z), MMl (polar),Gr.R(x),Gr.R(y),Gr.R(z),Gr.R(polar),Pr.In(xy),Pr.1
n(xz),Pr.In(yz),
,»um,,,,U”3,U"3,%,U"2,Un2,U"2,1/U,1/U,U,U,1/U,1/U,U,U,U,,,,,,,,,U"3,U"2,%,U"3,%,U"3,%,,, 1/U"3,U,U,Ur
5,Un5,UN5,UN5,U,U,U,U,UN5,UN5,UNS,
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FADATA\Tarik\P-2\P-2_Rec\p-2_rec,04.06.2020
14:41,3.00014701,mm,33,255,14.81359450,3.89472976,26.29159158,47.40659594,936.58713878,7.21755031,
240.47551323,63.22483979,,0.04953284,,,-
0.12284217,0.01176283,2.45126185,,,,,,,16789,809,0.00041230,0.34731052,0.01058500,10.91845243,73.7056
2516,10.91886473,73.70840842,-400647,418245,0.00076242,,0.03405722,,,,,1,1:»

<<<<< End of task (5743edf2-fe77-424f-bcfd-5bh5859a631a) >>>>>

Appendix 8

<<<<< Begin of workflow >>>>>
CT Analyser, Version: 1.18.4.0
Dataset name, FA\ADATA\Tarik\P-3\P-3_Rec\P-3_rec00000891.bmp
File postfix length, 8

File type, BMP

Image size (W/H), 2452, 2452
Total number of images, 675

Total Z-position range, 584, 1258
Number of images inside VOI, 271
Z-position range of VOI, 650, 920
Z spacing, 1

Pixel size (um), 3.000147

[ 06/04/20 13:49:24 ] Thresholding
Mode, Global

Lower grey threshold, 33

Upper grey threshold, 255

[ 06/04/20 13:49:31 ] Thresholding done

[ 06/04/20 13:49:31 ] Despeckle
Type: Remove white speckles (3D space)
Volume : less than 10 voxels

Apply to: Image

263496 speckles removed

[ 06/04/20 13:49:59 ] Despeckle done

[ 06/04/20 13:49:59 ] Despeckle
Type: Remove black speckles (3D space)
Volume : less than 10 voxels

Apply to: Image

2191 speckles removed

[ 06/04/20 13:52:53 ] Despeckle done

[ 06/04/20 13:52:53 ] Bitwise operations
<Image> = <Image> AND <Region of Interest>
[ 06/04/20 13:52:56 ] Bitwise operations done

[ 06/04/20 13:52:56 ] 3D analysis

Destination folder of images of Structure separation: F\DATA\Tarik\P-3\P-3_Rec\TBSP
Date and time,04.06.2020 13:52

Operator identity,oem

Computer name, T7610

Computation time,00:06:31

Dataset,p-3_rec

Location,F:\DATA\Tarik\P-3\P-3_Rec\

MORPHOMETRY RESULTS
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Description,Abbreviation,Value,Unit

Number of layers,,271

Lower vertical position,,1.95009555,mm

Upper vertical position,,2.76013525,mm

Pixel size,,3.00014701,um

Lower grey threshold,,33

Upper grey threshold,,255

Total VOI volume,TV,13.33715287,mm"3

Object volume,0bj.V,2.38846422, mm~3

Percent object volume,Obj.VV/TV,17.90835152,%
Total VOI surface, TS,45.94876940,mm"2

Obiject surface,0bj.S,661.93564114,mm"2
Intersection surface,i.S,3.81877957,mm~2

Obiject surface / volume ratio,Obj.S/Obj.V,277.13860464,1/mm
Object surface density,0bj.S/TV,49.63095552,1/mm
Centroid (x),Crd.X,0.01818211,mm

Centroid (y),Crd.Y,0.05840082,mm

Centroid (2),Crd.Z,2.37937522,mm

Structure separation,St.Sp,0.07336386,mm

Number of objects,Obj.N,6099,

Number of closed pores,Po.N(cl),99,

Volume of closed pores,Po.V(cl),0.00004739,mm"3
Surface of closed pores,P0.S(cl),0.03927785,mm"2
Closed porosity (percent),Po(cl),0.00198421,%
Volume of open pore space,P0.V(0p),10.94864126,mm"3
Open porosity (percent),Po(op),82.09129313,%
Total volume of pore space,Po.V/(tot),10.94868866,mm"3
Total porosity (percent),Po(tot),82.09164848,%
Euler number,Eu.N,-269819,
Connectivity,Conn,276017,

Connectivity density,Conn.Dn,0.00055885,1/mm”"3

Structure separation distribution,St.Sp
Range,Mid-range,Volume,Percent volume in range
mm,mm,mm*3,%

0.00300 - <0.00900,0.00600,0.09766758,0.8944
0.00900 - <0.01500,0.01200,0.78946663,7.2300
0.01500 - <0.02100,0.01800,0.88874541,8.1392
0.02100 - <0.02700,0.02400,0.79349884,7.2669
0.02700 - <0.03300,0.03000,0.58001059,5.3118
0.03300 - <0.03900,0.03600,0.46965906,4.3012
0.03900 - <0.04500,0.04200,0.52709880,4.8272
0.04500 - <0.05100,0.04800,0.48959096,4.4837
0.05100 - <0.05700,0.05400,0.44578261,4.0825
0.05700 - <0.06300,0.06000,0.44574731,4.0822
0.06300 - <0.06900,0.06600,0.44686444,4.0924
0.06900 - <0.07500,0.07200,0.41107670,3.7647
0.07500 - <0.08100,0.07800,0.41595300,3.8093
0.08100 - <0.08700,0.08400,0.40088551,3.6713
0.08700 - <0.09300,0.09000,0.36492052,3.3420
0.09300 - <0.09900,0.09600,0.32482899,2.9748
0.09900 - <0.10501,0.10200,0.32214126,2.9502
0.10501 - <0.11101,0.10801,0.28320507,2.5936
0.11101 - <0.11701,0.11401,0.28179449,2.5807
0.11701 - <0.12301,0.12001,0.23948416,2.1932
0.12301 - <0.12901,0.12601,0.23437747,2.1465
0.12901 - <0.13501,0.13201,0.20078801,1.8388
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0.13501 - <0.14101,0.13801,0.16221500,1.4856

