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Textile glossary



Acetate
Acetate is a manufactured fibre of cellulose ethtm@acetate) wherein less than 92%, but at

least 74% of the hydroxyl groups of the origindludese are acetylated.

Acrylic
Acrylic is a manufactured fibre composed of syrithBhear macromolecules having in the

chain at least 85% (by mass) of recurring acrytdaigroups.
Back
The back is the reverse of a fabric as opposetigdace. Face and back are identified in

function of the way the fabric is used or in fupatiof the position of the fabric on the loom.

Bast fibre (fibre libérienne)

A bast fibre is a fibre obtained from the stemsarious plants.

Burlap
Burlap is a plain cloth made from single yarns ppr@ximately the same linear density in
warp and weft, usually made from bast fibres, palarly jute.

Cast-off position

It is the position in the knitting cycle where theedle is retracted to its lowest point, allowing
the new loop to be drawn through the old loop d®htcasting the latter over the head of the

needle hook.

Compressibility

Compressibility is a term relating to the hand albrics and referring to the resistance to
squeezing. It ranges from soft (high compressyilito hard (low compressibility).
Measurements of thickness at various pressuresideroan objective mean of testing

compressibility. This notion is closed to the irseeof hardness for a standard material.

Compressional resilience

Compressional resilience is the recovery of thiskner energy through a compression and

recovery cycle.



Course
A course is a row of loops across the width of #t&d fabric, i.e. perpendicular to the

machine direction.

Crim

The crimp of a yarn is the waviness or distortiérth@ yarn that is due to interlacing in the
fabric. In woven fabrics, the crimp is measuredthg relation between the length of the
fabric sample and the corresponding length of yahen it is removed there from and
straightened under suitable tension. Crimp mayxXpgessed numerically as (a) percentage
crimp, which is 100 divided by the fabric length andltiplied by the difference between the
yarn length and the fabric length, and (b) crimporawhich is the ratio of yarn length to
fabric length.

Elastane

Elastane is a manufactured fibre that is composexymthetic linear macromolecules having
in the chain at least 85% (by mass) of segmentgdipgihane groups and that rapidly reverts
substantially to its unstretched length after esi@m to three times that length. The most

famous trademark of elastane is Lycra®.

Face of fabric
The face of a fabric is the side which is intent®tle the use surface or which is to be visible

in an end product.

Fibre

(1) General.Fibre is the fundamental element used in the fabdn of textile yarns and
fabrics.

(2) Specific.Fibre is a unit of matter characterized by havingragth at least 100 times its
diameter or width, and with the exception of nostajline glass fibre, having a definitely
preferred orientation of its crystal unit cells kviespect to a specific axis.

(3) Textile.Fibres can be spun into a yarn and made intor&cfalp interlacing in a variety of
methods, including weaving, knitting and twistinihe essential requisites for fibres to be
spun into yarn include a length of at least 5mniabplity, cohesiveness, and sufficient

strength.



Filament

A filament is a fibre of indefinite length.

Fleece

A fleece is a fabric with a deep, napped, or aleet

Float

In warp knitting:a float is a length of yarn not received by a teattd connecting two loops
of non-consecutive courses.

In weft knitting:a float is a length or lengths of yarn not recdibgy a needle and connecting

two loops of the same course that are not in adjageales.

Gauge
The gauge is the number of needles per unit lealgihg a needle bed of a knitting machine.

In current practice, the common unit length of ameh (25.4 mm) is used for all types of

warp and weft knitting machines.

Hosiery
Hosiery stands for the knitted coverings for thet fend legs.

Jute
Jute is the fibre obtained from the bast layer g plantsCorchorus capsularisand

Corchorus olitorius

Knitting

Knitting is the process of forming a fabric by théermeshing of loops of yarn. Warp knitting
iIs a method of making a fabric by normal knittingans in which the loops made from each
warp thread are formed substantially along thetlend the fabric. It is characterized by the
fact that each warp thread is fed more or lesgnm With the direction in which the fabric is
produced. In weft knitting, the loops made by eaelft thread are formed substantially across
the width of the fabric. It is characterized by thet that each weft thread is fed more or less

at right angles to the direction in which the faks produced.



Knock-over
Knock-over is the action of casting off the old poaver the head of the needle.

Latch needle

A latch needle is a needle having a small terntioalk closed by a pivoting latch. The action
Is automatic as the fabric loop overturns the latoth allows the loop to be knocked over. The
newly formed loop is drawn by the hook, and loop¥fmg and knock-over proceed

simultaneously.

Moisture regain

Moisture regain is the ratio of the mass of moistur a material to the oven-dry mass. It is
usually expressed as a percentage for a standaasplhere of 60% relative humidity and
22°C.

Nap
A nap is a fibrous surface produced on a fabritetirby raising in which part of the fibre is

lifted from the basic structure.

Needle bed
A needle bed is a flat slotted plate in which kngtneedles operate under the influence of

jacks or cams.

Nylon
Originally Nylon was the trademark of Dupont folysmide 6.6. It is now a common noun.

Pile

Pile is a surface effect on a fabric formed bysuit loops of yarn that stand up from the body

of the fabric.

Plain weft-knitted fabric

A plain weft-knitted fabric is a fabric in whichlaf the component knitted loops are of the

same sort and meshed in the same manner.



Polyamide
Polyamide is a manufactured fibre composed of gtitHinear macromolecules having in

the chain recurring amide groups, at least 85% bfchv are attached to aliphatic or

cyclo-aliphatic groups.

Polyester
Polyester fibre is a manufactured fibre composedyothetic linear macromolecules having

in the chain at least 85% (by mass) of an estex dibl and benzene-1 ,4-dicarboxylic acid

(terephthalic acid).

Polypropylene
Polypropylene is a manufactured fibre composedyofretic linear macromolecules having

an aliphatic saturated hydrocarbon chain in whiltbr@ate carbon atoms carry a methyl
group, generally in an isotactic disposition anthaut further substitution.

Polytetrafluoroethylene

Polytetrafluoroethylene is a fibre made from a bgtit linear polymer in which the chief
repeating unit is —-CGF Ck-.

Polyurethane
Polyurethane is a manufactured fibre composed mthsyic linear macromolecules having in

the chain recurring aliphatic groups joined viata@e groups which together comprise at

least 85% (by mass) of the chain.

Raising

It consists in producing a layer of protruding ébron the surface of fabrics by brushing,
teazling or rubbing. The fabric, in open width,passed over rotating rollers covered with
teazles, fine wires, etc., whereby the surfaceefibare pulled out or broken to give the

required effect.

Relative humidity

Relative humidity is the ratio of the actual pressaf the water vapour in the atmosphere to
the saturation pressure of water vapour at the samperature and same total pressure. The

ratio is usually expressed as a percentage.
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Sinker
A sinker is a blade that works in conjunction wikhitting needles and assists with loop

formation and fabric holding.

Spandex
Spandex is an elastane fibre.

Spinning
Spinning is the process or the processes usee ipridduction of yarns or filaments.

Stitch

A stitch is an intermeshed loop.

Viscose
Viscose is a manufactured fibre of cellulose oladiby dissolving sodium cellulose xanthate

in a dilute solution of sodium hydroxide.

Wale
A wale is a column of loops along the length oéhric, i.e. in the production direction of the

knitting machine.

Worsted
Descriptive of yarns spun wholly from combed wonl which the fibres are reasonably
parallel, and fabrics or garments made from suaimsyaln most countries, fabrics with a

small proportion of non-wool decorative threads bardescribed as worsted.

Yarn

A yarn is a product of substantial length and reddy small cross-section consisting of fibres
and/or filament(s) with or without twist.

Note: Assemblies of fibres or filaments are usually giwher names during the stages that
lead to the production of yarn, e.g., tow, slubbisker, or roving. Except in the case of
continuous-filaments or tape yarns, any tensilengfth possessed by assemblies at these

stages is generally the minimum that can hold thegether during processing.
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Yarn count

The count is the mass per unit length. It can lpgessed in various units.

Tex: it is a recognized international unit which corrasg® to the mass in grams of one
kilometre of product.

Metric count (W) it is defined as the number of kilometres of yarmbtain one kilogram.
Cotton count (M(c)): it is the number of hanks of 840 yards per pound.

N, = N.(c)x1.693= @
Tey

The definitions given here are drawn from the failog books [1-3]:

1. Milton Harris, Handbook of textile fibersfirst edition. 1954, Washington: Harris
research laboratories, inc. 356.

2. Textile Institute Textiles Terms and Definitio@ommittee, Textile Terms and
Definitions Ninth Edition. 1991, Manchester: M C TUBBS BSacheAMCT CText
FTI FRSA P N DANIELS BA MIInfSc. 367.

3. George E. LintonThe modern textile and apparel dictionaRourth revised enlarged

edition 1973, Plainfield, New Jersey 07060, USAktite book service, a division of
Bonn Industries, Incorporated 716.
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Various skin troubles can be caused by sports &esvsuch as allergic reactions, and
chafing when swimming, frictional alopecia or ocokesacne when bicycling, blisters, corns,
calluses and talon noir when running. We investigdhe contact of the sock and the skin of
the foot during running. Friction blister is the ssia@aommon cutaneous disorder for joggers.
Blisters are caused by clothes rubbing on the skirey appear where skin is glabrous and
epidermis is thick and result from frictional foscihat mechanically separate epidermis cells.
The formation of blisters depends on the magnitfdée frictional forces and the number of
times that an object cycles across the skin. Dyadgging, the foot is deformed in each stride.
A running shoe has to provide support and shockratisn. Due to its higher stiffness, the
shoe will not perfectly follow the skin deformat®me. relative movements take place and
rubbing occurs. Various scientific publications abthe structure of running shoes and the
fibre composition and properties of running sockes available. However, very few studies
investigated the influence of socks structures ndigg friction induced on the skin. The
influence of the sock structure on friction mustebgubject of interest for sock manufacturers

but such research seems to be kept confidential.

In this study, we investigated the friction whidHhferent running socks structures
exert on the skin during running by means of foistexperiments using a mechanical skin
model. We also modelled the friction of textile faices covered with terries on the foot skin.
The objectives were to examine and simulate thecefff sock structure on friction for the
recreational runner. We aimed to determine wheatherspecific textile construction provides
better performances in terms of friction exertedlwmn skin and intended to develop a simple
and quick model that can predict the friction aegivsock structure will induce on the skin of

a runner.

The thesis is divided into four chapters.

Chapter 1 gives an overview of the current stat¢hefknowledge in skin injuries,
friction and compression properties of textile fabrand skin and socks technology regarding
friction and compression in contact with the skirthe shoe.

Chapter 2 describes the testing conditions, th&ssadich were investigated and the
friction and compression analysers used.

Chapter 3 reports the experimental results ofrgsgarch; the friction results are first
presented and then confronted to compression sedalt order to conclude on the

performances of the different textile structures.

14



Chapter 4 describes and analyses previous fridimh compression models before
introducing in details the analytical model of sdokskin friction that is proposed.
The conclusion finally highlights the most importaimdings of this thesis and

suggests outlooks for future works.
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Chapter |. state of the art
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V4

Résumeé

Ce premier chapitre présente dans un premier tdegsaffections cutanées qui
peuvent étre générées lors de pratiques sportivescas de la course a pied et plus
spécifiguement les phlycténes sont abordées enl.dEtans un deuxieme temps, les
principales lois de la tribologie sont exposéessiague les propriétés de frottement et de
compression des surfaces textiles et de la peaur ®ominer, l'influence de certaines
caractéristiques comme par exemple la compositiobien I'épaisseur d’'une chaussette de

course sur le frottement généré au niveau de la pstadiscutée.

La peau est une barriere de protection pour leanag et les tissus qui forment le
corps humain. Lors de pratiques sportives, elle pinat exposée de maniere prolongée ou
répétitive au frottement, a la pression, a I'huméidiau soleil, au froid ou a la chaleur.

Différentes affections cutanées peuvent s’ensuivoes n’en citerons ici que quelgques unes.

frottements répétitifs. Selon le sport pratiqud’é&juipement utilisé, les callosités peuvent
apparaitre a divers endroits. Les cors sont le @agvent localisés au niveau des
proéminences osseuses des pieds. Les cors dursigppat la ou les doigts de pieds sont en
contact avec la chaussette alors que les cors apperaissent entre les doigts de pieds. Une
malformation ou bien le fait de porter des chaussuet des chaussettes mal adaptées
augmente le risque d’apparition de cors. Parmpieblemes cutanés fréquemment rencontrés
chez les marathoniens, les phlycténes sont lesiglggentes. Nous avons donc concentré nos
recherches sur cette affection particuliere.

Il 'y a principalement quatre contraintes qui s’eeet sur le pied lorsque I'on court :
le choc di au contact initial entre la chaussurée efol lors de la foulée, la pression de
I'ensemble chaussure + chaussette, le frottemdat@s$aillement dus au mouvement du pied
dans la chaussure. La probabilité d'apparition d'ampoule dépend de I'intensité des forces
qui s’exercent sur la peau et du nombre de foulBkss les forces sont importantes plus
'apparition de phlyctéenes est rapide. Les étapesfatmation d’'une ampoule sont les
suivantes :

= Les couches superficielles de I'épiderme subistrritd’abord une exfoliation

et une zone rougie et douloureuse apparait.

17



» Ensuite, il y a séparation de deux couches ded&pie et I'espace laissé vide
entre les deux couches se remplit de liquide sceffetl de la pression
hydrostatique.

Les phlycténes apparaissent communément aux emndsaitla peau est glabre et
I'épiderme épais tandis que les zones pileusea gedu ou I'épiderme est fin sont sujettes a
I'exfoliation mécanique et aux irritations. En cei goncerne la course, les ampoules sont
plus nombreuses a I'avant du pied. La peau esttgoauplus fine a I'avant qu’a I'arriére du
pied mais l'avant du pied est soumis a plus despraset de cisaillement que la région du
talon. Plusieurs facteurs jouent sur I'apparition pidycteénes : selon le terrain choisi, les
forces de cisaillement qui s’exercent sur le pi@htsplus ou moins importantes, la
transpiration, la chaleur ou des exercices inhalsitgentribuent a accélérer I'apparition

d’ampoules, tandis que le fait de bien lacer seasshaes permet de réduire leur nombre.

Nous étudions le contact tribologique entre la skatte de sport et la peau de maniére
a mesurer, simuler et diminuer le frottement s’east sur la peau. Le contact tribologique est
déterminé par les deux corps en contact (rugosiiéposition, propriétés mécaniques),
I'interface ou troisieme corps, I'environnemeninff@grature, humidité relative) et le systeme
mécanique (force normale appliquée, vitesse, gé&amrdit contact). Les forces de frottement
dépendent, a I'’échelle macroscopique, du systabwdgique, a I'échelle mésoscopique, des
mécanismes de déformation des deux corps en cantatveau de leurs aspérités de surface
et, a I'échelle moléculaire, des mécanismes d’adhémntre les deux corps. Deux matériaux
en contact subissent des déformations i.e. desficatins dimensionnelles. On distingue
trois types de déformation. Les déformations élasts apparaissent des I'application de la
contrainte et disparaissent immeédiatement et cdmewpkent lorsque celle-ci cesse. Les
déformations plastiques sont elles irréversibleglisaque les déformations viscoélastiques
disparaissent totalement mais pas immédiatemeng. pamtie de la déformation disparait
immeédiatement (effet élastique) et I'autre partapdrait au fil du temps (effet visqueux).

Les principales lois du frottement sont celles d#atons, de Coulomb et de Bowden
et Tabor. Les lois dAmontons indiquent que la éode frottement est indépendante de l'aire

de contact, que cette force est proportionnella folce normale appliquée i.€& = uxW

avec F force de frottement tangentielle en Newtdh,force normale en Newton et p

coefficient de frottement qui dépend des matérianmcontact, et que la force de frottement

est indépendante de la vitesse de déplacemento@bud introduit la notion de frottement

statique et dynamique. La force de frottement cpigtiest la force requise pour initier le
18



mouvement entre les deux corps alors que la forc&atement dynamique est la force
requise pour entretenir ce mouvement, généralemeints importante que la premiéere. Selon
Bowden et Tabor, les lois du frottement dépenderst meecanismes d’adhésion et de
déformation qui sont tous deux liés a la notionird’de contact réel. L’aire de contact réel est
généralement bien inférieure a I'aire de contapbagnte et dépend des rugosités des surfaces
en contact, des propriétés des matériaux, de lee foormale appliquée et de I'échelle
considérée.

Certaines de ces lois ne s’appliquent pas darssleles matériaux textiles, notamment
la deuxieme loi d’Amontons (la force de frottemest proportionnelle a la force normale
appliquée). Pour les fibres textiles, la relatién= KW" ou K et n sont des constantes
déterminées empiriguemerd,< n<1, est admise. C’est en fait I'aire de contact geli
dépend de W. Si I'on considére une surface recoenddaspérités sphériques, dans le cas

d’'une déformation purement plastique, l'aire detaohest directement proportionnelle a W

2
alors que dans le cas d’'une déformation puremexstiglie, elle est proportionnelleVi®.

Pour une surface réelle, dans le cas d’'une défmmaurement élastique, 'aire de contact
) , nos 2 A2
réelle sera donc proportionnelle\&" ou N <n<1. Pour des forces normales tres élevées, la

déformation plastique du matériau sera importahta éorce de frottement pourra alors étre

modélisée par la relatioR = aW + KW" ol a est une constante empirique.

En ce qui concerne la peau, la force de frottersentette derniére est proportionnelle

2
a W3, Les propriétés tribologiques de la peau dépendientsa souplesse et de son

hydratation. Le coefficient de frottement de la pesn contact avec une surface textile
augmente avec 'humidité. L’hydratation de la peatraine en effet une adhésion plus forte

entre la peau et la surface textile.

Les chaussettes de sport sont principalement éesosoit en jersey simple, soit en
jersey bouclette qui a la méme structure que Eejesimple mais est tricoté avec deux fils ;
un fil de fond pour former la structure et un fd douclette qui forme des boucles sur la face
envers du tricot lui donnant ainsi de I'épaisséarcomposition d’une chaussette influence de
maniere importante ses propriétés, comme par exesgptompressibilité, son coefficient de
frottement et son taux de reprise. Pour une vitdsskottement de 0,6 mtsles coefficients
de frottement de différentes matiéeres textiles patétre classés du plus grand au plus petit
dans cet ordre: coton, lin, coton peigné, lainesae. Cet ordre est indépendant des
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conditions atmosphériques. Le taux de reprise tEutile permet de quantifier son caractére
hydrophile. La laine est la fibre la plus hygrosiqoe ; I'eau représente 12 a 15% de son
poids dans des conditions normales d’humidité at pteindre jusqu’a 30 a 50% de celui-ci
dans un environnement humide. La laine absorbe ithténde maniere lente et seche aussi
lentement. La soie est presque aussi hydrophile lguiaine mais séche beaucoup plus
rapidement. Les chaussettes en coton sont égaletremnthydrophiles, elles retiennent
I’'humidité au contact de la peau ce qui provoqueseresation désagréable et de nombreuses
affections cutanées. En revanche, les fibres dgeptdar comme les fibres de Coolmax® sont
tres hydrophobes et évacuent 'humidité. Pour dommeordre de grandeur, les fibres de
coton retiennent trois fois plus d’humidité que fibses d’acrylique et quatorze fois plus que
celles de Coolmax®. Plus la surface spécifiqueadiible est importante plus la fibre évacue
'eau facilement. Les fibres artificielles et syrif@es présentent des sections droites de
formes trés variées. A titre d’exemple, entre uggtisn ronde et une section scalloped oval
comme celle du Coolmax®, la surface spécifigue amgm de 20%. Si I'on compare les
fibores synthétiques aux fibres naturelles, les eBbrsynthétiques provoquent moins
d’affections cutanées car leurs coefficients dedroent et leurs taux de reprise sont plus bas.

Une bonne chaussette de sport doit absorber I'hiténidais aussi la drainer vers
I'extérieur et permettre également I'évacuationlalehaleur générée par le frottement. Les
chaussettes en coton ne sont pas recommandéesucaohductivité thermique est faible ;
0,07 W/m/K, et qu’elles sont hydrophiles. Le polgesavec un taux de reprise de 0,4% et une
conductivité thermique de 0,14 W/m/K est un assezdmmpromis, le polyamide également
bien gu’avec un taux de reprise de 3% car sa cdnvitéchermique atteint 0,25 W/m/K. De
plus, il est conseillé de choisir un produit quirpette d’avoir un coefficient de frottement
faible avec la peau de maniere a ce que le pidadiibee de bouger et ne subisse pas de
contraintes de cisaillement importantes et en méemeps un coefficient de frottement
important avec la chaussure de maniére a limitemflitude du mouvement dans la
chaussure.

Malgré de tres nombreuses recherches sur les phbst il est difficile de prévoir
I'apparition et la séveérité d'une ampoule et aucsokition simple et efficace n’existe pour
prévenir sa formation. Le meilleur moyen consiste&duire au maximum la pression et le
frottement exercés sur la peau en choisissant ltlasssures et des chaussettes adaptées. Le
choix des chaussures dépend des caractéristiqggepiel#s de la personne et de I'activité
pratiquée. Les chaussettes doivent étre adapté&eshaussures et a la maniere de les porter.

Afin de réduire la pression exercée sur la peairel’de contact entre la chaussette et la
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chaussure doit étre maximale ; la distance entreh&ussure et la peau doit donc étre si
possible égale a I'épaisseur de la chaussette orapramée. Si cette distance est plus petite,
cela augmente la pression de contact et si ellplestgrande, cela augmente la distance de

frottement du pied dans la chaussure.
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In this chapter, skin injuries that may occur dgraports activities will be described.
Running induced skin disorders, especially frictiisters will be detailed. The influence of
external factors on blisters incidence will alsodealt with. We will see that blister formation
iIs mainly due to friction and pressure forces. Gainprinciples of tribology, friction and
compression properties of textiles and skin wilerthbe exposed. Finally, the effect of
different properties of a sock, such as its fibmeposition and its thickness, on skin friction

and compression will be tackled.

l.  SKIN INJURIES AND FOOTWEAR

1. Human skin structure

Human skin has a surface of about 2 m?, a weighi kd and a thickness from 1 to
4 mm for an adult. It has two functions: it progeour organs and tissues against mechanical,
biological, thermal and solar stresses and it esapkrspiration to be evacuated while it
prevents water from penetrating in our body. Itasnposed of several layers, from the most
superficial to the deepest: the corneal layergfhidermis, the dermis and the hypodermis [1].
The multilayered structure of skin is illustratedfigure 1.

The corneal layer is a superficial layer which asvibe epidermis and acts as a barrier
against the environment aggressions. The epidesnasiemposed up to 90% by keratinocytes;
cells which insure cutaneous regeneration and rigpallis thickness can vary from 0.07 mm
for the eyelid to 1.4 mm for the sole of the fodt B]. It depends in part on the thickness of
the stratum corneum which is largest at the hamdisfeet [4]. The stratum corneum is the
upper layer of the epidermis. It is around 0.015 thiok and is renewed continuously i.e.
new cells are continuously integrated in the stmatcorneum, but on the other hand,
superficial cells are permanently abraded and Tds. epidermis is separated from the dermis
by the basal membrane. This junctional zone hasnaplex structure. Under the epidermal
layer, the lamina lucida is located, followed bg tamina densa which is interlinked through
anchoring filaments and fibrils with the basal sedind the dermal fibrous tissues. This
structure is subjected to bullous skin diseases.demmis is composed of collagen firaad

elastin matrix. It is responsible for the skin teasistance and elasticity. Its thickness ranges

§ This symbol indicates that the word definitiorgigen in the textile glossary.
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from 1 mm for the face to 4 mm for the back. Théodwation of the dermis presents an
elastic and a viscous part. The hypodermis or dabeous tissue has a loosen structure
whereby the dermis can slide on the bone or theclmwmnd it absorbs a great part of the

shearing energy.

Stratum corneum

ﬂnﬁ*ﬁ%&‘—%{‘ G Stratum lucidum EPIDERMIS
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Figure 1: Human skin layers [5].

2. Sport-induced skin injuries due to mechanical influences

The skin is the primary human protective barrienribg sports activities, the skin is
exposed to multiple prolonged stresses such asiofric pressure from clothing and
equipment, high level of skin humidity from persjion, sunlight, cold or heat. Various skin
injuries can result, for example infections andnatoses. Skin injuries may be caused either
by sun, cold, chemicals or contact and friction. [BJany publications investigated the

affections of skin relative to sports activity [7}13
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A. Damages from friction and pressure

During use and because of mechanical loads dupog sctivity, sport clothes and
equipment can generate friction, pressure, heat @uusion on the athlete skin thus
provoking superficial folliculitis called acne mesfica. Many pieces of athletic equipment
have been reported to cause this acneiform eruptioh as sweatbands, face guards, helmets,
football paddings or backpacks [7, 9, 12, 13].

Human skin also develops protective response tonohrand repetitive friction.
Calluses and corns are thus thickened, hyperkerapthaques which occur at points of
continuous friction like palms and soles. Dependingthe sport and the equipment, calluses
may develop in various locations. Corns have a deeafral core and can be hard or soft [13].
They occur as often as not over foot bony promiaenespecially over the metatarsal heads,
along the inner aspect of the large toe, or owercsirally or functionally defective areas of
the foot. Poor fitting footwear and skeletal defdres increase the risk of developing corns.
Hard corns occur on the external surface of the wigere drying occurs while soft corns are

interdigital and result from sweating.

Black heel (also called talon noir) is an asympteriasion which often occurs on the
post lateral aspect of the heel of teenagers andgyadults. It is characterized by discrete
brown or blue-black macules caused by the rupttisemall peripheral blood vessels [9, 10].
It is frequently observed in sports which requireqtient sudden stops i.e. basketball or
handball. Repeated stop-and-start motions, chamge#ection and constant pounding on
hard surfaces lead to injury of the heel againstodick of the shoe. The macules of talon noir
occur on the posterior, medial, and lateral sidethefheel, just above the thick plantar skin

where blood vessels are less protected by fagyeis

Most of the cutaneous reactions related to spatisites can be developed during

running practice, especially foot lesions.
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B. Skin erythema due, among others, to running practise

a. Jogger’s toe

Approximately 0.1 to 14% of runners reported iigarto the toenails on marathon
day [10]. It is a subungual hematoma which commampgears on the hallux, on the second
toenail, or on the lateral aspects of the thirdyrlo and fifth toes. It presents a black
discoloration, oedema and erythema and is dueptetitive shocks of the longest toe against

the toe boXof the shoe. It often occurs with downhill running

b. Chafing and abrasion

The friction of moist skin can result in chafing whiis a superficial inflammatory
dermatitis. The keratin is separated from the deargub layer of the epidermis by friction in
a warm and humid environment. In the marathonditee, chafing was reported by 0.4 to
16% of runners [8, 10].

Long distance runners commonly suffer from joggeijgples which is a painful and
crusted abrasion of the areolae and nipples. Jsgaigples are caused by repetitive friction

against coarse shirts and occur in 2 to 16.3% mfiets on marathon day.

c. Friction blister

Friction blister is the most common injury in mé&i@ah participants. Up to 39% of
marathon runners who participated to the survegspast marathon blisters [8]. For infantry
soldiers carrying heavy equipment over long distanblisters can account for 48% of the
total injuries [14]. We therefore focused our re@skaon this particular skin phenomenon
which occurs at the interface between foot and s@skblister is the subject of our research,

it will be fully detailed in the next paragraphs.

3. Blister formation

Knapik et al. reported that most activity-relatedsters may be due to frictional
shearing forces [15]. However, frictional shearfogces do not seem to be sufficient for a
blister to occur. For Reynolds et al., it is the bamation of pressure, shear and moderate
level of moisture which generates friction blistg§t§]. Comaish suggested that mechanical

fatigue might be the most important mechanism istdx formation [17]. Four main stresses

" The toe box is the part of the shoe where thedoes
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actually act on the foot: step shock, pressuretidn and shear. Step shock is the impact force
which arises from the initial contact of the fooittwthe ground. For a running athlete, this
force can be up to three times the body weight.[E8Ftion results from the rubbing of the
footwear (shoe and sock) on the skin of the fdois bften localized and provokes heat and
skin exfoliation. While friction corresponds to thg&ternal aspect of skin rubbing, shear can
affect both foot contact surface and deeper tisslies initial contact between the foot and
the ground is made with the heel. When the healhtesi the ground, friction between the foot
and the footwear is generated whereby a horizamaér force acting backwards against the
foot is produced. The shearing forces are thoughibea more damaging to the skin than
vertical forces [18]. Step shock, pressure, fricto shear are usually occurring at the same
time which results in injuries of the foot struasrand the skin [19]. The magnitude of forces
and the number of times an object cycles acrosskimedetermine the probability of blister
development: the higher the forces, the fewer theles necessary to produce a blister.
According to Knapik [20], there is a minimal fordelow which no blister will form,

regardless of the number of shear cycles.

The forces detailed above lead to an exfoliationthaf stratum corneum and the
formation of a reddened region in and around tlea af rubbing which is referred as a
“hot-spot” [20]. Then a cleavage of the epidernaglelrs occurs, usually between the stratum
granulosum and the stratum spinosum layers [3,08,11, 13, 14, 20-23]. The three most
superficial skin layers, i.e. the stratum corneume stratum lucidum and the stratum
granulosum are then left intact and form the hlistof [21]. The separation of skin cell
layers may also take place subepidermally [11]. €Ot layers are separated, hydrostatic

pressure causes the resulting free space to fhl ood or tissue transudation [8, 14, 20].

Friction blisters commonly occur on glabrous skihere epidermis is thick whereas
friction on hairy skin with thin epidermis usuallgads to mechanical skin exfoliation and

irritation as illustrated figure 2.

Herring and Richie reported that friction blisten® peculiar to the skin of the hand
palms and foot soles where the thickened stratumecmn, stratum lucidum and stratum
granulosum develop an interfacial movement with gtvatum spinosum [22]. According to
Mailler , Adams and Bergeron, blistering eventsaliguoccur on the tips of the toes, the balls

of the feet and the posterior heel [8, 11]. Forefegion is more affected than heel region.
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60.2 % of the blisters observed by Herring and Ri¢#2] on the feet occurred in the forefoot
region, 33.3 % in the midfoot region and 6.5% in tkarfoot area. The skin is actually
thinner on the forefoot than on the heel area. ldoee Dai et al. measured larger magnitudes
of the plantar pressure and shear on the foreémpbn than on the heel region thus explaining
this difference [24]. The size of blisters is vetgpendent on the region of the skin, the
contact and the environment, Herring and Richig #%&erved blisters from 8.7 to 81.2 mm?2.

For Bergeron [11], blisters of less then 5 mm @ndketer are small blisters.

x10
counterpart movement
x1 )

liquid

A . ——

healthy skin blister (glabrous skin, mechanical irritation
thick epidermis) (hairy skin, thin epidermis)

Figure 2: Friction blister and mechanical skin iration phenomena.

4. Factors influencing the formation of skin blisters

The type of ground surface may increase the shgdonces on the foot thus
promoting blisters [18]. Skin moisture, heat or uralsexercises are others factors which
contribute to blisters formation [8, 16]. The numbad severity of previous foot skin blisters
are also crucial. Patterson et al. studied theebirgy events among 100 cadets in a summer
camp [6]. They found that women and cadets withstohy of blisters in the 2 years before
camp had higher relative risk of blister formatiohhey recommended as well the
preconditioning of the foot to its footwear in ord® reduce severe blisters. They thus

suggested a significant influence of the footweathe formation of skin blisters.

A. Footwear influence

Running shoes can be classified according to theel of stability. A runner should

buy running shoes corresponding to his weight aag @f running. Running shoes that bring
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a high level of stability are indicated for sevexeerpronators, flat-footed and bigger runners
while neutral shoes correspond to lighter and ymmdeating runners. Finally, running shoes
that give a moderate level of stability are desihteefit the majority of runners [25]. Richie
includes the footwear, notably the type of insoled ahe socks, in the environmental
parameters that can increase foot blisters formgti&®). He reported studies have been
carried out which investigated the role of footwearfoot lesions. These studies showed that
appropriate footwear reduce the occurrence ofdffections by redistributing and decreasing
plantar pressure and shear. The importance of ftun blistering events will be further
discussed later in this manuscript. Footwear ineduithe shoe and the sock; consequently one
must be careful in the choice of both (size andirieal properties) but also in the way of

wearing them. Shoe lacing system is thus of grapbrtance.