0.14101 - <0.14701,0.14401,0.15898052,1.4560

0.14701 - <0.15301,0.15001,0.14321474,1.3116

0.15301 - <0.15901,0.15601,0.13627572,1.2480

0.15901 - <0.16501,0.16201,0.11661005,1.0679

0.16501 - <0.17101,0.16801,0.10130639,0.9278

0.17101 - <0.17701,0.17401,0.10433286,0.9555

0.17701 - <0.18301,0.18001,0.09237521,0.8460

0.18301 - <0.18901,0.18601,0.06883277,0.6304

0.18901 - <0.19501,0.19201,0.06875108,0.6296

0.19501 - <0.20101,0.19801,0.03816946,0.3496

0.20101 - <0.20701,0.20401,0.04113677,0.3767

0.20701 - <0.21301,0.21001,0.03582911,0.3281

0.21301 - <0.21901,0.21601,0.04477328,0.4100

0.21901 - <0.22501,0.22201,0.03434446,0.3145

0.22501 - <0.23101,0.22801,0.03539162,0.3241

0.23101 - <0.23701,0.23401,0.02491232,0.2281

0.23701 - <0.24301,0.24001,0.01056141,0.0967

0.24301 - <0.24901,0.24601,0.00184902,0.0169

0.24901 - <0.25501,0.25201,0.00177735,0.0163

0.25501 - <0.26101,0.25801,0.00199746,0.0183

0.26101 - <0.26701,0.26401,0.00218157,0.0200

0.26701 - <0.27301,0.27001,0.01345062,0.1232

0.27301 - <0.27901,0.27601,0.00104349,0.0096

0.27901 - <0.28501,0.28201,0.00126765,0.0116

0.28501 - <0.29101,0.28801,0.00142465,0.0130

0.29101 - <0.29701,0.29401,0.00253697,0.0232

0.29701 - <0.30301,0.30001,0.00205446,0.0188

0.30301 - <0.30902,0.30601,0.00237802,0.0218

0.30902 - <0.31502,0.31202,0.01573975,0.1441

Standard deviation of structure separation,SD(St.Sp),0.05311607,mm

3D-analysis summary

Dataset,Date and time,Pixel size,Unit,Lower grey threshold,Upper grey threshold, Total VOI volume,Object
volume,Percent object volume, Total VVOI surface,Object surface,Intersection surface,Object surface / volume
ratio,Object surface density,Structure thickness,Structure separation,Structure linear density,Surface convexity
index,Centroid (x),Centroid (y),Centroid (z),Structure model index,Degree of anisotropy,Eigenvalue
1,Eigenvalue 2,Eigenvalue 3,Fractal dimension,Number of objects,Number of closed pores,Volume of closed
pores,Surface of closed pores,Closed porosity (percent),Volume of open pore space,Open porosity

(percent), Total volume of pore space, Total porosity (percent),Euler number,Connectivity, Connectivity
density,Standard deviation of structure thickness,Standard deviation of structure separation,Moment of inertia
(x),Moment of inertia (y),Moment of inertia (z),Polar moment of inertia,Radius of gyration (x),Radius of
gyration (y),Radius of gyration (z),Polar radius of gyration,Product of inertia (xy),Product of inertia
(xz),Product of inertia (yz),

U, TV,0bj.V,0bj.V/TV,TS,0hj.S,i.S,0bj.S/0bj.V,0bj.S/TV,St.Th,St.Sp,St.Li.DNn,SCv.1,Crd.X,Crd.Y,Crd.Z,
SMI,DA,,,,FD,0bj.N,Po.N(cl),Po.V(cl),Po.S(cl),Po(cl),Po.V(op),Po(op),Po.V(tot),Po(tot),Eu.N,Conn,Conn.Dn,
SD(St.Th),SD(St.Sp),MMI(x),MMI(y),MMI(z), MMI(polar),Gr.R(x),Gr.R(y),Gr.R(z),Gr.R(polar),Pr.In(xy),Pr.I
n(xz),Pr.In(yz),
»um,,,,Un3,U"3,%,U"2,U"2,u"2,1/U,1/U,U,U,1/U,1/U,U,U,U,,,,,,,,,U"3,U"2,%,U"3,%,U"3,%,,,1/U"3,U,U,U”
5,U”5,UN5,UN5,U,U,U,U,UN5,UN5, UN5,

F\DATA\Tarik\P-3\P-3_Rec\p-3_rec,04.06.2020
13:52,3.00014701,mm,33,255,13.33715287,2.38846422,17.90835152,45.94876940,661.93564114,3.81877957,
277.13860464,49.63095552,,0.07336386,,,0.01818211,0.05840082,2.37937522,,,,,,,6099,99,0.00004739,0.0392
7785,0.00198421,10.94864126,82.09129313,10.94868866,82.09164848, -
269819,276017,0.00055885,,0.05311607,,,,,1,1»s

<<<<< End of task (ac7b0d9d-b6bd-4490-9df1-2d1e4648a655) >>>>>
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Appendix 9

<<<<< Begin of workflow >>>>>

CT Analyser, Version: 1.18.4.0
Dataset name, F\DATA\Tarik\P-4\P-4_Rec\P-4 rec00000923.bmp
File postfix length, 8

File type, BMP

Image size (W/H), 2452, 2452
Total number of images, 639

Total Z-position range, 584, 1222
Number of images inside VOI, 341
Z-position range of VOI, 630, 970
Z spacing, 1

Pixel size (um), 3.000120

[ 06/04/20 11:25:25 ] Thresholding
Mode, Global

Lower grey threshold, 33

Upper grey threshold, 255

[ 06/04/20 11:25:32 ] Thresholding done

[ 06/04/20 11:25:35 ] Despeckle
Type: Remove white speckles (3D space)
Volume : less than 10 voxels

Apply to: Image

258261 speckles removed

[ 06/04/20 11:26:04 ] Despeckle done

[ 06/04/20 11:26:05 ] Despeckle
Type: Remove black speckles (3D space)
Volume : less than 10 voxels

Apply to: Image

1300 speckles removed

[ 06/04/20 11:28:47 ] Despeckle done

[ 06/04/20 11:28:47 ] Bitwise operations
<Image> = <Image> AND <Region of Interest>
[ 06/04/20 11:28:49 ] Bitwise operations done

[ 06/04/20 11:28:49 ] 3D analysis

Destination folder of images of Structure separation: F:\DATA\Tarik\P-4\P-4_Rec\TBSP
Date and time,04.06.2020 11:28

Operator identity,oem

Computer name, T7610

Computation time,00:07:16

Dataset,p-4_rec

Location,F:\DATA\Tarik\P-4\P-4_Rec\

MORPHOMETRY RESULTS

Description,Abbreviation,Value,Unit
Number of layers,,341

Lower vertical position,,1.89007560,mm
Upper vertical position,,2.91011640,mm
Pixel size,,3.00012000,um

Lower grey threshold,,33
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Upper grey threshold,,255

Total VOI volume, TV,16.78173019,mm"3

Object volume,0bj.V,2.91788393, mm"3

Percent object volume,Obj.V/TV,17.38726517,%

Total VOI surface, TS,49.34947632,mm"2

Obiject surface,0bj.S,670.30777904,mm"2

Intersection surface,i.S,3.57735881,mm"2

Object surface / volume ratio,Obj.S/Obj.V,229.72393540,1/mm
Object surface density,Obj.S/TV,39.94270980,1/mm
Centroid (x),Crd.X,0.13502830,mm

Centroid (y),Crd.Y,0.00622892,mm

Centroid (2),Crd.Z,2.41662020,mm

Structure separation,St.Sp,0.06759425,mm

Number of objects,Obj.N,10425,

Number of closed pores,Po.N(cl),21,

Volume of closed pores,Po.V(cl),0.00000870,mm"3
Surface of closed pores,Po.S(cl),0.00723877,mm"2
Closed porosity (percent),Po(cl),0.00029801,%

Volume of open pore space,P0.V(op),13.86383757,mm"3
Open porosity (percent),Po(op),82.61268301,%

Total volume of pore space,Po.V(tot),13.86384626,mm"3
Total porosity (percent),Po(tot),82.61273483,%

Euler number,Eu.N,-131231,

Connectivity,Conn,141677,

Connectivity density,Conn.Dn,0.00022797,1/mm"3

Structure separation distribution, St. Sp

Range, Mid-range, Volume, Percent volume in range
mm, mm, mm”3, %

0.00300 - <0.00900, 0.00600, 0.03372802, 0.2439
0.00900 - <0.01500,0.01200,0.29331276,2.1209
0.01500 - <0.02100,0.01800,0.56181092,4.0624
0.02100 - <0.02700,0.02400,1.00922175,7.2976
0.02700 - <0.03300,0.03000,1.05684504,7.6420
0.03300 - <0.03900,0.03600,0.92279599,6.6727
0.03900 - <0.04500,0.04200,1.05657703,7.6400
0.04500 - <0.05100,0.04800,0.96590469,6.9844
0.05100 - <0.05700,0.05400,0.85395609,6.1749
0.05700 - <0.06300,0.06000,0.80625084,5.8299
0.06300 - <0.06900,0.06600,0.75622850,5.4682
0.06900 - <0.07500,0.07200,0.64287160,4.6486
0.07500 - <0.08100,0.07800,0.61428432,4.4418
0.08100 - <0.08700,0.08400,0.55047769,3.9805
0.08700 - <0.09300,0.09000,0.46477370,3.3607
0.09300 - <0.09900,0.09600,0.42810802,3.0956
0.09900 - <0.10500,0.10200,0.37379576,2.7029
0.10500 - <0.11100,0.10800,0.35607577,2.5748
0.11100 - <0.11700,0.11400,0.32166749,2.3260
0.11700 - <0.12300,0.12000,0.27978389,2.0231
0.12300 - <0.12901,0.12601,0.23307661,1.6854
0.12901 - <0.13501,0.13201,0.19590648,1.4166
0.13501 - <0.14101,0.13801,0.17559667,1.2697
0.14101 - <0.14701,0.14401,0.14962663,1.0819
0.14701 - <0.15301,0.15001,0.13212488,0.9554
0.15301 - <0.15901,0.15601,0.09832776,0.7110
0.15901 - <0.16501,0.16201,0.09267896,0.6702
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0.16501 - <0.17101,0.16801,0.07045324,0.5094
0.17101 - <0.17701,0.17401,0.07028366,0.5082
0.17701 - <0.18301,0.18001,0.06818121,0.4930
0.18301 - <0.18901,0.18601,0.04610919,0.3334
0.18901 - <0.19501,0.19201,0.03940213,0.2849
0.19501 - <0.20101,0.19801,0.03602248,0.2605
0.20101 - <0.20701,0.20401,0.01573409,0.1138
0.20701 - <0.21301,0.21001,0.02071986,0.1498
0.21301 - <0.21901,0.21601,0.01233527,0.0892
0.21901 - <0.22501,0.22201,0.02442513,0.1766
Standard deviation of structure separation,SD(St.Sp),0.04074372,mm

3D-analysis summary

Dataset,Date and time,Pixel size,Unit,Lower grey threshold,Upper grey threshold, Total VOI volume,Object
volume,Percent object volume,Total VOI surface,Object surface,Intersection surface,Object surface / volume
ratio,Object surface density,Structure thickness,Structure separation,Structure linear density,Surface convexity
index,Centroid (x),Centroid (y),Centroid (z),Structure model index,Degree of anisotropy,Eigenvalue
1,Eigenvalue 2,Eigenvalue 3,Fractal dimension,Number of objects,Number of closed pores,Volume of closed
pores,Surface of closed pores,Closed porosity (percent),Volume of open pore space,Open porosity

(percent), Total volume of pore space, Total porosity (percent),Euler number,Connectivity,Connectivity
density,Standard deviation of structure thickness,Standard deviation of structure separation,Moment of inertia
(x),Moment of inertia (y),Moment of inertia (z),Polar moment of inertia,Radius of gyration (x),Radius of
gyration (y),Radius of gyration (z),Polar radius of gyration,Product of inertia (xy),Product of inertia
(xz),Product of inertia (yz),

U, TV,0bj.V,0bj.V/TV,TS,0hj.S,i.S,0bj.S/0bj.V,0bj.S/TV,St.Th,St.Sp,St.Li.Dn,SCv.1,Crd.X,Crd.Y,Crd.Z,
SMI,DA,,, FD,0bj.N,Po.N(cl),Po.V(cl),Po.S(cl),Po(cl),Po.V(op),Po(op),Po.V(tot),Po(tot),Eu.N,Conn,Conn.Dn,
SD(St.Th),SD(St.Sp),MMI(x),MMI(y),MMI(z),MMI(polar),Gr.R(x),Gr.R(y),Gr.R(z),Gr.R(polar),Pr.In(xy),Pr.I
n(xz),Pr.In(yz),
»um,,,,U"3,Un3,%,U"2,U"2,Uu"2,1/U,1/U,U,U,1/U,1/U,U,U,U,,,,,,,,,U"3,U"2,%,U"3,%,U"3,%,,,1/U"3,U,U,U”
5,Un5,UN5,U"5,U,U,U,U,UN5,UN5,UN5,

FADATA\Tarik\P-4\P-4_Rec\p-4_rec,04.06.2020
11:28,3.00012000,mm,33,255,16.78173019,2.91788393,17.38726517,49.34947632,670.30777904,3.57735881,
229.72393540,39.94270980,,0.06759425,,,0.13502830,0.00622892,2.41662020,,,,,,,10425,21,0.00000870,0.007
23877,0.00029801,13.86383757,82.61268301,13.86384626,82.61273483, -
131231,141677,0.00022797,,0.04074372,,,,,,1151,