B. Influence of the lacing technique

In 2001, Sandrey et al. [26] compared the abilitylifferent soccer shoes to control
rear foot motion and showed that a shoe with aiapgmonated lacing technique” presented
a better effectiveness than others. In 2002, RoJ&8 recommended X-lacing as the best
lacing technique. These studies inspired HagenHethig [28] who investigated the effects
of different shoe lacing systems on rear foot mutlantar pressure distribution and shock
attenuation during running.

The latter study investigated nine different lacoanditions varying the number of
laced eyelets. An additional test was carried axihdg the shoe lacing conditions and
changing the shoe lacing tightness from weak tonaband strong. Various parameters were
recorded during the running sequences: foot pronaluring contact, tibial acceleration of
the right leg and plantar pressure under severtitors i.e. medial and lateral heel, lateral
midfoot, first, third and fifth metatarsal headsldrallux.

Strong tightness and maximum number of eyeletsdlamnditions gave identical
results. The shoe lacing technique highly impadieot-shoe coupling. Stronger lacing
induced a tighter coupling of foot to shoe leadiogeduced peak vertical loading rates, peak
heel pressures and pronation velocity. On the dihad, the important sliding of foot within
the shoe in the weak tightness and low laced sbadittons reduced peak vertical impact
forces and peak pressures under the forefoot. HagenHennig could conclude that the
important thing was to well lace running shoes Wwhis, to my point of view, the most

important thing because the better lacing condstiomay surely differ according to which
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shoe and which sock are worn and also among ingasd The footwear is a closed
environment, every part of it, i.e. the foot, tleels and the shoe interferes with the others so
the whole system should always be considered. Apat® shoes and lacing system are
therefore not sufficient; one should also wear appate socks. This will be the matter of this
chapter third part. Besides adapted footwear, tlaeeesa couple of methods which may
prevent blisters to occur.

5. Prevention of blisters

Healthy and well hydrated skin can bear more stoe$sre breaking down and is then
less likely to develop friction blisters [29]. Tleeare several products which can help reduce
friction and shear on the skin and thus preverdtdaliformation such as lubricants or skin
surface drying agents [6, 8]. Rubbing moist skimdoices higher frictional forces than
rubbing very dry or very wet skin which suggestst theducing sweating, e.g. using
antiperspirants, may reduce friction and consedyeatluce blisters [15].

Reynolds et al. [16] investigated the influenceaaf antiperspirant with emollient
additives on frequency and severity of frictionbgters, hot spots, and irritant dermatitis. The
antiperspirant may cause irritant dermatitis; timeodient was thus added to reduce the
incidence of this specific skin disorder. They istgated 23 healthy subjects free of lower
extremity skin lesions and with no history of hygensitivity to topical skin products. Their
feet were treated with either the antiperspiraf@42aluminium zirconium tetrachlorohydrex
glycine concentration plus water) with emollientanes, emollient additives alone (placebo
control), or nothing for 4 consecutive days. Thegrevasked to walk on a treadmill for 200
minutes. During the walk, the amount of foot swéla¢, number of injuries and the size of
blisters were assessed. The subjects were alsd tskate the severity of the blisters and hot
spots on a pain scale of 0 to 10. No differencesevgeen among treatment conditions for
sweat accumulation, blister incidence, hot spanfidron, or blister severity. However, mean
blister size and perceived severity increased wibrcise duration. As antiperspirants are
proved to decrease sweat rate, the authors thdbghthe emollients may have affected the
antiperspirant’s chemical properties and may hals® acted as moisturizing agents,
increasing friction and macerating the outer eprdgr

Knapik and his colleagues [15] later examined wietm antiperspirant can reduce

foot blisters during hiking. They carried out a ttaiblind study separating into two groups

* emollient: an emollient is a substance which reaand softens the ski@énbollientin French).
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cadets attending the United States Military Acade@®rye group used an antiperspirant (20%
aluminium chloride hexahydrate in anhydrous etlhgblaol), the second group used a placebo
preparation (anhydrous ethyl alcohol). Their feetevexamined for blisters before and after a
21 km hike. It was observed that the antiperspiraay be efficient to reduce foot blisters
during prolonged cross-country hiking if appliedesst three times on 3 separate days before
a hike. Compared to the placebo group, cadets ulsangntiperspirant at least 3 nights before
the hike had indeed a 56% lower incidence of btst@he lower incidence of blisters is
correlated to the number of participants who reggbthat their feet did not sweat during the

experiment. The results are detailed in tablesdl2an

PREPARATION APPLICATION FOR0OTO 2 APPLICATION FOR 3 TO 5
USED DAYS DAYS
Antiperspirant 39% 21%
Placebo 41% 48%
Table 1: Overall incidence of blisters [15].
PREPARATION APPLICATION FOR O TO 2 APPLICATION FOR 3TO 5
USED DAYS DAYS
Antiperspirant 15% 45%
Placebo 9% 17%

Table 2: Percentage of participants whose feetaiisweat [15].

Cadets who used the antiperspirant neverthelessteepsignificantly more irritation
than those using the placebo. The overall incidericelf-reported irritation was 57% in the
antiperspirant group and 6% in the placebo groupapik et al. suggested that using
antiperspirants less concentrated in aluminiumrohipdrate, applying antiperspirants every
other or every third night or combining the activigredients of antiperspirants with a
cortisone-based preparation may be methods of meglskin irritation while preserving the

favourable antiperspirant property.
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.  FRICTION AND COMPRESSION OF FABRICS
AND SKIN

1. Tribology overview

The tribology is the academic discipline which $#gdthe interactions between
contacting surfaces [30]. It essentially deals vathid-solid contacts, solid-fluid contacts,
friction, wear and lubrication. All domains of agties are concerned by the tribology as

contacts contribute to the mechanisms of solicdbt $onds in live systems or in devices.

The first practical aspects of friction have thepots in prehistory [31]. More than
400,000 years ago, our hominid ancestors were mgakse of friction when they chipped
stone tools. By 200,000 B.C., Neanderthals hadeaeki a clear mastery of friction,
generating fire by the rubbing of wood on wood apdhe striking of flint stones. The second
application showing understanding of friction phewma, namely the use of lubricants to
minimize the work required to transport heavy otgedates back more than 4000 years.
However, the tribology has been recognized for ean fifty years.

Friction forces are opposed to the movement oflial o contact, in our case, with
another solid. The rolling friction is usually lowthan the sliding friction; it is the wheel
principle. The sliding friction slows down or stofise relative movement of rotation or

translation of two bodies in contact.

A. Tribological contact

The different actors of a tribological contact are:

» The two contacting bodies which are characterisedhbir surface roughness, their
composition, their mechanical properties etc...

= The interface or third body is constituted of comitaants, lubricants, etc...It can be
solid, fluid, introduced on purpose in the contggbricant for example) or generated
by the contact mechanism (such as abraded pajticles

= The environment (temperature, relative humiditg, .e}.
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= The mechanical system which includes the appliednabdoad, the velocity, the

contact geometry, etc...

The contact geometry is the general shape of thiéeebosurfaces around the contact
area. There are three main contact geometries:
» Point-shaped contacts (typically ball on a flatace).
» Linear contact (cylinder on a flat surface).

» Surfaced contact (parallelepiped on a flat surface)

The friction forces depend on:

» The tribological system on a macroscopic scale.

» The deformation mechanisms of the two contactindid®at the surfaces asperities
(mesoscopic scale).

» The adhesion mechanisms between the two bodibg atémic or molecular scale.

Lubrication aims to reduce friction i.e. to increadiding or reduce wear and heat
generation or both at the same time. It consisggeimerating a free-motion thin (from 0.1 and
100 pum thick) film between the two contacting soes This thin film can be a gas, a liquid
or a solid film and should have the lowest possdfiear resistance; it will separate the two
surfaces and make the movement easier. The chbibe tbricant depends on its role in the
system. Wear is characterised by material dislonalt can be adhesive, abrasive, corrosive
or with fatigue and does not necessarily follow thestion evolution. Adhesion is
characterised by the creation of interfacial bobetsveen the contacting surfaces. Abrasion is
due to the action of hard particles which tearnoiterial from the contacting surfaces. When
two materials are in contact, deformations i.e. iin@ations of shape and/or dimensions may

occur.

There are three different types of deformations:
= Purely elastic deformations which occur immediatehyder stress and disappear
immediately and completely when the stress stophes@ are reversible
deformations.

= Plastic deformations which are irreversible.
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= Viscoelastic deformations which disappear in partatally when the stress stops
acting. Two stages are distinguished: a part ofdé®rmation clears immediately

(elastic effect) and the other part wears off wiithe (viscous effect).

B. Laws of friction

a. Laws of Amontons

The first recorded systematic study in the fieldtrdology is due to Leonardo da

Vinci (1452-1519) who, in the X¥ century, measured the force of friction betweerectsi
on both horizontal and inclined surfaces. Cordachid to the object to be moved were
allowed to pass over fixed rollers or pulleys tdagids which gave a measure of the resisting
force. Leonardo da Vinci also studied the influen€¢he apparent contact area upon friction
resistance. He wrote: “the friction made by thesaveight will be of equal resistance at the
beginning of its movement although the contact tmayf different breadth and length” [32]
and “friction produces double the amount of effbthe weight is doubled” but the first laws
of friction were attributed to Amontons (cf. figuBg:

= First law: the friction force is independent of ttentact area.

= Second law: the friction force is proportional teetapplied normal load (weight).

The friction can therefore be expressed s uxW where F is the tangential

friction force in Newton, W the normal load in Nemtand p the friction coefficient
(without dimension). u depends on the materiatoimtact.
= Third law: the friction force is independent of tlaling velocity.

Figure 3: Amontons’ laws of friction (1699).

b. Laws of Coulomb
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In 1782, Coulomb rounded out Amontons second ldmdaucing the concept of static
and dynamic friction (cf. figure 4). The staticction force is the force required to initiate
motion while the dynamic or kinetic friction forge the force required to sustain motion.

Static friction is usually higher than dynamic fraa.

—.ﬁ I— Typically 10-100 ms

Relative motion initiated
ol Ve elat
static

Fkinetic — 4

Tangential force

Time

Figure 4: Static and dynamic friction forces.

Coulomb observed that the kinetic friction is alinasdependent of the sliding
velocity and this is sometimes referred to as kil taw of friction. He also considered the
possibility that friction arises from adhesion beem the surfaces in contact but abandoned
this theory when he observed that the friction waependent of the area of the bodies. He
then suggested that friction arises from the aspsrpresent on the surfaces, the frictional
energy expended in sliding representing the worgesgary to lift one surface over the
asperities of the other [33].

In many cases, the laws of Amontons and Coulomimateerified. Nevertheless, the
coefficients of friction of several materials cae lscompared provided that they were

measured in the same conditions.

c. Bowden and Tabor approach

The current theory of basic friction mechanisms pragposed in 1950 by Bowden and
Tabor. According to this theory, two mechanismarpeto physically explain friction laws;
adhesion and deformation. These two phenomenalated to the notion of real contact area.

When two surfaces are in contact, high local seesand possible increase in surface
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temperatures lead to bonds generation. Macrosdopies always have rough surfaces, at
least on a microscopic level. When two solid matsrare placed in contact, some regions on
their surfaces will be so close together that tindase atoms of one material “touch” the
surface atoms of the other material, while in otteglions, the surface atoms are separated by
large distances (around 1 pm). The regions of cbngae referred to as junctions
(cf. figure 5). The real contact area is the surthefjunctions’ areas. The real contact area is
commonly a lot lower than the apparent contact.dReal contact area depends on:

= Surfaces roughness: the rougher the surfacespwes the real contact area.

= Material properties: the higher the hardness, et the real contact area.

= Normal load: when the normal load increases, tmtaab areas are deformed and new

junctions are created.

= The scale which is considered.

—=

junction

Figure 5: Contact between two solids; junctions.

The junctions are formed by adhesive contact. Tdieesion between the contacting
bodies results from atomic, chemical or physicélaations at the junctions. The adhesion
force is the normal forceasfvhich is necessary to separate the two bodiehibégrag under a

. . . F .
given normal load W. The adhesion coefficient isstiy, :Wa' The adhesion force depends

on the two materials in contact and on the real aminarea. It may be increased with a
prolonged contact as the number and the surfaeecdrtbe junctions may get higher with the

time of contact thus increasing the real contaga dby creep). Moreover, the adhesion force
is all the more important that the two contactirgglies are close together and usually gets

higher linearly with normal force.
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During friction, a displacement of material to gide and to the front of the contact or
even a removal of material can occur. The defownaforce depends on the volume of
material that has been displaced. If the contadiindjes have different hardness, the hardest
body creates an imprint on the softest. Two actemesthen combined; junctions are sheared
and materials are removed from the softest body.

To resume, if the interaction between adhesion defbrmation is supposed
negligible, the friction force between two bodiea rcontact can be written as:

F =F, + F,with Fa: adhesion force andq¢fFdeformation force. This approach is adapted to

viscous materials, but in this case, the deformatowoe will also depend on the speed of

deformation.

2. Friction behaviour of textiles

Studies conducted during the latter half of thentieth century, on natural and
synthetic fibres, have shown that the coefficientrigtion is not a material property, but is a
function of the normal force and the geometric aseaontact [34]. An increase in normal
force causes a decrease in the coefficient ofidrictThe size of the fibre, the smoothness of
the surface and the mode of contact (point, linares) also affect the value of the coefficient
of friction. In the classical materials like metalsctional force F is directly proportional to
the normal force W. However, a non-linear relatb@eurs with most polymeric materials.

Aliouche [35] investigated the friction of wovenxtides and observed that the
coefficient of friction p began to decrease shavghen the normal load increased from 0 to a
positive value then the coefficient of frictionllsgot lower but slowly and became roughly
constant for high normal loads. He explained théiszation of the value of the coefficient of
friction by the integration of the hairiness in th@ume of the woven fabric. At high normal
loads, the distribution of loads on the contacfasg is thought to be more homogeneous and

the number of points of contact to be maximal.

A. Effect of load on the friction of fibres

It seems satisfactory to use a simple relationsk@ F = KW" where K and n are
empirical constants whose values are found by{jtthe data on the model and conducting a
least square analysis [34, 36], n is less tharyuAlt workers in the field of fibre friction who
adopt this relationship have assumed firstly thatibn arises from adhesion at the points of
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real contact and secondly that the junctions atiritexface have a constant shear strength s.
Therefore, they have all explained the variatior-afith W in terms of the variation of the

true area of contact A with W [33]. If s is a candt it follows from the previous equation
that A=kW" where n has the same value as in the previoustiequa.incoln (1952)

examined the friction between a sphere and a flmnnsurface at low loads and found that F

2
varied asw?. He then measured the geometrical area of cobh&ateen a nylon sphere and

a glass flat by optical interference methods andthdothat the area of the circle of contact

2
varied asW?. Howell and Mazur (1953) investigated the frictioetween crossed fibres at

right angles and found a relationship of the fofnx kW" where n was 0.8 for drawn nylon,
0.9 for undrawn nylon and 0.96 for cellulose aaetdh 1951, Finch studied the imprint

formed by curved cylinders of nylon on a glass #at found the area of the imprint to be

proportional to W%?. This appears to be in excellent agreement whi frictional

dependence on W. However, Howell and Mazur usedpaical interference method similar
to that used by Lincoln and obtained a differerdule They wound the fibre round a
cylindrical rod and pressed the curved fibre agaars optical flat. The optical area was
observed and often had very irregular boundariesied from fibre to fibre, and was

time-dependent. Under standard loading conditionsl®fseconds, they found that for

practically all the fibres examined the opticalaavaried asv *°. In addition, they observed
that a fibre bent over a rod of larger diameteregavarger optical area for a given load. This
is in agreement with the type of behaviour to bpeeted for elastic deformation. Howell
pointed out that these optical measurements ofitha of contact have marked limitations.
First, the exact location of the boundary of thipsé or circle of contact is uncertain.
Secondly, the optical area of contact is the sasritb@true area of contact only if the surfaces
are smooth. With surfaces covered with asperitiesréal or true area of contact will always
be smaller than the optical area. The recognitiothigf difficulty has led to the development
of a number of models showing how the true areaootact may be expected to vary with
load.

B. Variation of the area of contact with load

Archard (1951) considered a surface covered wigertses of spherical shape [33].
The two extreme types of deformation are purelgfdeand purely elastic. For purely plastic
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deformation the area of contact is directly projpodl to the load. For purely elastic

2
deformation the area of contact of each asperipraportional toW 3. Two possible ways in

which elastic deformation can take place were f¥as
= Contact occurs over a fixed number of asperitigbtae effect of increasing the load

is simply to increase the elastic deformation afheasperity. In this case the area of

2
real contact is proportional ¥ 3 (smooth contact).

= Contact occurs over a large number of asperitiesaverage area of each deformed
asperity being constant. Increasing the load i3 ttase increases the number of
regions of contact and the area of real contadirectly proportional to W (rough
contact).

With real surfaces an intermediate behaviour magx{pected. Consequently, for pure

elastic deformation, the true area of contact béllproportional taV" where n lies between
2/3 and 1. If this is the only parameter affectthg friction, the friction will also follow a

similar relationship.

C. Case of high normal stresses

At high normal stresses, a textile will have sigraiht plastic deformation. A plausible
model for characterizing the behaviour in this oegmay beF = aW + KW" wherea is an
additional empirical constant [33]. Using the cleakdefinition of the coefficient of friction,
u=a+KW". This model, initially proposed by Gralen for agph to fibre friction in
general, was used by Briscoe for characterizirgjiém in ballistic textiles. Under the ballistic
levels of stresses, the material is expected ® ilsselastic recovery properties and be mostly
deformed plastically. The second term of the medkithen be small and friction will largely

be given by the first term.

D. Effect of fibre cross-section shape

El-Mogahzy and Gupta [34] investigated the effesftstructural and morphological
factors on the friction of fibrous materials. Theyeasured the friction of monofilaments of

polypropylene of three different cross-sectionabmds namely circular, triangular and
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trilobal. In both the line and the point contacstse the circular fibre gave a significantly

higher value of p than did the triangular or thielbal materials, the average difference being
about 31%. The values of K and n for the circularels were also higher by 28% and 3.6%
respectively than the corresponding average valaeghe non-circular materials. It was

visualized that the trilobal and triangular fibresre transversely stiffer and thus less
deformable than the circular.

E. Effect of yarn sett and hairiness

Ajayi [37] investigated the influence of yarn settd surface hairiness on the friction
of woven fabrics. He found that the frictional stance to motion of these fabrics increases
with the yarn sett and for the case of pile-tygaifs with the height of fibre tufts.

F. Other factors affecting friction

Some other factors that affect friction are the enad contact (line, point or area)
during tests, the morphology of the surfaces (degfeoughness or smoothness), the testing
environment (temperature, and relative humidityy ¢he time of contact (time before sliding
and speed of sliding) [34]. The mode of contactduadl affect the number of points of
contact (m) and through it the values of K, A, Flan One would generally expect that the
larger the area the larger would be the value oDifferences in surface morphology can
affect friction as a rougher surface, with fewentawts per unit area, would mean a smaller
value of m and therefore should result in lowection. Finally, since fibres are viscoelastic
materials, their properties can change with thetohloading. It is expected that the contact
area will increase as the sliding speed is decdedises leading to an increase in the

coefficient of friction [36].

3. Frictional properties of human skin

A. Influence of the applied load on skin friction

Amontons’ law stipulating the non-variance of theefficient of friction with load

does not apply to the skin [38, 39]. Sivamani e{28] found that p is proportional ¥y %%

where W is the applied normal load. Koudine ef38] found that the coefficient of friction p
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was proportional toW %%, These results are very similar to the theoretieddtionship

deduced by Wolfram [40] from the Hertz theory:

2/3
p O S(ﬁj W ™% where E is the Young’'s modulus of skin, K is arencluding

E

average dimension of adhesive contacts, their nynaloel frequency per unit area, and S is

the shear strength of the adhesive contacts.

2
These three studies showed that the friction forcéhe skin is proportional td/3.

B. Influence of skin humidity

Friction properties of human skin depend on then staxture, suppleness and
hydration. The stratum corneum can absorb up tm&stits weight in water [2]. The stratum
corneum hydration degree is a very important patamé/hen the stratum corneum is dry, it
is brittle and less resistant but when it is highilydrated, it becomes delicate. The
brittle-to-ductile transition for skin has been regpd to occur at 70% RH [41]. The stiffness
and coefficient of friction of the stratum corneumsrease with humidity whereas an extreme
dryness and wetness will tend to decrease skindini¢6, 21]. Numerous studies investigated
the evolution of the coefficient of friction of skin contact with textiles in function of skin
humidity [32, 38, 41-46]. They all reported an mase of the coefficient of friction with
higher skin humidity.

In a recent study, Gerhardt et al. [42] systembyicaried the hydration state of skin
of the volar forearm in 22 subjects and found dlyigositive linear correlation between skin
moisture and friction coefficients against textildhey found that the evolution of skin
friction with moisture is gender influenced; thécfion of female skin showed significantly
higher moisture sensitivity. Coefficients of frmti increased typically by 43% in women and
by 26% in men when skin hydration varied from very to normally moist skin.

A study on the effects of wearing diapers on skaswarried out by Zimmerer et al.
[43]. They observed that skin wetness was propatidaa diaper wetness and that with
increased skin wetness, there were increased cieeffs of friction and increased abrasion

damage.
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Gwosdow et al. [44] pulled fabrics across skin iffedent humid conditions from
neutral to hot-dry and hot-humid. For them, gredtemidity involves greater degree of
hydration of the stratum corneum which may leadatbetter adhesion between skin and
fabrics. Greater adhesion could result in a highbric to skin contact area thus explaining
the increase of friction coefficient and frictiomrée. Herring [29] proposed the same
explanation stating that skin moisture increaséstidn, torque and shearing forces by

increasing the adhesion of the skin to the sock.

Kenins [41] showed that fibre type and moisturduieficed fabric-to-skin friction.
Moreover, it could be concluded that moisture angkin was more important than fibre type
or fabric construction in determining the intensatyd nature of fabric-to-skin friction and

also that glabrous skin friction is less affectgdimisture than hairy skin.

Nacht et al. [45] investigated the changes in $kation coefficient induced by skin
hydration and emollient application. They obserttieat when a drop of water is put on the
skin, the coefficient of friction immediately in@ses sharply and then decreases rapidly to its
initial value. They explained this phenomenon bg #bsorption of water in the stratum
corneum thus increasing the contact area betweeprttbe and the skin and leading to an
increase in friction coefficient. As water is Idsirough evaporation, the stratum corneum

returns to its original state and the friction dm&ént decreases to its baseline value.

C. Influence of anatomical site and age

In 1990, Elsner, Wilhelm and Maibach [47] studibd frictional properties of human
skin in two localised areas: the forearm and thevauuM4 healthy female volunteers
participated to this study whereby the dynamictisic coefficient between skin and a teflon
probe was measured. Elsner et al were looking daetations between the dynamic friction
coefficient and particular parameters which coulftlience skin properties: age, body weight,
height, transepidermal water loss, and skin capacé. They found a higher coefficient of
friction for vulvar skin (0.66 + 0.03) than for fmarm skin (0.48 + 0.01) which can be
explained by the important hydration of vulvar skmmpared to forearm skin. Age seems to

influence transepidermal water loss and frictioafticient in forearm but not in vulvar skin.
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Cua, Wilhelm and Maibach [48] also measured theadyn friction coefficient of skin
and the skin lipid content in 11 different anatoahieegions: the forehead, the upper arm, the
volar and dorsal forearm, the post auricular, thlenpthe abdomen, the upper and lower back,
the tight and the ankle of 29 volunteers of différage and gender. They found no particular
difference in dynamic friction coefficient when yarg age and sex group, but dynamic

friction coefficient does vary significantly depend on the anatomical site.

Zhang and Mak [49] measured the coefficient oftimic of skin in contact with
several materials over six anatomical regions, mathe dorsum of the hand, the palm of the
hand, the anterior side of the forearm, the pasteside or the forearm, the anterior leg and

the posterior leg. The highest coefficient of ioatwas measured at the palms of the hand.

Gerhardt et al. [50] studied skin-textile frictiamd skin elasticity in young and aged
people. They confirmed that skin elasticity is lowe elderly persons. For seniors, more
pronounced skin tissue displacements also occamddyreater shear forces took place during
frictional contact. These observations showed defrmation plays an important role in the

friction of aged skin.

4. Fabric to skin friction measurements

A. Fabric friction measurement methods

The measurement methods of friction behaviour tiri€és are based on a signal
treatment in temporal domain by a statistical asialpf the friction force, on the difference
between static and dynamic friction or either oa #nalysis of the coefficient of friction
variation in function of the applied normal load6[351]. The classical measures can be
unidirectional or multidirectional. The unidirect@n method the most commonly used
consists in fixing the fabric on a horizontal sugp@ probe connected to a force sensor is
then rubbed on the fabric. A statistical treatmathe temporal signal is realised whereby a
mean friction coefficient can be calculated. Tlsighe principle of the friction and roughness
module of the Kawabata's Evaluation System (KEStaage of measurements devices
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developed by Kawabata and the Hand Evaluation at@hd&rdization Committee and
commercialised by Kato Tech Co., Ltd) [52].

A multidirectional tribometer was developed by Bodgh1] because the KES friction
and roughness module was found not sufficientlyskd® to characterise the effects of
finishing treatments. This device combines two abtaristics; a study of the fabric in all the
directions of its surface and the use of the pa&@dharacter of a fabric surface which is
harnessed using a signal treatment in the frequeéaain. Its use is thus limited [53]:

= The textile fabric tested should have a periodscaface with a small period.
= This tribometer is based on the “frequential sigreit of a textile fabric; it consists in
computing the Fourier transform of the temporal aigsf the fabric during rubbing.

The autospectrum obtained shows one or several dnegupeak(s). The peak(s)

height characterizes the fabric state with greatsisigity. This tribometer thus
guantifies a modification of the surface but cardhacompare different fabrics.

Another multidirectional device was therefore depeld, using a new probe. This
apparatus consists in a very thin steel plate ¢505t mm long, 10 to 30 mm wide and 30 to
50 um thick) which is excited in vibration by thetating textile fabric. The steel plate is
prestressed before a measure i.e. bent on thdetextiface. The vibration of the plate is
measured with strain measurement gauges. The#telhas natural frequencies which are
independent of the rubbed textile surface. Thegnef each mode of vibration is analysed in
order to characterize the textile surface whatsetreicture it has [54, 55].

B. Fabric to skin friction devices

Fabric to skin friction was usually assessed bygigianels of volunteers. It generally
consisted in slowly pulling fabric samples acrdss surface of a subject’s skin. The pressure
between fabric and skin was often applied by sudipgna weight to the free end of the fabric
and the frictional force required to pull each falacross the skin was recorded by a force
transducer [6, 44].

Friction between hand and object or between skintextiles can also be analysed by
rubbing the skin against objects and surface sargitached to a multi-axial force plate or a
force transducer. Normal and friction forces anaesthecorded whereby friction coefficients
can be calculated [56].
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An alternative approach consists in using a trietmn whereby probes made of
different materials can be slid over the skin ofjects [46].

C. Investigations on friction blisters

Studies on friction blister formation and preventiane usually performed by
recording the prevalence and size of blisters ameomgoup of subjects which either have
routinely heavy load of activities, such as attdete military personals or are asked to
perform specific trials [8, 15, 16].

A device was designed in the late 1960s and earf@4.é order to produce friction
blisters on human skin [6]. The rubbing head of tapparatus could be moved over the
surface of any chosen skin site at a selected isgokate under a chosen load. Various
materials, including textiles, could be attachedht rubbing head. Frictional coefficient and
temperature could be recorded. It was observedthieatubbing head geometry, weight and
attached material all affect the friction coeffitieneasurements. The effect of skin moisture
was also studied and it was shown that a dry skiluced the friction, while a moist skin
increased the friction [6, 14, 32].

D. Skin models

Fabric-to-skin friction was often assessed by measants on voluntary subjects’
skin but the appearance of skin models is provigiegy possibilities to scientists who study
human skin. To model fabric-to-skin friction andwguare this model to experiments, the best
is to use a skin model rubbing on the fabric awilt present a very low variability in
frictional properties. Skin models have indeed ddgantage to be reproducible compared to
human skin and enable scientists to use classicabh measurement devices to assess fabric
to skin friction.

Derler et al. [57] investigated the friction of wedted human finger skin against a
reference textile with 12 subjects using a forcatel Fabric samples were attached to a
dynamometer and rubbed by the participants withritex finger. The sliding movements of
the finger ranged from 5 to 10 cm and were par&dlehe longitudinal axis of the force plate.
The stroke frequencies were 1 + 0.3 Hz and theacbratreas between finger and fabric were

between 1.5 and 3 cm2. For roughness assessmbatsubjects used normal loads of
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1.5 £ 0.7 N which resulted in typical contact ptess between 3 and 10 kPa. The results for
the human skin were compared with friction measers of different silicone and
polyurethane materials as mechanical skin equitgled polyurethane coated polyamide
fleece with a surface structure similar to that sKin; Lorica®, showed the best
correspondence with human skin under dry conditidine artificial leather Lorica® Soft is

also used for testing the slip resistance of flamrerings in barefoot areas.

5. Plantar pressure measurements

Plantar pressure is the distribution of force awer foot sole. Early investigations of
foot pressure patterns were obtained from the mhpn soft materials [58, 59]. These
methods gave qualitative results as they only dEmbithe shape of the foot and the deepest
impressions in the surface. The first quantitatveasurements of foot pressure were carried
out using an air filled chamber by Carlet and Maregpectively in 1872 and 1873. Arrays of
deformable materials which left an ink print or eeecorded by optical methods were later
developed.

Nowadays, a wide variety of plantar pressure mes

psent systems are available
which rely on electromechanical sensors. Pressnsoss are force transducers whereby the
force exerted on a known surface can be measuressite is then calculated dividing force
by area. Electromechanical transducers usually ¢bavmechanical stress into an electrical
signal which can be recorded and stored for latatysis.

The characteristics of the pressure measuremerrapg should be adapted to the
research subject. For example, a higher spatialugésn is needed to measure children’s feet
pressure than adults’ feet pressure because a<lhidt is smaller than an adult’s foot. To
measure pressure on small anatomical structuressloould not use a too large sensor as it
will underestimate the real pressure due to theetqwessures around the structure. There are
different sensor principles such as resistive gactdive methods and different measurement
devices i.e. insoles or single transducer systefiisthe sensors detailed below [58] measure

the normal component of the ground reaction butaweéghear forces.

A. Measurement devices

In-shoe systems are used to record the pressute dbot-shoe interface. Multiple

steps can be recorded and easily averaged andsadgbyovided that the orientation of the
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foot remains the same with respect to the sensoneSystems include a portable data logger
which allows field measurements.

Matrix devices are a succession of rows or columinsensors whereby the whole
plantar surface of the foot can be covered by éimeasensor area.

Sole systems are composed of sensitive elemertsdd selected anatomical sites on
the sole. They offer faster sampling rates asdass has to be processed.

B. Plantar pressure in normal foot

Many parameters may affect foot pressure. Theskidacshoe construction, foot
shape, age, gender, body mass and gait velocitgy Boass does not seem to influence
plantar pressure as much as one would expect. Actovelation was found between these
two parameters and only under the lateral midfowt the third metatarsal head [58]. This
correlation was more pronounced in female subjinas in men. The whole plantar pressure
increases linearly with higher gait velocity but geme behaviour is not observed in all the
anatomical areas. The pressure at the heel and timelenedial forefoot follows the whole
plantar pressure evolution while under the midfaaot the lateral forefoot the pressure

decreases with increasing speed [58].