<<<<< End of task (7fd156¢2-c6b8-4879-ba36-1196eal18b638) >>>>>

Appendix 10

<<<<< Begin of workflow >>>>>

CT Analyser, Version: 1.18.4.0
Dataset name, F\DATA\Tarik\P-5\P-5_Rec\P-5_rec00000843.bmp
File postfix length, 8

File type, BMP

Image size (W/H), 2452, 2452
Total number of images, 541

Total Z-position range, 575, 1115
Number of images inside VOI, 301
Z-position range of VOI, 660, 960
Z spacing, 1

Pixel size (um), 3.000120
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[ 06/04/20 09:04:08 ] Thresholding
Mode, Global

Lower grey threshold, 33

Upper grey threshold, 255

[ 06/04/20 09:04:15 ] Thresholding done

[ 06/04/20 09:04:16 ] Despeckle
Type: Remove white speckles (3D space)
Volume : less than 10 voxels

Apply to: Image

281153 speckles removed

[ 06/04/20 09:04:48 ] Despeckle done

[ 06/04/20 09:04:48 ] Despeckle
Type: Remove black speckles (3D space)
Volume : less than 10 voxels

Apply to: Image

1758 speckles removed

[ 06/04/20 09:07:26 ] Despeckle done

[ 06/04/20 09:07:26 ] Bitwise operations
<Image> = <Image> AND <Region of Interest>
[ 06/04/20 09:07:28 ] Bitwise operations done

[ 06/04/20 09:07:28 ] 3D analysis
Destination folder of images of Structure separation: F\DATA\Tarik\P-5\P-5_Rec\TBSP

Date and time,04.06.2020 09:07
Operator identity,oem

Computer name, T7610

Computation time,00:06:39
Dataset,p-5_rec
Location,F:\DATA\Tarik\P-5\P-5_Rec\

MORPHOMETRY RESULTS

Description,Abbreviation,Value,Unit

Number of layers,,301

Lower vertical position,,1.98007920,mm
Upper vertical position,,2.88011520,mm
Pixel size,,3.00012000,um

Lower grey threshold,,33

Upper grey threshold,,255

Total VOI volume, TV,14.81319452, mm”3

Object volume,0bj.V,2.62724637,mm"3

Percent object volume,Obj.V/TV,17.73585278,%

Total VOI surface,TS,47.40574259,mm"2

Object surface,0bj.S,636.80495090,mm"2

Intersection surface,i.S,4.50329846,mm"2

Object surface / volume ratio,Obj.S/Obj.V,242.38493872,1/mm
Object surface density,Obj.S/TV,42.98903590,1/mm

Centroid (x),Crd.X,0.06650615,mm

Centroid (y),Crd.Y,-0.05042121,mm
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Centroid (2),Crd.Z,2.44939039,mm

Structure separation,St.Sp,0.06295957,mm

Number of objects,Obj.N, 7955,

Number of closed pores,Po.N(cl),124,

Volume of closed pores,Po.V(cl),0.00006574,mm"3
Surface of closed pores,P0.S(cl),0.05034633,mm"2
Closed porosity (percent),Po(cl),0.00250200,%

Volume of open pore space,P0.V(0p),12.18588241,mm"3
Open porosity (percent),Po(op),82.26370345,%

Total volume of pore space,Po.V(tot),12.18594814,mm"3
Total porosity (percent),Po(tot),82.26414722,%

Euler number,Eu.N,-123992,

Connectivity,Conn,132071,

Connectivity density,Conn.Dn,0.00024075,1/mm"3

Structure separation distribution,St.Sp
Range,Mid-range,Volume,Percent volume in range
mm,mm,mm”3,%

0.00300 - <0.00900,0.00600,0.03329826,0.2740
0.00900 - <0.01500,0.01200,0.29976648,2.4667
0.01500 - <0.02100,0.01800,0.64081163,5.2731
0.02100 - <0.02700,0.02400,1.07330419,8.8320
0.02700 - <0.03300,0.03000,1.03397589,8.5084
0.03300 - <0.03900,0.03600,0.86429919,7.1122
0.03900 - <0.04500,0.04200,0.94373465,7.7658
0.04500 - <0.05100,0.04800,0.83392746,6.8623
0.05100 - <0.05700,0.05400,0.73340776,6.0351
0.05700 - <0.06300,0.06000,0.67759474,5.5758
0.06300 - <0.06900,0.06600,0.64086720,5.2736
0.06900 - <0.07500,0.07200,0.53501047,4.4025
0.07500 - <0.08100,0.07800,0.52502994,4.3204
0.08100 - <0.08700,0.08400,0.46565970,3.8318
0.08700 - <0.09300,0.09000,0.38520930,3.1698
0.09300 - <0.09900,0.09600,0.35564420,2.9265
0.09900 - <0.10500,0.10200,0.34462205,2.8358
0.10500 - <0.11100,0.10800,0.27880162,2.2942
0.11100 - <0.11700,0.11400,0.23693666,1.9497
0.11700 - <0.12300,0.12000,0.22251764,1.8311
0.12300 - <0.12901,0.12601,0.18963709,1.5605
0.12901 - <0.13501,0.13201,0.13947873,1.1477
0.13501 - <0.14101,0.13801,0.14434058,1.1878
0.14101 - <0.14701,0.14401,0.10377669,0.8540
0.14701 - <0.15301,0.15001,0.09878398,0.8129
0.15301 - <0.15901,0.15601,0.06314476,0.5196
0.15901 - <0.16501,0.16201,0.06768891,0.5570
0.16501 - <0.17101,0.16801,0.04315771,0.3551
0.17101 - <0.17701,0.17401,0.06187371,0.5091
0.17701 - <0.18301,0.18001,0.03177417,0.2615
0.18301 - <0.18901,0.18601,0.02675994,0.2202
0.18901 - <0.19501,0.19201,0.01275355,0.1049
0.19501 - <0.20101,0.19801,0.01379190,0.1135
0.20101 - <0.20701,0.20401,0.00357499,0.0294
0.20701 - <0.21301,0.21001,0.01540821,0.1268
0.21301 - <0.21901,0.21601,0.01202522,0.0990
Standard deviation of structure separation,SD(St.Sp),0.03827974,mm
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3D-analysis summary