Many studies investigated plantar pressure digiohs, but either these investigations
were carried out on abnormal feet such as dialfe@t or the subjects were walking or
jogging barefoot [23, 60-65]. One can assume tbabamal feet may feel higher pressure
than normal feet and that in-shoe pressure magwerlthan barefoot pressure but it depends
on the area of the foot and the footwear. It isttifficult to estimate the pressure exerted on
normal feet during jogging with adapted footweaowtéver, the analysis of the running gait
and the structure of the foot indicate which footas suffer from higher pressures. Gait
analysis of running is indeed well-known: first theel contacts the ground, then the others
structures of the foot are used from the heel tadbe and finally propulsion is given with the
forefoot. The heel and the forefoot are thus subgeto higher pressure than other elements
of the foot. Moreover, the structure of the foot whobone prominences which also
experience high pressures e.g. the metatarsalahk 59, 66].
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6. Fabric compression measurements

A fabric is not an elastic solid; it presents a thyssis during a
compression - decompression test. To test the dgn@mpression of a fabric, one can either

use the compression module of KES-F or an extensrme

Peirce [67] studied compression test curves whrdvige the thickness of a fabric in
function of the applied pressure. He interpretedntias exponentials of which shape depends
on the fabric. Three different phases can be djatshed on these curves (cf. figure 6). The
first phase corresponds to the fabric surface mess squashing. The hairier the fabric, the
slower the reduction of thickness with increasingspure. The second stage refers to the
compression of the fabric structure; the way yaares organized may be slightly changed.
Once the air trapped in the fabric has been retedise fibres are finally deformed. The curve

asymptote corresponds to the material maximum defton.

Thickness

Structure

Material

Pressure

Figure 6: Pierce curve.

Kawabata compression module KES-FB3 (cf. figureisrromposed of a circular
presser foot of 2 cm2. When the driving motor skvits turned on, the plunger starts to
descend and compress the sample. When the congmasdorce reaches the preset
upper-limit force, the motor automatically turns ta recovery process. The

compression - decompression cycle is completed atomstant rate of compressional
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deformation (0.02 mm’sin standard mode, 0.007 mm,sand 0.2 mm:$ if changing gear

system). The displacement of the plunger is dalelsjea potentiometer. The compressional
force transducer is a steel ring with a linearedightial transformer. There are two relevant
pressures regarding the analysis of the compressguits; B which equals 50 Pa and the

maximum pressuresPwhich equals 5 kPa in standard mode.

The following parameters are obtained (cf. figure 8)
* To: thickness underdPin mm

=  Tn: thickness under? in mm

= EMC: compressibilityEMC(%) = 100x To =T
0

X=T,

= WC: compression workWC = IPde where P is the increasing pressure in
x=Ty

cN.cm/cm?
_ o WC . .
= LC: compression linearity.C = 1 without unit

A URSEL

It is the compression work of the fabric relatedii®e compression work of an elastic solid
with same initial and final thicknesses i.e. divddey the area of the triangle formed by

the dotted lines on figure 8.

= RC: resilience or restored energy r&@€(%) =100x \\//va where WC’ is the recovery

X=Ty,

work WC'= J'P'de where P’ is the decreasing pressure

x=Ty
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Figure 7: Schematic illustration of Kawabata’'s camgsion tester.
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Figure 8: An example of pressure thickness curve.
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ll.  SOCKS TECHNOLOGY

1. Textile overview"

A. Fibres

Fibres and filamentsare the basic elements of textile. Their length ist higher than
their transversal dimensions, they are thereforg flexible. Fibres lengths can be up to a
few centimetres while filaments have lengths of hhadd of meters, even several kilometres.
Filaments are obtained spinntngither artificial materials such as viscose acetate or
synthetic materials i.e. polyamijepolyestet, acryli, polyurethang Silk is a natural
filament which length is comprised between 400 rd &nkm. Textile fibres can have a
natural origin such as wool, silk, cotton, linencome from cut or cracked filaments.

The length and the fineness of fibres are two mpgwmameters. The fineness of a fibre
can be characterised by its diameter if it hasumdacross section or by its cobine. its mass
per unit length. The count is usually given in TéxTex = 1g.m?). Fibres and filaments
correspond to the microscopic scale of textilesnffrl um to 0.1 mm).

B. Yarns

Spinning is the process whereby y&rean be obtained from fibres or filaments.
Fibres must be cleaned, individualised and parsdlél before being spun. The combing
process is a stage whereby the shortest fibrebeaiminated thus giving a better regularity
and resistance to the yarn. Yarn cohesion is ysoatihined by twisting it but some yarns are
obtained by friction spinning.

Yarn twist is characterised by its direction (Silifes are oriented like follows: \, and
Z if they are oriented in the opposite directigref/ figure 9) and its value in turns per meter.
Yarn fineness is given in Tex. Yarns corresponthtomesoscopic scale of textiles (from 0.1

to 1 mm).

* The information given in this section is drawnnfrany courses on textile metrology (taught by Jesamé€ois
Le Magnen), spinning (given by Marc Renner and w&noimeri), and knitting (taught by Marie-Angeeio)
during my textile engineering education at the Eddationale Supérieure des Industries Textiles déhduse.
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Figure 9: Z and S yarn twist direction.

C. Knitted Fabrics

A fabric is a textile surface obtained from vyarfibres or filaments. The most
common textile fabrics are knitted fabrics, wovahrics and nonwovens.

Knitting® is the process whereby knitted fabrics are obthifteconsists in interlacing
one or several yarns to form stitcheBhe kind of knit is the loops interlacing basmttern.

In addition to the kind of knit, a knitted fabr& characterised by the yarns used to knit it, and
its stitch length. There are two different knittingethods: weft and warp knitting
(cf. figures 10 and 11).

In a weft knitted fabric, a single yarn forms sws=iee courses of stitches; it is the
principle of hand knitting. In a warp knitted fatirseveral yarns are knitted at the same time
and the stitches formed with the same yarn aréffi@rent courses. The thickness of a knitted
fabric depends, among others, on the yarn twise. Aigher the twist, the thicker the knitted
fabric [53].
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Figure 10: Example of weft knitted fabric; simpéesey. A courgeof stitches is coloured in
grey. This knitted structure is realised with a $engarn.

Figure 11: example of warp knitted fabric; 1 anéapping structure.

Fabrics correspond to the macroscopic scale odexfrom 1 mm to 1 m). They are
flexible, deformable and viscoelastic materialshries behaviour depends on the three scales
that have been described. Fibres, yarns and fahmcture contribute to fabric mechanical
properties.

2. Common knitted structures for sport socks

Knitted fabrics are composed of curved yarns tonfonterlaced loops [68]. With

regard to the method of using the yarn, there wweknitting principles, warp knitting and
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weft knitting. Socks are weft knitted fabrics. Irefivknitted fabrics, a single yarn is used to
knit the fabric. This yarn travels horizontally neake a succession of loops. To form a loop
in a weft knitted fabric, each needle is insertedigh each one of the original loops and thus
draws a yarn through the original loop to form agan the next course. The newly formed
loop takes the place of the original loop on thedhe and remains there until the needle pulls
the next yarn through it [69].

There are two widely used weft knitted structui@ssiocks products; simple and terry

jersey. These two kinds of knit are detailed ahgitated below.

A. Simple jersey

In simple jersey, all the stitches are identidaéyt are straight loops. The two faces are
very different. The fadeshows tightened walg®f V which fit together. On the batkone
can see successive and parallel waves (cf. figuyeltl’s the weft knitted fabric the most
widely used in clothing (tee-shirt, pull-over, seclstockings, etc...) and also in technical
textiles applications (coating support, composiéesforcements ...).

This kind of knit is produced with a single neeblked knitting machine. Figure 13
shows the parts of the knitting machine which ax®ived in the loop formation. The needle
(1) is mobile in the vertical groove of the cylimd@) via the action of the cams (3). It is kept
in place by the spring which is all around the rgér (4). The sinket5) move horizontally
and slide in the grooves of the sinker ring (6) amdhe grooves of the upper part of the
cylinder (9). They slide in a cam track (7) wher¢hgy can be moved forward and back. The
different parts of a sinker and of a latch negdte respectively detailed in figures 14 and 15.
The yarn guides (8) are fixed on the cam track. Adwdles and the sinker ring rotate whereas
the cams and the yarn guides are immobile. Theeyelsop formation is illustrated in

figure 16.
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Figure 12: Face (left) and back (right) of a simpdesey fabric.

Figure 13: Parts of the knitting machine involvedthe jersey loop formation. The knitted
fabric is inside the machine (on the right handegid’he needle hooks are turned towards the

outside of the knitting machine
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Figure 14: The different parts of a sinker; 1) thett, 2) the nose, 3) the throat, 4) the body.
The body behaves as a casting-off device and the pr@vents the knitted fabric from moving

up.

Rivet
Groove

Hook

Cheek
Latch

Spoon

Blade

—=Butt

Shank

Figure 15: The different parts of a latch needI@][7
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The needle has just moved up from its casting-off

positiorf. Sinkers are moving towards the knitt

ng

machine centre. The throat and the nose of the rsihke

will therefore keep the fabric in place while theedkes

will move up.

The needles are moving up, the needle latch is emf]
by the previous loop. The fabric is maintained hg
sinkers in their final forward position via the c@uting

floats.

The needle is in its highest position, the previtep
falls on the needle blade. The yarn guide prevém

latch from closing.

U

en

—

The needle is moving down and takes the yarn in its

hook. The sinkers are moving back.

The needle keeps moving down pulling the yarn.
needle latch is closed by the previous loop. Th&ess

keep moving back.

The needle reaches its lowest position pulling ytam
through the previous loop. The sinkers reachedr

final back position.

The

thei

Figure 16: Main phases of the jersey loop formation
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B. Terry jersey

Terry jersey is usually covered with loops on oige.sTwo yarns are knitted together,
the ground yarn and the pilgarn (cf. figure 17). The ground yarn is held Mtihe pile yarn
is released to form loops [71]. The pile yarn masrefore be much more crimgetthan the
ground yarn in order to form terries on the baadesof the fabric. The face has the same
aspect as simple jersey face while terries ardleisin the back [68]. The formation of the
terry jersey loop is illustrated in figure 18.

GROUND YARN-$4Z

PILE YARN

Figure 17: Terry jersey knitted structure.
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The stitch of the previous course has just beerche]
ove and the needle is moving up. The sinker is in its

final forward position; the stitches are maintairgdthe

throat of the sinker and the terry by the nose ha| t

sinker.

The needle reaches its highest position. The yaitegu
prevents the latch of the needle from closing. Jin&er,

is moving back and the terry is released.

The sinker is in its final back position and theryguide
is near to the needle.

N

e\ pile yarn
/g éﬂ The sinker moved forward for the terry to be formed

™. |when the pile yarn is taken by the needle. The mpipu

d i i
ground yarn yarn is at the back of the sinker throat.

The needle is in its casting-off position. The grdwand

S

L 27 the pile yarns are drawn through the previouststitde

= height of the terry depends on the height h ofsin&er
nose. The higher the sinker nose, the higher thg.te

2.5, 3.1 and 3.5 mm are classical heights for &es|n

nose.

Figure 18: Main phases of the terry jersey loomiiation.

60



3. Influence of fibre composition

Sock fibre composition may influence many sock proge such as tensile strength,
compressibility, heat transfer, friction coefficient and moistuegairf. Only the last two will
be treated below as coefficient of friction and stwie regain are essential parameters with
regard to fabric to skin friction and can thus haweeffect on the size and the frequency of
blisters.

For example, Herring and Richie [22] carried ouloaible-blind study about the effect
of sock fibre composition on the frequency anddize of blistering events in long-distance
runners. The socks tested were identical in evepget except fibore composition; one was
100% acrylic-made and the other was composed cfol@dtural cotton fibres. They observed
less blisters and their size was smaller with thrgle-made socks.

Mailler and Adams [8] suggested to wear moistuieking synthetic socks in order to
prevent the formation of blisters.

Knapik and his colleagues also investigated thecefbf sock composition on the
incidence and severity of foot blisters. Three bxmtk systems were tested namely the
standard military boot sock composed of a woolasettylorf-spandeX combination, this
standard military boot sock with an additional tmner polyester sock and a very thick outer
wool-polypropylen& sock with the same liner as before. In terms afucdon of the
incidence of blisters and severe blisters, the soakse ranged in this order: thick outer sock
with thin liner, then the standard military sockhwihe liner and finally the standard military
sock alone [6]. In this study, not only the fibi@mposition but also the thickness of the socks
was varied, the results may then be a combinatfonoth effects. The influence of sock

thickness on sock to skin interaction will be dssed in the next paragraph.

A. On coefficient of friction

Gwosdow et al. [44] tested six different unwashabrits on eight healthy male
volunteers in an environmental chamber. Wosstedol, combed cotton, cotton, silk, linen
and burlap were pulled across the inner surface of the velenst forearm at 0.6 m's The
fabrics can be ranged from the highest frictioncéoto the lowest: cotton, burlap, linen,
combed cotton, wool and silk. This order was ingelemt of the ambient conditions.

Zhang and Mak [49] investigated in vivo frictior@bperties of human skin in contact

with the following materials: aluminium, nylon, isibne, and cotton sock. Nylon showed an
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average coefficient of friction of 0.37 with skimhile the mean coefficients of friction
between skin and cotton sock and between skinidodre were 0.51 and 0.61 respectively.

B. Moisture regain

Fabrics absorb water in stages. Water vapour fiestetrates the fibre mass. The
amount of absorption depends on the chemical compo®f the fibres; it is low for most
synthetics and high for most natural fibres. Witkreasing humidity, many layers of water
molecules may be bound and water may condense dibthesurface. Then the fibres may
swell as plasticization of the monocrystalline stawes occurs and liquid water will penetrate
the fibre mass. The amount of water taken up dutieges processes is called regain [41].

Moisture regain is a parameter whereby the hydimlyiof a textile material can be
quantified. Wool is the most hygroscopic textileré. It carries moisture up to 12 or 15% of
its weight under ordinary conditions and can take30pto 50% of its weight in a moist
environment. It absorbs moisture and dries slo®ilk is nearly as hygroscopic as wool but it
loses moisture much more rapidly [72]. Cotton soakes also highly hydrophilic, they hold
moisture against the foot which leads to less amshg and more moisture related cutaneous
problems like blisters and athlete’s foot. On tippasite, polyester fibres such as Coolfhax
are hydrophobic; they draw moisture away from tha f[73]. Cotton fibre retains three times
the moisture of acrylic and fourteen times the mwesof CoolmaX.

Moisture regain depends on relative humidity anchgerature. It increases with
relative humidity but the order of fibres from thighest to the lowest regain does not change
with humidity [71]. Swelling properties are linkéal moisture regain, the more hydrophilic a
fibre, the more it swells in water. Swelling is aly expressed as a percentage, for example
cotton fibre surface increases by 44 to 49% whenged in water (cf. table 3). When a fibre
swells, it reduces the free space in the shoe launsl decreases the sweat transport from the
inside to the outside of the sock.

Moisture regain is not the only characteristic thidgtermines the degree of
hydrophobicity of a fibre; overall wicking performee should also be considered. Fibres
should also have a great specific surface in aiméacilitate water transport from the inside
to the outside of the sock. Spinning is a procdssereby artificial and synthetic fibres can be
obtained. Textile material goes through the holea dfe and is then stretched. Artificial and
synthetic fibres cross-sections can thus be vacieginging the shape of the die holes

(cf. figure 19). For example, CoolnAxsection is scalloped oval increasing its specific
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surface by 20% compared to a round cross-sectge@ietry of fibre. Vapour transport is

thus easier for a Coolm&ithan for a cotton sock.

COTTON | WOOL| SILK POLYESTER| ACRYLIC| NYLON
(PA 6-6)

Moisture regain at
21°C  and 65% 8.5 17 11 0.4 1.6 3
relative humidity in
percentage
Swelling in water in  44-49 32-38| 30-41 None 0-5 0-2
percentage

Table 3: Moisture regain and swelling of textilbrés [71]. The abbreviation PA 6-6 stands

for polyamide 6-6.

d)

Figure 19: Different cross-sections of Polyesterds photographed with a scanning electron

microscope: a) hexachanel, b) trilobal, c) scalldgeval, d) round and e) cruciform [74].

When comparing synthetic fibre compositions to raltdibre contents, synthetic

fibres are more efficient to prevent friction in@dcskin injuries because of lower friction

coefficients and moisture regain.
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4. Influence of sock thickness

Socks manufacturers propose various friction-retyigocks. In most of the case,
thick paddings are placed at selected areas sutttedses, the forefoot and the heel. Double
layer socks are also widely used. With these sgstems, designers try to make the friction
occur between the two layers of socks instead dherskin [29, 75]. Using thick paddings or
double layer socks, the aim is to increase thekti@ss of the sock in order to decrease the

pressure exerted on the foot skin.