Dataset,Date and time,Pixel size,Unit,Lower grey threshold,Upper grey threshold, Total VOI volume,Object
volume,Percent object volume,Total VOI surface,Object surface,Intersection surface,Object surface / volume
ratio,Object surface density,Structure thickness,Structure separation,Structure linear density,Surface convexity
index,Centroid (x),Centroid (y),Centroid (z),Structure model index,Degree of anisotropy,Eigenvalue
1,Eigenvalue 2,Eigenvalue 3,Fractal dimension,Number of objects,Number of closed pores,Volume of closed
pores,Surface of closed pores,Closed porosity (percent),Volume of open pore space,Open porosity

(percent), Total volume of pore space, Total porosity (percent),Euler number,Connectivity,Connectivity
density,Standard deviation of structure thickness,Standard deviation of structure separation,Moment of inertia
(x),Moment of inertia (y),Moment of inertia (z),Polar moment of inertia,Radius of gyration (x),Radius of
gyration (y),Radius of gyration (z),Polar radius of gyration,Product of inertia (xy),Product of inertia
(xz),Product of inertia (yz),

U, TV,0bj.V,0bj.V/TV,TS,0hj.S,i.S,0bj.S/0Obj.V,0bj.S/TV,St.Th,St.Sp,St.Li.Dn,SCv.1,Crd.X,Crd.Y,Crd.Z,
SMI,DA,,,,FD,0bj.N,Po.N(cl),Po.V(cl),Po.S(cl),Po(cl),Po.V(op),Po(op),Po.V(tot),Po(tot),Eu.N,Conn,Conn.Dn,
SD(St.Th),SD(St.Sp),MMI(x),MMI(y),MMI(z),MMI(polar),Gr.R(x),Gr.R(y),Gr.R(z),Gr.R(polar),Pr.In(xy),Pr.I
n(xz),Pr.In(yz),
,um,,,,U”3,U"3,%,U"2,U”2,u"2,1/U,1/U,U,U,1/U,1/U,U,U,U,,,,,,,,,U"3,U"2,%,U"3,%,U"3,%,,,1/U"3,U,U,U"
5,Un5,UN5,U”5,U,U,U,U,UN5,UN5,UN5,

F\DATA\Tarik\P-5\P-5_Rec\p-5_rec,04.06.2020
09:07,3.00012000,mm,33,255,14.81319452,2.62724637,17.73585278,47.40574259,636.80495090,4.50329846,
242.38493872,42.98903590,,0.06295957,,,0.06650615, -
0.05042121,2.44939039,,,,,,,7955,124,0.00006574,0.05034633,0.00250200,12.18588241,82.26370345,12.1859
4814,82.26414722,-123992,132071,0.00024075,,0.03827974,,,,,,1311,

<<<<< End of task (076f25ff-745b-4d3a-b7dd-442f67¢c94018) >>>>>

Appendix 11

<<<<< Begin of workflow >>>>>

CT Analyser, Version: 1.18.4.0
Dataset name, F:\DATA\Tarik\P-6\P-6_Rec\P-6_rec00000945.bmp
File postfix length, 8

File type, BMP

Image size (W/H), 2452, 2452
Total number of images, 791

Total Z-position range, 582, 1372
Number of images inside VOI, 361
Z-position range of VOI, 650, 1010
Z spacing, 1

Pixel size (um), 3.000120

[ 06/03/20 13:17:10 ] Thresholding
Mode, Global

Lower grey threshold, 33

Upper grey threshold, 255

[ 06/03/20 13:17:18 ] Thresholding done

[ 06/03/20 13:17:19 ] Despeckle
Type: Remove white speckles (3D space)
Volume : less than 10 voxels

Apply to: Image

266842 speckles removed

[ 06/03/20 13:17:56 ] Despeckle done
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[ 06/03/20 13:17:56 ] Despeckle
Type: Remove black speckles (3D space)
Volume : less than 10 voxels

Apply to: Image

2886 speckles removed

[ 06/03/20 13:21:02 ] Despeckle done

[ 06/03/20 13:21:03 ] Bitwise operations
<Image> = <Image> AND <Region of Interest>
[ 06/03/20 13:21:05 ] Bitwise operations done

[ 06/03/20 13:21:05 ] 3D analysis
Destination folder of images of Structure separation: F\DATA\Tarik\P-6\P-6_Rec\TBSP

Date and time,03.06.2020 13:21
Operator identity,oem

Computer name, T7610

Computation time,00:10:03
Dataset,p-6_rec
Location,F:\DATA\Tarik\P-6\P-6_Rec\

MORPHOMETRY RESULTS

Description,Abbreviation,Value,Unit

Number of layers,,361

Lower vertical position,,1.95007800,mm
Upper vertical position,,3.03012120,mm
Pixel size,,3.00012000,um

Lower grey threshold,,33

Upper grey threshold,,255

Total VOI volume,TV,17.76599664,mm"3

Object volume,0bj.V,3.19554471,mm"3

Percent object volume,Obj.V/TV,17.98685868,%

Total VOI surface,TS,52.78377983,mm"2

Object surface,0bj.S,612.91716678, mm~"2

Intersection surface,i.S,5.49796572,mm"2

Object surface / volume ratio,Obj.S/Obj.V,191.80365877,1/mm
Object surface density,Obj.S/TV,34.49945305,1/mm
Centroid (x),Crd.X,0.11110951,mm

Centroid (y),Crd.Y,0.07578002,mm

Centroid (2),Crd.Z,2.52416854,mm

Structure separation,St.Sp,0.09631893,mm

Number of objects,Obj.N,17802,

Number of closed pores,Po.N(cl),175,

Volume of closed pores,Po.V(cl),0.00008345,mm"3
Surface of closed pores,P0.S(cl),0.06718609,mm"2
Closed porosity (percent),Po(cl),0.00261127,%

Volume of open pore space,Po.V(op),14.57036848,mm"3
Open porosity (percent),Po(op),82.01267162,%

Total volume of pore space,Po.V/(tot),14.57045193,mm"3
Total porosity (percent),Po(tot),82.01314132,%

Euler number,Eu.N,-95331,

Connectivity,Conn,113308,
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Connectivity density,Conn.Dn,0.00017222,1/mm"3