Mailler and Adams [8] suggested wearing two pafrsaxks from different materials.
Richie [18] also advocates the use of double lagmk material of which he detailed the
composition: a synthetic inner layer coupled withaural fibre outer layer. As high plantar
pressure is an acknowledged risk factor in the ldgweent of plantar ulcers in the diabetic
neuropathic foot and of skin irritations and blisten healthy foot, Garrow et al. [19] studied
the ability of a multilayered sock (preventive faatre PFC) to reduce plantar foot pressure in
a sample of high-risk patients with diabetes. PBCks have a double-layer construction
consisting of a padded outer layer to cushion ¢e¢ ¢ombined to a low-friction inner layer to
reduce friction at the sock/foot interface. Theynpared PFC socks to ordinary supermarket
socks recording in-shoe plantar pressure measursnwethh F-Scan, an in-shoe system
marketed by Tekscan, Boston, MA. They measuredliffierences in maximum foot contact
area and plantar pressure for the whole foot, dmtednd peak plantar pressure areas. They
found an increase of 8% in maximum foot contachamen subjects wore the PFC socks.
Total foot pressure was also decreased by 9%. &imekults were observed at the forefoot

with a 14.2% increase in contact area and a 10e2i4ction in peak forefoot pressure.

Wearing thicker socks seems therefore to increasedntact area between foot and
sock thus decreasing foot pressure. However, imigortant to remember that hosigry
offering thicker construction will reduce the volanwithin the shoe. Compared to the
supermarket socks which were around 0.7 mm thiok, mhaximum thickness of the PFC
hosiery was 2.7 mm around the toes, metatarsahppehl area and the heel. Although 2 mm
may not represent a huge increase in bulk insidestioe, additional care in the fitting of
shoes is nonetheless required because such haesayyinduce localised increase in foot

pressure.
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5. Are there ideal socks?

Perspiration can exceed 0.5 litre per foot durimmprs activity [18], moisture
absorption is thus needed. However, in additiorth® perspiration of the foot, moisture
produced elsewhere on the body may accumulateeisdbk due to gravity and this amount
far exceeds the absorption capacity of any sockumio Moisture absorption capacity is not
sufficient; a good athletic sock must also drawenatway from the foot. Ideally, one should
wear hydrophobic socks and shoes with a hydrophiher liner. The socks should not be
too hydrophobic because they may not allow waterdtfier. It is also important that the sock
allows the evacuation of the heat produced byidmctCotton fibres are not recommended
since they have a low thermal conductivity of OW7m/K and are hydrophilic. Polyester is
hydrophobic (moisture regain of 0.4%) and has anra@ee thermal conductivity of
0.14 W/m/K, it can thus be a good compromise. Rulgla is also a good solution even if its

moisture regain equals 3% because its thermal ctindyceaches 0.25 W/m/K [76].

Dai et al. [24] investigated the effect of wearisgcks with different frictional
properties on plantar shear. They simulated thédook-insole contact using a 3-D finite
element model. With this model, they studied theatyic plantar pressure and shear stress
during the stance phases of gait. They simulatezbtbases: a barefoot with a high frictional
coefficient against the insole (0.54), a sock vathigh frictional coefficient against the skin
(0.54) and a low frictional coefficient against iheole (0.04) and another sock with opposite
frictional properties. They found that wearing s®ak low friction against the insole allow
more relative sliding between the foot and footwasadat thus reduce the shear force compared
to the barefoot. If the foot cannot move in theeshisigh pressure and shear can result in
blisters or other lesions on the forefoot. To avoitiineous lesions, the foot must be free to
slide in the shoe. Therefore, low friction is regdi between foot and the insole and there
must be a certain space in the shoe for the foslide. However, rubbing in the shoe includes
friction between the foot and the inner surfacsadtk and friction between the outer surface
of sock and the shoe, and if the friction is tow lon both interfaces, it may lead to an
excessive movement of the foot in the shoe andsimhfort and insecurity. Ideally, a sock
should have low friction with the skin to allow meornent of the foot and high friction with

the insole.
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Sport-specific socks appeared in the 1980s [18)nSa small range of specific socks
were available for key sports such as tennis andimgn Nowadays, there are special socks
for every conceivable sport activity; it has becommarketing issue. Actually, there is very
little difference in hosiery products design witl@ny particular company but it is extremely
profitable. Socks should rather be designed spetafthe shoe and the foot as it seems to be
the case for professional athletes.

Despite extensive research on friction blistersgerdists can hardly predict the
apparition and severity of a blister and theretilsrg simple and sure solution to prevent its
formation. It may be due to the dramatic variatmiskin conditions (surface roughness,
hydration, adhesion between skin layers, etc.) amodigiduals as well as among different
anatomical sites of the same person. The best wagvbid blisters is to reduce the
mechanical factors that provoke their formation ipeessure and friction. This can be
achieved choosing well adapted footwear. The cha€ethe shoes depends on the
characteristics of the feet and the sport praciibe. socks should be fitted to the shoes and
the way the runner tightens his shoes. In ordeedoce the pressure on the skin, the contact
surface between the sock and the shoe should laegasas possible; the distance between the
shoe and the skin should ideally be equal to thekimless of the sock when it is not
compressed. A lower distance will lead to an inseeaf the contact pressure while a higher
distance will increase the sliding distance. Theigle of a sock may reduce the friction and
pressure forces acting on the foot skin. The aspafcsock fibre composition and thickness
have been discussed. For Richie [18], the ability sock to dissipate damaging forces on the
foot surface depends more on its structure thantsofibre composition. Our research is
precisely focused on studying the effect of thekssitucture on the friction between the
fabric and the skin. The friction force betweenrytejersey socks and the skin is also

modelled.
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V4

Résumeé

L’objectif de ce travail de recherche était d’éerdiinfluence de la structure textile
sur le frottement entre la peau du pied et la ctettes lors de la course a pied. Le premier
chapitre a recensé les différentes affections cetargui peuvent survenir lorsque I'on
pratique le jogging. Ces affections peuvent apparai différents endroits et la pression
exercée sur la peau par I'ensemble chaussureusséide dépend de la zone considérée. Pour
pouvoir mesurer le frottement entre la peau ethiaussette dans les mémes conditions que
lors de la course a pied, il faut déterminer I'ail@ contact entre le pied et la chaussette,
'amplitude de frottement, la fréquence de frottamet la force normale appliquée sur la
peau. Le chapitre Il détaille successivement leegalu pied étudiées, les chaussettes et les

dispositifs de mesures de frottement et de comjoressilisés.

Les informations disponibles dans la bibliograpbie les zones d’apparition des
phlyctenes ne sont pas suffisamment détaillées bieur les identifier. J'ai par conséquent
réalisé un sondage afin de localiser les zonesidd pu les ampoules apparaissent en
fonction de l'activité sportive pratiquée. Cindgesi ont ainsi été identifiés : le coussinet sous
le gros orteil sur la plante des pieds (cité dab¥ Sles cas), la voute plantaire (citée dans
50% des cas), le talon (cité dans 56% des cas}okes externes du gros et du petit orteil

(cités dans 25% des cas).

En ce qui concerne les chaussettes de course a f@ednodeles basiques sont en
coton renforcé de polyamide ou de polyester. Ilstieanent aussi parfois de I'élasthanne en
faible quantité (2 a 3% en masse) aux zones élastiquu bien de I'acrylique pour diminuer
I’humidité a la surface de la peau ou encore dyRataFluoroEthyléne afin de diminuer le
coefficient de frottement peau-chaussette. Les cledies d’hiver sont a base de laine tandis
qgue certaines marques proposent aussi des chasgsadiase de polyamide ou de polyester
qui permettent de garder les pieds au sec. Dams atitde, nous utilisons des chaussettes en
coton car c’est le principal composant des chatesséasiques. Quant a la structure tricotée,
les chaussettes de course a pied sont généralesugnén jersey simple soit en jersey
bouclette. Nous avons choisi 4 liages : le jersmpke qui a une structure fine tricotée avec
un seul fil, le jersey double qui présente la mé&itmacture mais tricotée avec deux fils, le

jersey ponts de fils qui, en plus de la structugebdse en jersey simple, présente des flottés
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formés avec un deuxieéme fil, et le jersey boucléttet I'épaisseur importante est obtenue par
les boucles que forme le deuxieme fil avec le dilfdnd. De plus, six autres chaussettes ont
éte étudiées afin d’évaluer linfluence du titresdids, du liage et de la longueur de fil
absorbée. Les comptes i.e. le nombre de colonn#s etngées de mailles par cm, ou bien le
nombre de ponts de fils ou de bouclettes par cm,éthtmesurés pour chaque type de
chaussette ainsi que le diametre moyen des filgt B8 jerseys bouclette, I'angle décrit par
les bouclettes avec la verticale au tricot et latéwar des boucles ont également été
déterminés. Tous les tests effectués ont été ésaisec en atmosphere conditionnée standard
i.e. & 20°C = 2°C et 65% = 4% d’humidité relatiiees matériaux textiles ont été

conditionnés au préalable durant 48 heures.

Un tribométre alternatif linéaire a poids mort & éis en place au Laboratoire de
Physique et de Mécanique Textiles afin de repredeiplus fidélement possible le frottement
de I'ensemble chaussure + chaussette sur la pemadola course a pied. La chaussette est
collée sur une table oscillante dont le moteurcestimandé par un programme informatique.
La table oscillante décrit un mouvement sinusoitlal.palpeur, fixé sur un bras, va venir
frotter la face envers de la chaussette i.e. cplleest en contact avec la peau au porter. Le
dispositif de fixation de la charge normale est@lau dessus du palpeur. Un capteur a jauge
de déformation est placé sur le bras afin de mesar®rce de frottement. Le déplacement
vertical du palpeur est enregistré grace a un oapaser. Le palpeur a une longueur de 1,7
cm et une largeur de 0,9 cm pour une aire de cobdad,53 cm?2 ce qui correspond a la
surface de I'index, mesurée grace a un sondagé8&personnes. Le palpeur est recouvert
d’'une peau artificielle en polyamide enduit de pogthane, le Lorica®, qui présente une
surface similaire a la peau et reproduit de fa@iisfaisante les propriétés tribologiques de la
peau seche. Deux autres palpeurs, de forme cyimelren acier inoxydable de surface égale
au premier et qui ne different que par leur ruggsint également été utilisés afin de mieux
comprendre les phénomenes qui se produisent loimlement. La distance de frottement a
éte fixée a 5mm. La force normale exercée sur da par 'ensemble chaussure + chaussette
ainsi que la fréequence des foulées ont été mesuméstu grace a un capteur piezoresistif
flexible, le Flexiforce®, pour une vitesse de ceude 8 a 13 km/h. Nous avons concentré
notre étude expérimentale sur la zone de la voatetaite. Pour cette zone, la fréquence des

foulées a été fixée a 1,5 Hz et la force normajdiqpée a une plage de 0,44 a 2,14 N.
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Un deuxiéme tribometre a aussi été utilisé, le iflekriction Analyser (TFA), qui a
été développé par TEMPA Swiss Federal Laboratdoedvaterials Science and Technology
St Gallen. Un bras d’élévation permet d’ajustefdiece normale appliquée. Le mouvement
alternatif du support métallique est programmérmfatiguement et géré par un moteur. Ce
tribomeétre est assez différent du précédent ; ligepa est rond de diametre 2,8 cm, il a donc
une surface de 6,16 cm? alors que celui du LPMTrestangulaire et a une surface de
1,53 cm2. Les expériences de frottement ont doicézatlisées pour une pression donnée. De
plus, sur le dispositif du LPMT, le palpeur estdilate bouger verticalement selon I'influence
de la structure tricotée ce qui n'est pas le cadesliFA. Par conséquent, pour le tribometre
du LPMT, la force normale appliquée est constaliesajue, dans le cas du TFA, la force
normale varie autour d’'une valeur d’équilibre pklsvée. Ni le tribomeétre du LPMT ni la
TFA ne reproduit fidélement le frottement de laudsette sur le pied dans la chaussure lors
de la course a pied. Ce qui se produit dans lasshae est probablement un cas intermédiaire,
c’est pourquoi il était intéressant de réaliser dessures de frottement sur les deux

tribometres et de les comparer.

La pression exercée sur la peau du pied par I'ebsechaussure + chaussette dépend
de nombreux facteurs dont le comportement de lass®te en compression. C’est pourquoi
des mesures de compression ont été effectuéesnsappareil KES FB3, dispositif de la
chaine de mesures Kawabata dédié a I'évaluatiola @empression des matériaux textiles.
Un capteur Flexiforce® a été fixé sur le pied peessles chaussettes ont été placées avec la
face endroit vers le haut (face en contact aveth&ussure) et I'envers vers le bas (face en
contact avec le pied). Ainsi, la pression exercaelg pied presseur sur I'endroit est mesurée
par le Flexiforce® et correspond a la pressionrade par la chaussure sur la chaussette
tandis que la pression exercée sur I'envers dhdassette est mesurée par le capteur de force
du KES FB3 et correspond a la pression exercééaspeau. La vitesse de déplacement du
pied presseur a éteé fixée a 0,02 mm/s et la pressaximale a 15 kPa.
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The aim of this research work was to study theugrice of the textile structure on the
friction between the foot skin and the sock durmagning. The skin injuries that may be
induced by jogging were detailed in chapter I. Thegy occur on different anatomical sites
and the pressure on the skin is highly dependertheranatomy. In order to measure the
friction between the foot and the sock in similanditions than in a shoe during running, the
contact area between the foot and the sock, tdenglmovement amplitude and frequency,
and the normal force applied on the skin need tiXeel. This chapter successively details
the foot areas we studied, the socks we used anfilichen and compression measurement
devices and settings.

.  TESTED FOOT AREAS

According to Mailler, Adams and Bergeron, blistesially occur on the tips of the
toes, the balls of the feet and the posterior [flee?]. Herring and Richie [3] found that the
forefoot region is more affected than the heelarg60.2 % of the blisters they observed
occurred in the forefoot region, 33.3 % in the raafregion and 6.5% in the rearfoot area.
This information is not sufficiently detailed toetify the preferential areas for blister
formation on the foot. | thus carried out a surasking people to localise on foot anatomy’s
pictures the zones where they usually have blistedsto specify how often these zones were
injured and during which sport activity. 16 pamants answered the survey, 7 women and 9
men, from 25 to 55 years old. 5 preferential sitese identified, namely the plantar area
under the first metatarsal head, the plantar fam@a, the heel, the external side of the hallux

and the external side of the little toe. These fiwaes are illustrated in figures 1 to 3.
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Figure 20: Zone 1; under the first metatarsal head.

Figure 21: Zones 2 and 3; respectively the plarigecia and the heel (left foot).

Figure 22: Zones 4 and 5; respectively the extesmdés of the big and the little toe.

Zones 1 and 3 were cited by 56% of the participara$ of the people who answered
the survey had blisters localised at zone 2 ané@zdnand 5 were mentioned by 25% of the
participants.

.  RUNNING SOCKS

1. Fibre composition

Basic running socks are mostly made of cotton, llyseambined with polyamide or
polyester. Polyester is less expensive but alsoriesistant than polyamide. When combined
with cotton, polyamide or polyester is used asipatto increase the sock’s lifetime. Socks

" plating: the platinganisagein French) is a reinforcement technique. For eXanthe toe and the heel of a
sock can be reinforced using an additional yarn.
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may also contain elastahi@ very small quantity (2 to 3% in mass) in spieciflastic areas, or

acrylic in order to reduce moisture at the sock ootf skin interface or either
polytetrafluoroethylerfe(PTFE) whereby the coefficient of friction betwete skin and the

sock may be reduced. Winter running socks commoahtain a high percentage of wool
fibres for the runner to be warm. The compositiohglifferent worldwide commercialised

running socks are given in Tables 1 to 3.

BRAND % OF | % OF % OF % OF | % OF % OF
NAME COTTON | PA | ACRYLIC | PTFE | PP | ELASTANE
RUN 100 48 32 20
RUN 500 57 16 25 2
RUN 50 65 35
RUN 400 60 12 37 1
RUN 300 50 27 20 3
RUN 800 66 32 2
RUN 900
light 69 19 12
RUN 1000 57 16 25 2

Table 4: Fibre compositions of socks sold by DéoathThe abbreviations PA, PTFE and PP

respectively stand for polyamide, polytetrafluorggene and polypropylene.

% OF % OF | % OF % OF % OF

BRAND NAME COTTON PA PP ELASTANE PET
TACTEL X1 98 2

RUN X3 80 2 18

RUN X2 CMX 40 2 58

Oasics KAYANO 78 8 14

Oasics RUN

QUARTER 60 38 2

Nike Elite RUN 72 1 27
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Table 5: Fibre compositions of socks sold by GoriSpidhe abbreviation PET stands for

polyethylene terephtalate.

% % %
OF % OF | OF % OF OF
PA | ACRYLIC | PP| ELASTANE | PET

% OF % OF

BRAND
WOOL | COTTON

NAME

New
Balance 100
3 80

Rywan 17

Nike
26 3 71
68

28
32 68

ergonomique
Nike dry-fit
Oasics
Rohner
winter

45 16 27 11 1

running
Running
hurricane
X Socks

Speed One 38 38 18 6

17 72

Table 6: Fibre compositions of specific sport tragek running socks.

Sport’s brands such as New Balance, Oasics or pliagpose specific running socks
which are mostly made of polyamide or polyestertfa foot to remain dry. These socks are
not commercial successes, maybe because they@easexe for recreational runners. For our

study, we selected cotton made socks as cottdw igrincipal component of basic socks.

2. Textile structure
There are two knitted structures widely used in nigsocks, namely terry and simple

jersey (cf. table 4). These two structures werecriesd in the previous chapter

(paragraph 1ll. 1).
79



KNITTED RUN [ RUN | RUN | RUN | RUN | RUN | RUN 900 | RUN
STRUCTURE | 100 500 50 400 300 800 LIGHT 1000

Simple jersey X X X

Terry jersey X X X X X

Table 7: Knitted structure of Décathlon’s runninggcks.

c) d)

Figure 23: Labonal socks: a) simple jersey, b) deujgrsey, c) yarn bridges and d) terry

jersey.
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Four different kinds of knit were selected:

= Labonal simple jersey

This thin structure is knitted with a single cotarn.

= Labonal double jersey
The thickness of the structure is slightly increasmitting two cotton yarns

together.

= Labonal yarn bridges
This structure is also derived from simple jersdgre, floatd are formed by a

second yarn.

= Labonal terry jersey
The important thickness of this kind of knit is dwethe loops formed by the pile

yarn with the back yarn.

Figure 4 shows these four kinds of knit photograpivith a zoom x40. These four

structures were knitted with a gaddd.

Six others cotton-made socks were tested in owestudy the influence of the yarn

count, the knitted structure and the stitch length:

= Terryjersey 10 — 12, terry jersey 10 — 16 andytgrsey 10 — 20

These socks only differ by their yarn count (chlégb).

TERRY JERSEY TERRY JERSEY TERRY JERSEY
SOCK 10-12 10- 16 10 - 20
Yarn count in Ne(c) 12 16 20
Yarn count in Tex 141 106 85

Table 8: Yarn count for terry jersey 10 - 12, tejeysey 10 - 16 and terry jersey 10 - 20.
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= Terryjersey 10 — 16 and simple jersey 10 — 16
They only differ by their knitted structure; oneasterry jersey sock while the
other one is a simple jersey sock. The terrieshefterry jersey sock are less

compact, less homogeneous and more crushed thamdlderries.

= Terry jersey 9 — 16, terry jersey 10 — 16 and t@rsey 11 — 16
They only differ by their size, respectively 9 Y4, 0and 11 ¥ inches which is
linked to the stitch length (cf. table 6). The dtitlength is the length of yarn

contained in one stitch and is expressed in cnaof per stitch.

TERRY JERSEY| TERRY JERSEY| TERRY JERSEY,
SOCK 9-16 10-16 11-16
Stitch length in cm per stitch 1.19£0.02 1.22.810 1.28 £ 0.01

Table 9: Stitch length for terry jersey 9 — 16,ryefersey 10 — 16 and terry jersey 11 — 16.
The stitch lengths were measured using a Sodenvatedélroyes, France) in accordance
with standards NFG07101 and NFGO07311.

Figure 24: Different sections of a sock.

A sock can be decomposed into five sections (gtiré 5): the leg, the foot, the toe,

the sole and the heel. Three sections, namelyothelie sole and the heel are in contact with
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skin areas where blisters may occur. Only thesés paere studied. The way a sock is
assembled was not considered. It seems obvioushthahore discontinuity and thickness the

sock sewing up presents, the higher friction it imdluce on the foot skin.

3. Setting, yarn diameter, terry height and orientation

The setting i.e. the number of yarns or terries @a&r in both directions of the
investigated socks in loom-finished state are ginemble 7.

The diameters of the yarns were measured using cgedina® 4002 device
(Projectina, Heerbrugg, Switzerland, serial num®@r0). Objective 35004 (x40) and lens
170/10/0.25 were employed whereby a 1 mm read sgwalB pm in reality. 10 and 6
measures were respectively carried out for Labandlother socks. The results are shown in
table 7.

The height and the angle of terries with the vattio the textile fabric were measured

from photographs. The mean values are reportedtle 88 (at least 10 measurements) and

figure 6 shows an example of a photograph useddess these parameters.

SOCK LENGTHWISE WIDTHWISE MEAN YARN
SETTING SETTING DIAMETER IN MM
Labonal simple jersey 16 courses 9 wales 0.363 0.0
Labonal double jersey 14 courses 8 wales 0.43% 0.0
Labonal yarn bridges 7.5 bridges and 4.5 bridges and 0.38 £ 0.08
16 courses 10 wales
Labonal terry jersey 17 9.5 0.39 £ 0.05
Terry jersey 10 - 12 9 6 0.51+0.05
Terry jersey 10 - 16 8.5 6 0.36 £ 0.03
Terry jersey 10 - 20 9 6 0.34 £0.03
Simple jersey 10 - 16 9 courses 6.5 wales 0.40& 0.0
Terry jersey 9 - 16 11 7 0.41 +0.07
Terry jersey 11 - 16 7.5 6.5 0.38 £ 0.04
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Table 10: Lengthwise, widthwise settings of theksoand mean diameters of the yarns
without tension. For double jersey, it is the diaeneof one single yarn which is given. For
yarn bridges, the values stand for the bridge y&or terry socks, the results are given for

the terry yarn.

KNITTED FABRIC TETAINIT (°) | HEIGHT (MM)

Labonal terry jersey 5£5 1.38 £ 0.18
Terry jersey 10 - 12 -41 + 6 1.06 £0.11
Terry jersey 10 - 16 4527 1.04 +0.09
Terry jersey 10 - 20 -51+8 1.07+£0.13
Terry jersey 9 - 16 -36 + 11 1.09 £ 0.05
Terry jersey 11 - 16 -52+8 1.11+0.16

Table 11: Height and orientation of terries. Teiais the angle formed by the terries with the
vertical to the textile surface, it is positive whthe terries are oriented towards the heel of

the sock and negative when the terries are orietdeards the toe of the sock.

Figure 25: Example of a photograph used to asdeséeight and the orientation of terries.
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4. Textile testing conditions

As it has been detailed in the first chapter, textiaterials can be highly hydrophilic.
In a moist environment, textile fibres absorb wdtem the air and swell. The properties of
textile materials are therefore highly influenceg dmbient humidity and temperature. In
order to compare different textile materials, intgronal standard conditions have been fixed
for textile testing experiments i.e. 20°C + 2°C &% + 4% Relative Humidity (european
standard NF EN ISO 139). Socks were preconditianetthis climate for at least 48 hours
before the experiments.

Comparative friction results of different textilertaces obtained in dry conditions
remain valid in wet conditions [4]. Therefore, tile experiments described in chapters 2 and

3 were carried out in dry conditions.

llIl. LINEAR RECIPROCATING DEAD WEIGHT
TRIBOMETER

A specific device was designed to simulate theiéncof the sock on the foot in the
shoe during running. It is composed of an osciitatinotor-controlled table (Controls Linear
Table x.act LT 100-2 ST controlled by 3 Chanel &pMotor-Controller M50.PCI, LINOS
Photonics GmbH & Co. KG, Géttingen, Germany) on alihihe sock is stuck using a
removable and high resistant glue. A computer gnoghas been written in Visual Basic
language whereby the oscillating table can haviewssidal movement. The back side of the
sock i.e. the one which touches the skin in the sho@ contact with a probe which is
mounted on an arm. Weights can be applied overbédlde probe. A strain-gauge sensor
(HBM PW4C3 sensor, maximum load 3 N, HBM France SK8nnecy, France) is clamped
on the arm whereby friction forces can be recordethser sensor has been installed on the
tribometer in order to measure the vertical disptaent of the pin during a friction

experiment.

Figure 7 is a photograph of the tribometer whiggife 8 shows the curve shape of the

oscillating table displacement in function of tifioe the settings which will be detailed later.
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Figure 26: Linear alternating friction device.
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Figure 27: Displacement of the oscillating tablestes time.
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1. Design of the pin

A. Surface area

When developing our tribometer, we tried to designighly versatile apparatus which
can be used to evaluate at the same time theofribetween the sock and the foot in the shoe
and the friction between the finger and a fabrice Tndex is the finger the most commonly
used to assess the tactile properties of a fabhie.skin of the index and the skin of the foot
are both glabrous and when considering the arettseedbot where blisters commonly occur,
the contact area involved in blister formation sedmbe similar to the surface area of the
index. Moreover, the contact pressure used to ataliactile properties ranges from 0.15 to
4.5 N [5] and, as it will be detailed later in sentlll.2.B, the contact pressure of the foot
with the sock during running varies from 0.44 to I90 The other parameters namely the
sliding distance and the sliding velocity are atfjbke. | therefore measured the surface area
of the index in order to manufacture a pin with slaene surface.

To measure the surface area of the index, 58 vedust 40 men and 18 women, aged
from 20 to 65 years were asked to tincture thadeinwith red ink using a stamp pad and to
press it against a paper sheet placed on a predisiance. They placed their index on the
paper sheet as if they were touching a textilei¢adond pressed it until they reached a force of
0.78 N (i.e. 80g read on the precision balanctjeh scanned the fingerprints, converted each
image into jpeg format and analysed them using Idh@gegram. The calibration was realised
with a square of 2 cm side length. The fingerpriwese considered ellipsoidal. The mean
contact area of the index with the paper sheetM&& + 0.38 cm2. It was slightly higher for
men (1.60 + 0.37 cm?) than for women (1.46 = 0.3i@2)c The pin used in friction
experiments was thus 1.7 cm long and 0.9 cm waletihas a surface area of 1.53 cm2. This
result is similar to the values given by Breugrgjt dnd Derler [6] who respectively used a
surface area of 1.6 cm? for the mean contact aawaden the finger and fabrics and measured
contact areas from 1.5 to 3 cm? in touch experimenhe pin has fully rounded edges in

order to reduce boundary effects.

87



B. Artificial skin model

f——i

2 mm

Figure 28: Light-optical micrograph showing, on tledt, the typical surface topography of
the skin model Lorica® and, on the right, thatro¥ivo human skifback of the hand) [7].

The pin is covered with a polyurethane coated poigla microfibre fleece; Lorica®
(polyurethane-coated polyamide, Lorica® Soft, LariBud, Milano, Italy). Lorica® presents
a surface structure similar to that of skin (cfufie 9) and was found to simulate the friction
behaviour of human skin in dry conditions [6]. Tha is covered with Lorica® using

double-face scotch-tape as shown on figure 10.

Figure 29: Tribometer pin recovered with Lorica®.
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C. Additional pins

In order to better understand the phenomena whidah place during the friction of the
socks, we wanted to compare the friction resultaiobd with two pins which only differ by
their roughness. A product having the same matprigberties than Lorica® Soft combined
with a smooth surface is not available. Comparafiiation tests were therefore carried out
with two cylinder-shaped pins made of stainles&lsta smooth one and one with 1mm
diameter balls made of stainless steel stuck osuitce which will be called the “rough” one
(figure 11).

Figure 30: the smooth and “rough” pins made of stass steel. These pins have the same

surface area (in contact with the sock) than theda® pin.

To investigate the influence of the counterpartemnat on the friction performances,
the socks were rubbed against smooth polyurethac@&use Lorica® is a polyurethane coated
polyamide. The mean arithmetic roughness of Lorica® smooth polyurethane was
measured using a Taylor — Hobson Surtronic 3 roeghmeter under 100 mN with a tip of
5 mm. It respectively equals 19.44 £ 1.69 um and @&%.16 um for Lorica® and smooth
polyurethane.

2. Characteristics of the reciprocating movement

A. Sliding movement amplitude

The distance over which the foot slides in the sogng running is not easy to
measure. However, the size of blisters can givamsdea of this distance. According to
Knapik et al. [8], the size of blisters corresporiadeed to the area where the rubbing is
applied. Herring and Richie [3] observed blistesf 0.087 to 0.812 cm2. Moreover, blisters
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of less then 5 mm in diameter were qualified aslisbliaters by Bergeron [2]. We therefore
presumed that the sliding distance of the foohanghoe should not far exceed 5mm and thus

fixed the sliding distance of the pin on the saxkhis value.

B. Sliding movement frequency and applied normal force

We have seen in the previous chapter that the yme$ise shoe — sock system applies
on the foot skin depends on the area of the fodt @m the running speed. The literature
indicates the areas of the foot which experieneehighest forces but no data is available on
the forces exerted on the areas we wanted to gsebtion ). We therefore measured the
force at these specific areas. We thus neededca fmeasurement system which can be
inserted in the shoe of a volunteer without modiythe force exerted by the footwear on its
foot skin and without disturbing the runner so titatrunning gait remained unchanged.
Insoles systems have a nonnegligible thicknesstla@ictfore reduce the force on the foot.
Moreover, we needed to record the force on skimsamutside the foot sole. A flexible
piezoresistive force sensor FlexiForce® (Tekscantls Boston, USA) matched our needs
(figure 12).

FlexiForce® is 208 pum thick, 14 mm wide and itsgigncan vary from 51 to 203 mm.
Its active zone is round shaped and has a diarné®@53 mm i.e. it has a 0.71 cm? active
surface. The electrical resistance of the sensowisrsely proportional to the applied load.
The response time of this sensor is 5 ps; impacefocan thus be recorded. When running,
the force applied on a specific area of the fooy mi@ange very quickly as the foot is hardly
never motionless; a low response time was therefecessary. FlexiForce® can work either
in cold or hot environments (from -9°C to 60°C) acan support forces up to 440N

depending on the model.

— |

Figure 31: FlexiForce® sensor.
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Figure 32: Record of a run at 8 km/h with FlexiFe®& placed at the plantar fascia.

Signals are recorded using a data acquisition sySBM 10 and CADM software
(Doerler Mesures, Vandoeuvre-les-NANCY, Francejukeé 13 shows a record obtained with
a FlexiForce® sensor. On this graph, the voltageichv corresponds to the force (sensor
calibration), is plotted in function of time. Fratime recorded force signal, peak forces, mean
force and stride frequency can be calculated.

5 volunteers were asked to run on a treadmill whtgir own footwear in a climate
controlled room (20°C and 65% RH). Three women tavm men, aged from 25 to 47 years
old, with weights between 52 and 76 kg participatethis study. The sensor was fixed on
their foot with adhesive tape. Then, they chosé thumning speed and first got used to the
treadmill. Thereafter, one run was recorded fohdaot area (zones 1 to 5). Running speeds
varied from 8 to 13 km/h. The sliding frequencytloé foot in the shoe was assumed to be
equal to the stride frequency i.e. 1.2 to 1.5 Hzaaunning velocity of 8 to 13 km/h. The
forces and sliding frequencies recorded are gindable 9.
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We focused our measurements on the plantar fase@a &he sliding frequency was
then fixed to 1.5 Hz and the vertical forces ranfyech 0.5 to 2.2 N.