Structure separation distribution,St.Sp

Range,Mid-range,Volume,Percent volume in range

mm,mm,mm~3,%

0.00300 - <0.00900,0.00600,0.04859060,0.3341
0.00900 - <0.01500,0.01200,0.34328763,2.3601
0.01500 - <0.02100,0.01800,0.55908440,3.8436
0.02100 - <0.02700,0.02400,0.86475217,5.9451
0.02700 - <0.03300,0.03000,0.82623316,5.6803
0.03300 - <0.03900,0.03600,0.69598419,4.7848
0.03900 - <0.04500,0.04200,0.76455354,5.2562
0.04500 - <0.05100,0.04800,0.67528407,4.6425
0.05100 - <0.05700,0.05400,0.59928183,4.1200
0.05700 - <0.06300,0.06000,0.56308577,3.8711
0.06300 - <0.06900,0.06600,0.54377246,3.7384
0.06900 - <0.07500,0.07200,0.47358115,3.2558
0.07500 - <0.08100,0.07800,0.47835411,3.2886
0.08100 - <0.08700,0.08400,0.44836429,3.0824
0.08700 - <0.09300,0.09000,0.39963680,2.7475
0.09300 - <0.09900,0.09600,0.38811657,2.6683
0.09900 - <0.10500,0.10200,0.39076087,2.6864
0.10500 - <0.11100,0.10800,0.34845829,2.3956
0.11100 - <0.11700,0.11400,0.35962000,2.4723
0.11700 - <0.12300,0.12000,0.34452011,2.3685
0.12300 - <0.12901,0.12601,0.33176780,2.2809
0.12901 - <0.13501,0.13201,0.28701955,1.9732
0.13501 - <0.14101,0.13801,0.29839855,2.0515
0.14101 - <0.14701,0.14401,0.26405089,1.8153
0.14701 - <0.15301,0.15001,0.25521543,1.7546
0.15301 - <0.15901,0.15601,0.26573873,1.8269
0.15901 - <0.16501,0.16201,0.26437690,1.8176
0.16501 - <0.17101,0.16801,0.24894957,1.7115
0.17101 - <0.17701,0.17401,0.23471165,1.6136
0.17701 - <0.18301,0.18001,0.17917328,1.2318
0.18301 - <0.18901,0.18601,0.21024177,1.4454
0.18901 - <0.19501,0.19201,0.17402846,1.1964
0.19501 - <0.20101,0.19801,0.17114613,1.1766
0.20101 - <0.20701,0.20401,0.13747763,0.9451
0.20701 - <0.21301,0.21001,0.13843948,0.9518
0.21301 - <0.21901,0.21601,0.10358810,0.7122
0.21901 - <0.22501,0.22201,0.11212310,0.7708
0.22501 - <0.23101,0.22801,0.10011738,0.6883
0.23101 - <0.23701,0.23401,0.07496356,0.5154
0.23701 - <0.24301,0.24001,0.06801987,0.4676
0.24301 - <0.24901,0.24601,0.07632261,0.5247
0.24901 - <0.25501,0.25201,0.04684290,0.3220
0.25501 - <0.26101,0.25801,0.05036509,0.3463
0.26101 - <0.26701,0.26401,0.02981541,0.2050
0.26701 - <0.27301,0.27001,0.02055497,0.1413
0.27301 - <0.27901,0.27601,0.03367488,0.2315
0.27901 - <0.28501,0.28201,0.05509344,0.3788
0.28501 - <0.29101,0.28801,0.01707504,0.1174
0.29101 - <0.29701,0.29401,0.01274818,0.0876
0.29701 - <0.30301,0.30001,0.03932290,0.2703
0.30301 - <0.30901,0.30601,0.02932128,0.2016
0.30901 - <0.31501,0.31201,0.02183582,0.1501
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0.31501 - <0.32101,0.31801,0.03810352,0.2620
0.32101 - <0.32701,0.32401,0.01576600,0.1084
0.32701 - <0.33301,0.33001,0.00119454,0.0082
0.33301 - <0.33901,0.33601,0.02280958,0.1568
Standard deviation of structure separation,SD(St.Sp),0.06763297,mm

3D-analysis summary

Dataset,Date and time,Pixel size,Unit,Lower grey threshold,Upper grey threshold, Total VOI volume,Object
volume,Percent object volume,Total VOI surface,Object surface,Intersection surface,Object surface / volume
ratio,Object surface density,Structure thickness,Structure separation,Structure linear density,Surface convexity
index,Centroid (x),Centroid (y),Centroid (z),Structure model index,Degree of anisotropy,Eigenvalue
1,Eigenvalue 2,Eigenvalue 3,Fractal dimension,Number of objects,Number of closed pores,VVolume of closed
pores,Surface of closed pores,Closed porosity (percent),Volume of open pore space,Open porosity

(percent), Total volume of pore space, Total porosity (percent),Euler number,Connectivity,Connectivity
density,Standard deviation of structure thickness,Standard deviation of structure separation,Moment of inertia
(x),Moment of inertia (y),Moment of inertia (z),Polar moment of inertia,Radius of gyration (x),Radius of
gyration (y),Radius of gyration (z),Polar radius of gyration,Product of inertia (xy),Product of inertia
(xz),Product of inertia (yz),

U, TV,0bj.V,0bj.V/TV,TS,0hj.S,i.S,0bj.S/0bj.V,0bj.S/TV,St.Th,St.Sp,St.Li.Dn,SCv.1,Crd.X,Crd.Y,Crd.Z,
SMI,DA,,,,FD,0bj.N,Po.N(cl),Po.V(cl),Po.S(cl),Po(cl),Po.V(op),Po(op),Po.V(tot),Po(tot),Eu.N,Conn,Conn.Dn,
SD(St.Th),SD(St.Sp),MMI(x),MMI(y),MMI(z),MMI(polar),Gr.R(x),Gr.R(y),Gr.R(z),Gr.R(polar),Pr.In(xy),Pr.I
n(xz),Pr.In(yz),
,um,,,,U”3,U"3,%,U"2,U”2,u"2,1/U,1/U,U,U,1/U,1/U,U,U,U,,,,,,,,,U"3,U"2,%,U"3,%,U"3,%,,,1/U"3,U,U,U"
5,U"5,UN5,UN5,U,U,U,U,UN5,UN5,UN5,

F:\DATA\Tarik\P-6\P-6_Rec\p-6_rec,03.06.2020
13:21,3.00012000,mm,33,255,17.76599664,3.19554471,17.98685868,52.78377983,612.91716678,5.49796572,
191.80365877,34.49945305,,0.09631893,,,0.11110951,0.07578002,2.52416854,,,,,,,17802,175,0.00008345,0.06
718609,0.00261127,14.57036848,82.01267162,14.57045193,82.01314132, -
95331,113308,0.00017222,,0.06763297,.,,,,..,,,

<<<<< End of task (bdOefc3c-513c-4a85-992f-eb7bf3994651) >>>>>

Appendix 12

<<<<< Begin of workflow >>>>>

CT Analyser, Version: 1.18.4.0
Dataset name, F\DATA\Tarik\test1\testl Rec\testl rec00001043.bmp
File postfix length, 8

File type, BMP

Image size (W/H), 2452, 2452
Total number of images, 895

Total Z-position range, 559, 1453
Number of images inside VOI, 361
Z-position range of VOI, 650, 1010
Z spacing, 1

Pixel size (um), 3.000120

[ 06/03/20 11:20:22 ] Thresholding
Mode, Global

Lower grey threshold, 33

Upper grey threshold, 255

[ 06/03/20 11:20:33 ] Thresholding done
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[ 06/03/20 11:20:33 ] Despeckle
Type: Remove white speckles (3D space)
Volume : less than 10 voxels

Apply to: Image

456372 speckles removed

[ 06/03/20 11:21:29 ] Despeckle done

[ 06/03/20 11:21:30 ] Despeckle
Type: Remove black speckles (3D space)
Volume : less than 10 voxels

Apply to: Image

2292 speckles removed

[ 06/03/20 11:25:47 ] Despeckle done

[ 06/03/20 11:25:47 ] Bitwise operations
<Image> = <Image> AND <Region of Interest>
[ 06/03/20 11:25:50 ] Bitwise operations done

[ 06/03/20 11:25:50 ] 3D analysis
Destination folder of images of Structure separation: F\DATA\Tarik\test1\testl Rec\TBSP

Date and time,03.06.2020 11:25

Operator identity,oem

Computer name, T7610

Computation time,00:07:18
Dataset,testl_rec
Location,F:\DATA\Tarik\test1\testl Rec\

MORPHOMETRY RESULTS

Description,Abbreviation,Value,Unit

Number of layers,,361

Lower vertical position,,1.95007800,mm
Upper vertical position,,3.03012120,mm
Pixel size,,3.00012000,um

Lower grey threshold,,33

Upper grey threshold,,255

Total VOI volume, TV,17.76599803,mm”3

Object volume,0bj.V,4.16806427, mm~3

Percent object volume,0Obj.V/TV,23.46090697,%
Total VOI surface,TS,50.32134319,mm"2

Object surface,0bj.S,1037.16488620,mm"2
Intersection surface,i.S,6.40057773,mm"2

Object surface / volume ratio,Obj.S/Obj.V,248.83610688,1/mm
Object surface density,Obj.S/TV,58.37920755,1/mm
Centroid (x),Crd.X,0.02521433,mm

Centroid (y),Crd.Y,0.21374499,mm

Centroid (2),Crd.Z,2.54877554,mm

Structure separation,St.Sp,0.05277577,mm

Number of objects,Obj.N,14247,

Number of closed pores,Po.N(cl),104,

Volume of closed pores,Po.V(cl),0.00004561,mm"3
Surface of closed pores,P0.S(cl),0.03771759,mm"2
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Closed porosity (percent),Po(cl),0.00109425,%

Volume of open pore space,Po.V(op),13.59788815,mm"3
Open porosity (percent),Po(op),76.53883630,%

Total volume of pore space,Po.V/(tot),13.59793376, mm"3
Total porosity (percent),Po(tot),76.53909303,%

Euler number,Eu.N,-344407,

Connectivity,Conn,358758,

Connectivity density,Conn.Dn,0.00054529,1/mm"3

Structure separation distribution,St.Sp
Range,Mid-range,Volume,Percent volume in range
mm,mm,mm*3,%

0.00300 - <0.00900,0.00600,0.08855696,0.6533
0.00900 - <0.01500,0.01200,1.02828844,7.5863
0.01500 - <0.02100,0.01800,1.64948094,12.1691
0.02100 - <0.02700,0.02400,1.64246906,12.1174
0.02700 - <0.03300,0.03000,1.21932130,8.9956
0.03300 - <0.03900,0.03600,0.89937151,6.6352
0.03900 - <0.04500,0.04200,0.92132177,6.7971
0.04500 - <0.05100,0.04800,0.78481947,5.7901
0.05100 - <0.05700,0.05400,0.66003812,4.8695
0.05700 - <0.06300,0.06000,0.59399689,4.3822
0.06300 - <0.06900,0.06600,0.55462344,4.0918
0.06900 - <0.07500,0.07200,0.45674674,3.3697
0.07500 - <0.08100,0.07800,0.42154370,3.1100
0.08100 - <0.08700,0.08400,0.36603678,2.7005
0.08700 - <0.09300,0.09000,0.29737170,2.1939
0.09300 - <0.09900,0.09600,0.26785032,1.9761
0.09900 - <0.10500,0.10200,0.25019174,1.8458
0.10500 - <0.11100,0.10800,0.20846898,1.5380
0.11100 - <0.11700,0.11400,0.19346374,1.4273
0.11700 - <0.12300,0.12000,0.16786540,1.2384
0.12300 - <0.12901,0.12601,0.12915247,0.9528
0.12901 - <0.13501,0.13201,0.10515451,0.7758
0.13501 - <0.14101,0.13801,0.09425864,0.6954
0.14101 - <0.14701,0.14401,0.08110418,0.5984
0.14701 - <0.15301,0.15001,0.06733512,0.4968
0.15301 - <0.15901,0.15601,0.06078894,0.4485
0.15901 - <0.16501,0.16201,0.03886655,0.2867
0.16501 - <0.17101,0.16801,0.03945919,0.2911
0.17101 - <0.17701,0.17401,0.05029902,0.3711
0.17701 - <0.18301,0.18001,0.03759985,0.2774
0.18301 - <0.18901,0.18601,0.03313160,0.2444
0.18901 - <0.19501,0.19201,0.01953676,0.1441
0.19501 - <0.20101,0.19801,0.01563868,0.1154
0.20101 - <0.20701,0.20401,0.01471218,0.1085
0.20701 - <0.21301,0.21001,0.01526820,0.1126
0.21301 - <0.21901,0.21601,0.00776259,0.0573
0.21901 - <0.22501,0.22201,0.02049268,0.1512
0.22501 - <0.23101,0.22801,0.00339517,0.0250
0.23101 - <0.23701,0.23401,0.01072091,0.0791
0.23701 - <0.24301,0.24001,0.01933121,0.1426
0.24301 - <0.24901,0.24601,0.00941519,0.0695
0.24901 - <0.25501,0.25201,0.00936759,0.0691
Standard deviation of structure separation,SD(St.Sp),0.04012633,mm
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3D-analysis summary

Dataset,Date and time,Pixel size,Unit,Lower grey threshold,Upper grey threshold, Total VOI volume,Object
volume,Percent object volume, Total VOI surface,Object surface,Intersection surface,Object surface / volume
ratio,Object surface density,Structure thickness,Structure separation,Structure linear density,Surface convexity
index,Centroid (x),Centroid (y),Centroid (z),Structure model index,Degree of anisotropy,Eigenvalue
1,Eigenvalue 2,Eigenvalue 3,Fractal dimension,Number of objects,Number of closed pores,Volume of closed
pores,Surface of closed pores,Closed porosity (percent),Volume of open pore space,Open porosity

(percent), Total volume of pore space, Total porosity (percent),Euler number,Connectivity,Connectivity
density,Standard deviation of structure thickness,Standard deviation of structure separation,Moment of inertia
(x),Moment of inertia (y),Moment of inertia (z),Polar moment of inertia,Radius of gyration (x),Radius of
gyration (y),Radius of gyration (z),Polar radius of gyration,Product of inertia (xy),Product of inertia
(xz),Product of inertia (yz),

U, TV,0bj.V,0bj.V/TV,TS,0bj.S,i.S,0bj.S/0bj.V,0bj.S/TV,St.Th,St.Sp,St.Li.Dn,SCv.1,Crd.X,Crd.Y,Crd.Z,
SMI,DA,,,,FD,0bj.N,Po.N(cl),Po.V(cl),Po.S(cl),Po(cl),Po.V(op),Po(op),Po.V(tot),Po(tot),Eu.N,Conn,Conn.Dn,
SD(St.Th),SD(St.Sp),MMI(x), MMI(y),MMI(z), MMl (polar),Gr.R(x),Gr.R(y),Gr.R(z),Gr.R(polar),Pr.In(xy),Pr.I
n(xz),Pr.In(yz),
»um,,,,Un3,U"3,%,U"2,U"2,u2,1/U,1/U,U,U,1/U,1/U,U,U,U,,,,,,,,,U"3,U"2,%,U"3,%,U"3,%,,,1/U*3,U,U,U"
5,UN5,UN5,UN5,U,U,U,U,UN5,UN5, UN5,

FADATA\Tarik\test1\testl Rec\testl rec,03.06.2020
11:25,3.00012000,mm,33,255,17.76599803,4.16806427,23.46090697,50.32134319,1037.16488620,6.40057773
,248.83610688,58.37920755,,0.05277577,,,0.02521433,0.21374499,2.54877554,,,,,,,14247,104,0.000045601,0.0
3771759,0.00109425,13.59788815,76.53883630,13.59793376,76.53909303, -
344407,358758,0.00054529,,0.04012633,,,,,1,11s

<<<<< End of task (0f48d623-c2e8-4ae6-9afl-e19f735d1a36) >>>>>

Appendix 13

[System]

Scanner=SkyScan1272
Instrument S/N=13B09011
Software Version=1.1.9

Home Directory=C:\SkyScan1272
Source Type=HAMAMATSU_L11871 20
Camera Type=XIMEA xiRAY 16
Camera Pixel Size (um)=7.4
Camera X/Y Ratio=1.0149

[User]

User Name=1272 Control PC
Computer Name=1272CONTROLPC
[Acquisition]

Data Directory=C:\data\Tarik\P-1
Filename Prefix=P-1

Filename Index Length=8
Number Of Files= 940

Number Of Rows= 1640

Number Of Columns= 2452
Partial Width=OFF

Image crop origin X=0

Image crop origin Y=0

Camera binning=2x2

Image Rotation=0.03400

Optical Axis (line)= 781
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Camera to Source (mm)=273.71121
Object to Source (mm)=55.37252

Source Voltage (kV)= 50

Source Current (UA)= 200

Image Pixel Size (um)=3.000149

Scaled Image Pixel Size (um)=3.000149
Image Format=TIFF

Depth (bits)=16

Reference Intensity=57000

Exposure (ms)=672

Rotation Step (deg)=0.200

Use 360 Rotation=NO

Scanning position=4.900 mm

Frame Averaging=ON (3)

Random Movement=OFF (20)

Flat Field Correction=ON

Geometrical Correction=ON

Filter=No Filter

Gantry direction=CC

Rotation Direction=CC

Type of Detector Motion=STEP AND SHOOT
Scanning Trajectory=ROUND

Number Of Horizontal Offset Positions=1
Study Date and Time=04 Jun 2020 15h:38m:50s
Scan duration=1h:5m:23s

Maximum vertical TS=5.0

[Reconstruction]

Reconstruction Program=NRecon

Program Version=Version: 1.6.10.4

Program Home Directory=C:\Skyscan\nrecon 2016
Reconstruction engine=GPUReconServer

Engine version=Version: 1.6.10

Reconstruction from batch=No
Postalignment=-19.00

Reconstruction servers= T7610

Dataset Origin=SkyScan1272

Dataset Prefix=P-1

Dataset Directory=F:\DATA\Tarik\P-1

Output Directory=F:\DATA\Tarik\P-1\P-1_Rec
Time and Date=Jun 08, 2020 09:34:32

First Section=617

Last Section=1119

Reconstruction duration per slice (seconds)=0.268390
Total reconstruction time (503 slices) in seconds=135.000000
Section to Section Step=1

Sections Count=503

Result File Type=BMP

Result File Header Length (bytes)=1134

Result Image Width (pixels)=2452

Result Image Height (pixels)=2452

Pixel Size (um)=3.00015

Reconstruction Angular Range (deg)=188.00

Use 180+=0OFF

Angular Step (deg)=0.2000

Smoothing=0

Ring Artifact Correction=20
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Draw Scales=OFF

Object Bigger than FOV=0FF

Reconstruction from ROI=0OFF

Filter cutoff relative to Nyquist frequency=100
Filter type=0

Filter type description=Hamming (Alpha=0.54)
Undersampling factor=1

Threshold for defect pixel mask (%)=0

Beam Hardening Correction (%)=0

CS Static Rotation (deg)=0.00

Minimum for CS to Image Conversion=0.000000
Maximum for CS to Image Conversion=0.224093
HU Calibration=OFF

BMP LUT=0

Cone-beam Angle Horiz.(deg)=7.600709
Cone-beam Angle Vert.(deg)=5.087794

Appendix 14

Socks biaxial extension on the wooden leg

Socks were loaded on the wooden leg (Salzmann MST Switzerland, size =24cm) and marked
with a known length in both wale and course directions name as (final length). After
removing and relaxing, these measurements were measured again and considered as initial
(length). The extension is calculated as per below equation;

) final length — initial length
Extension [%] = —— x 100
initial length

Extension [%]
Sock code
Wale Course
P1 28.57 32.15
P2 37.14 57.38
P3 11.63 37.14
P4 27.50 39.09
P5 36.61 52.24
P6 24.14 46.94
P7 33.04 44.34
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Appendix 15

Sock’s washing recipe

Liquor ratio 1:20
Temperature [°C] 40
Time [min] 20
Machine speed [rpm] 10
Tubingal RGH from CHT [%] 1
Jinsofeco TWM-2 from Jintex [%] 2
pH 55

Citric acid for adjusting pH
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