AREA OF FIRST PLANTAR HEEL BIG LITTLE
THE FOOT METATARSAL FASCIA TOE TOE
HEAD
Force range (N) 5to 20 0.44t02.14 0.87 to|4140 15| 1.89t0 9.33

Sliding frequency

range 1.2t01.5Hz

Table 12: Force and frequency ranges.

V. TEXTILE FRICTION ANALYSER (TFA)

This device has been developed by the EMPA [9] tmitor normal and friction
forces at the same time. It includes an elevation &f. figure 14) whereby friction test
functionalities can be implemented by measuring aadtrolling vertical load over an
adjustable force range up to 20 N. The reciprocatimotjon of the metallic support is created
by a stepper motor which is operated by a prograoemaontroller. Friction forces are
measured using a highly sensitive quartz load ¢€lpe 9203, Kistler, Winterthur,
Switzerland) with a maximum resolution of 5 mN cocted to a charge amplifier (Type
5011B, time constant: 10s). Vertical forces are@rded using a strain-gauge force transducer
(Type U9B, HBM, Darmstadt, Germany) with a maximeesolution of 10 mN. The position
of the manoeuvrable weight can be changed whelgbynormal load can be adjusted. The
weight is driven by a DC motor (A-max 26, MaxongcBseln, Switzerland).

The TFA is different from the LPMT’s tribometer iearms of contact surface, applied
normal load and sliding velocity. Firstly, the LPMTribometer has a chamfered rectangular
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pin of 1.53 cm? surface while the TFA pin is rowtthped with a diameter of 2.8 cm i.e. a
surface of 6.16 cm?. Friction experiments were tteatised for the same pressures.

Secondly, the LPMT’s tribometer is a dead weigitidmeter i.e. the pin is free to
move up and down under the influence of the texditacture during a friction test. On the
TFA, the distance between the pin and the elevationis fixed when setting the device (the
manoeuvrable weight is moved until the strain-gasgesor perceives the desired normal
load). In fact, the system is also composed ofaal deeight but the elevation arm is linked to
its support by a pivot and a spring gives rigiditythe system (cf. figure 14). The pin thus
cannot raise itself up freely. Therefore, for tHeMT'’s tribometer, the applied normal load is
constant and corresponds to the dead weight whéoedke TFA, the applied normal load
varies around a mean value which is higher tharddsa weight of the LPMT’s tribometer
for the same setting value. The vertical load aapby the TFA versus time for a set point of
9.49 N is given figure 15.

Thirdly, the sliding velocity is triangular shapéat the LPMT’s tribometer while for
the TFA, the sliding velocity signal is 40% ramm@phld (20% ascending ramp to reach the set
point velocity then 60% constant velocity and 208saknding ramp).

Finally, friction force signals recorded using th&®MT's tribometer are noisy
compared to the signals recorded using the TFA usec@n the LPMT's tribometer the
friction force signal is not filtered while a lowaps filter is applied to the data recorded on the
TFA.

Neither the linear alternating dead weight tribcenetor the TFA exactly reproduces
the friction of the foot with the sock in the shé@r the LPMT's tribometer, the weight is
free to move vertically while in the case of theATRkhe system is fixed. In-shoe conditions
are probably an intermediate between these twosc&se&tion experiments were therefore
carried out on both tribometers. Both the TFA amelltPMT'’s tribometer can be improved in
order to better reproduce the friction between sbek and the foot of a runner during
jogging. The materials in contact, the pressuretardsliding frequency have been adapted
but the experimental measures do not entirely siteuihe frictional conditions on anatomical
body shapes. The use of curved rubbing elementkl,cou a further study, simulate the
contact of textile fabrics against skin overlyingnlyg prominences. The pin may also be
designed in order to reproduce the shape of tlieddsot area. Moreover, a shoe insole may

be placed under the sock.
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Figure 33: TFA device [7].
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Figure 34: Normal load applied by the TFA in fuctiof time for a set point of 9.49 N.

V. COMPRESSION EXPERIMENTS

The pressure exerted on the foot by the footwearenids on the shape and the
cushioning properties of the shoe, the friction anthpression behaviour of the sock and on
the skin characteristics. Compression tests foks@ere implemented on KES FB3 [10]. A
FlexiForce® sensor was placed on the compressiamgpl surface with double-face scotch-
tape and the socks were positioned with the facangthe back side down as shown on
figure 16. The pressure the plunger applied onféloe of the sock was recorded by the
FlexiForce® sensor and corresponds to the pressteded by the shoe on the sock. The
pressure transmitted to the back of the sock isrdexl by the force transducer of the KES
FB3 and corresponds to the pressure exerted byfdabevear on the foot skin. The
FlexiForce® signal was recorded on a computer uirgelated software and the KES FB3

signal was saved using an oscilloscope.
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The following settings were chosen:
FlexiForce® software and oscilloscope:
= 100 points/s.
= The measure is manually and automatically starbedhe FlexiForce® and
the oscilloscope respectively.
= The measure lasts for 200 s for terry jersey sacksfor 100 s for the other

knitted structures.

Figure 35: KES FB3 equipped with FlexiForce®.

KES FBa3:
= Plunger velocity: 0.02 mnils
This velocity is of course very low compared to theocity with which the foot
touches the ground when running; it was limited iy sampling frequency of the
Flexiforce®. However, compression experimentatiorealised on velvet fabrics by
Camillieri [11] at velocities from 0.02 to 0.2 mm.show a negligible influence of the
velocity on the compression results.
=  Maximum pressure of 15 kPa.
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Calibration test without sample
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Figure 36: One calibration test; applied normal éer (measured with Flexiforce®) versus
perceived normal force (measured with KES transgudd#e black curve is the calibration

curve while the grey line is the expected result.

A calibration test was first carried out. Duringethalibration test, the KES plunger
applied a force on the surface of the Flexiforce® on 0.71 cm?2 while the force measured by
the KES force transducer was measured on 2 cméhée is no sample on the compression
tester, the transmitted force should be equal ¢catbplied force. On the other hand, for tests
with textile fabrics, as the plunger of the KES simk the textile sample, the applied force is
distributed over the entire surface of the pluniger2 cm?, the same surface on which the
transmitted force is measured. Calibration testltesare thus displayed in force while the

results of the compression tests with textile saspre given in pressure.
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Calibration test results are reported in figurewvillrich displays the applied normal
force i.e. the force measured by the Flexiforce®@uimction of the perceived normal force i.e.
the force measured by the KES force transduceraritbe noticed that the behaviour of the
Flexiforce® is not linear, the grey area correspatoda perceived normal force higher than
the applied normal force which is not possible ptgls). The compression results will be
analysed without considering this zone. The |lattare will be identified by a grey area on the

compression curves.
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Résumeé

Des expériences de frottement et de compressioréténtéalisées afin d’étudier le
contact mécanique entre la chaussette et la peaud®rla course a pied. Une étude
phénoménologique identifiant le mouvement relatifpélpeur du tribometre du LPMT et des
différents tricots a pu étre effectuée en observawblution simultanée de la force de
frottement et de la position verticale du palp&our le jersey bouclette, le palpeur s’enfonce
dans la structure en couchant les bouclettes @asesns aller du mouvement. Plus le palpeur
s’enfonce plus la force de frottement augmentd’ame de contact entre les deux corps et la
déeformation augmentent. Une fois les bouclettesptetement couchées, le palpeur ne bouge
plus et la force de frottement reste constante.mament du changement de sens, les
bouclettes se relevent avant d’étre couchées dansehs opposé. Pour des pressions
relativement faibles de 3 et 6 kPa, le palpeuess/e immédiatement lors du changement de
direction. Pour des pressions plus élevees de 1B &Pa, il faut un nombre suffisant de
bouclettes sous le palpeur pour qu’il se relevestcpourquoi le palpeur remonte plus tard
guand la pression normale augmente. De plus, auemomu changement de sens, il
s’enfonce un peu plus profondément dans la streicdarla chaussette car sa vitesse décroit.
On observe les mémes phénomeénes pour le jersey gerfils, le déplacement vertical du
palpeur est moindre car les ponts sont moins @seqtie les bouclettes. En ce qui concerne
les structures jerseys simple et double, elles Eerhbymétriques, la force de frottement en
sens aller est tres similaire a celle en sens ratais le déplacement vertical du palpeur
montre une anisotropie de tribologie de surfacd.oBi mesure la longueur des tétes et des
pieds de mailles dans les deux structures, on atengtie les pieds de mailles sont plus courts
que les tétes de mailles. En sens aller, le palpasse au-dessus des tétes de mailles avant de
frotter les pieds de mailles c’est pourquoi il estrainé vers le haut, et inversement en sens

contraire.

Une étude sur l'influence de la Longueur de Fil édbge et du titre des fils sur les
propriétés tribologiques des chaussettes a égatettiemenée. Aucune influence du titre des
fils n'a été constatée tandis que pour une pressmmale faible de 3 kPa, la force de

frottement évolue en sens inverse de la LFA. Cebgplque par la forme des boucles dans le
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tricot, pour un titre de fil donné, plus la LFA amgnte, plus les boucles sont plates. La
rugosité de la surface tricotée augmente donc Uerdg LFA diminue. Pour une pression
normale importante de 15 kPa, les boucles destdrisont écrasées et la LFA n’a aucune

influence sur la force de frottement.

Nous nous sommes intéressés a l'influence de lmtate tricotée sur le frottement
induit sur la peau d’'un coureur amateur lors d'agging. Nous avons pu observer que la
forme et 'amplitude de la courbe de force de &wtent dépend fortement de la structure
considérée. Les jerseys simple et double présedentpropriétés tribologiques similaires
avec un comportement symeétrique tandis que le jelsmuclette a un comportement
asymetrique du fait de l'orientation des boucletBsur une distance de frottement inférieure
a 2,5 mm, le jersey bouclette induit un frottemermindre que les jerseys simple et double.
Pour une distance supérieure a 2,5 mm, le jersaglétte produit une force de frottement
€gale ou supérieure a celle induite par les awgtestures tricotées. Les bouclettes des
chaussettes Labonal sont orientées de la poink ceaussette vers le talon lorsqu’elles sont
portées en contact avec la peau. Or, lorsque tegrre en contact avec le sol, il glisse vers
I'avant de la chaussure donc en sens opposé denitation des bouclettes ce qui va générer
un frottement élevé sur la peau. Il serait plus ayppé de tricoter les chaussettes en
commencant par la jambe de maniere a avoir desldites orientées dans le sens le plus
préférable. Deux qualités de chaussettes bouclettesté étudiées, les chaussettes Labonal
présentent des bouclettes plus homogénes, plus ctaspat moins faciles a écraser. Les
courbes de frottement du jersey bouclette Labamat différentes de celles des jerseys simple
et double tandis que le comportement des autresyjgrbouclette se rapproche de celui des
jerseys simple. Nous pouvons donc conclure queotend particuliere des courbes de
frottement du jersey bouclette Labonal est due ratition des bouclettes lors d’'un cycle de

frottement.

Nous avons aussi étudié linfluence de la rugoditépalpeur sur les signaux de
frottement des différentes structures tricotéesidNamvons observé que pour les jerseys simple
et bouclette la force de frottement augmente azeadosité du palpeur. Le frottement est dQ
a de la déformation et a de I'adhésion. Ici, lestgbutions respectives de la déformation et

de l'adhésion ne sont pas mesurées indépendamoremte peut donc que comparer leur
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importance relative dans le frottement. Les phémmsaél’adhésion augmentent avec l'aire de
contact i.e. quand la rugosité du contact dimirve.qu’ici la force de frottement croit
lorsque la rugosité du palpeur augmente, nous eluistins que la contribution de la
déformation dans le frottement est essentielle.cBmparant les courbes de frottement
obtenues pour les jerseys simple et bouclette atacbavec le palpeur lisse en acier et le
palpeur recouvert de Lorica®, on observe une fdeeé&ottement plus importante dans le cas
du palpeur recouvert de Lorica®, cependant la wifiée entre les deux résultats est
importante dans le cas du jersey simple et faiblesde cas du jersey bouclette. Dans le cas
du jersey bouclette, les propriétés du palpeur dont moins importantes que dans le cas du
jersey simple, la part de I'adhésion dans le frotiet est moindre et la contribution de la

déformation est donc plus importante.

Nous avons comparé les différentes structures dassiettes en termes de frottement
induit sur la peau. Cependant, la chaussette, dsgpstructure et son épaisseur, peut atténuer
la pression ressentie sur la peau et ainsi rédiesreisques de génération de phlyctenes. Des
mesures de compression ont donc été réaliséesl@afinesurer, pour une pression appliquée
donnée (méme sol, méme chaussure et méme codeeprgssion exercée sur la peau pour
les différentes chaussettes étudiées. On observiaquession exercée sur la peau augmente
lorsque le titre des fils augmente. Pour une méfw, lorsque le titre des fils augmente, les
fils sont moins souples et la chaussette moins oessible. Les résultats de compression
montrent que le jersey simple présente un meikeamortissement statique » que le jersey
bouclette. Cependant, la pression maximale ressesti obtenue pour une profondeur de
pénétration plus importante dans le cas du jerseiglbtte que dans le cas du jersey simple,
ce qui nous a fait penser que le jersey bouclet@rrpit présenter un meilleur
« amortissement dynamique » que le jersey simpteisNavons donc testé la capacité de
dissipation de I'énergie de ces deux tricots lotsndthoc en lachant une bille sur ces deux
chaussettes d’'une hauteur donnée et en mesurhatitaur du premier rebond de la bille. I

s’avere que le jersey bouclette dissipe effectiverptus d’énergie que le jersey simple.

Les structures jersey double et jersey ponts de dit été étudiees en tant
gu’intermédiaires entre le jersey simple et leggrbouclette. Leurs résultats de frottement

révéelent effectivement un comportement intermédiaiais beaucoup plus proche de celui du
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jersey simple que de celui du jersey bouclette.nQ@aleurs résultats de compression, ils
montrent que ces structures sont plus dures queeles autres et donc moins adaptées pour
des chaussettes de sport. C’est pourquoi les csiankide cette étude ne porteront que sur les
structures jerseys simple et bouclette. L'épaissBume chaussette bouclette est un moyen
simple, efficace et bon marché d’améliorer le candie personnes dont les pieds présentent
des proéminences osseuses et des ampoules pnéisstaes expériences de frottement, de
compression et d’absorption des chocs ont monté qu

= Pour une force normale donnée, une chaussettersy jbouclette induit un
frottement sur la peau moins important qu’'une ckellis en jersey simple a conditions que
les bouclettes soient compactes, homogenes et égertans la direction de la force de
frottement.

= Lors d'une compression progressive, pour la mémegénele compression
regue, le jersey simple transmet sur la peau ueggéEnde compression moins importante que
le jersey bouclette. Le jersey simple apporte dameneilleur « amortissement statique » ou
quasi-statique.

= Quand on lache une bille d’'une hauteur donnée ssirchaussettes en jersey
simple et bouclette, le premier rebond de la bd moins haut dans le cas du jersey
bouclette. Le jersey bouclette présente par comsgqun meilleur « amortissement
dynamique ».

La confrontation des résultats de frottement, dagression et d’absorption des chocs

permet de conclure que :

» Lors de la marche, quand le pied est soumis a $adfa@lu frottement et a de la
compression progressive, la structure tricotéeda pidiquée est le jersey simple.

= Lors de la course a pied, la peau est d’abord smiiun choc puis a de la
compression progressive et du frottement. Il restdéterminer l'influence de ces trois
sollicitations sur la génération de phlycténesjdreey simple présente de meilleurs résultats
en termes de frottement et d’ « amortissement egtasgue » tandis que le jersey bouclette
est plus performant en termes d’ « amortissememamyque ». Dans le cas du jersey
bouclette, il est a noter que sa structure pewgt @émeliorée significativement par des
bouclettes compactes et homogénes orientées vente du pied de maniéere a réduire le
frottement exercé sur la peau lorsque le piedalisss la chaussure.

= Si le coureur amateur n'a que des chaussettesrsgyjbouclette, il lui faut
déterminer I'orientation des bouclettes. Si les tegisont orientées du talon vers la pointe de

la chaussette lorsque la face bouclette est eraciatec la peau, il est alors recommandé de
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les porter en contact avec la peau. Si les bowscetsorientées en sens inverse, ce qui est le
cas de la plupart des chaussettes vendues damsnlmerce, il est préférable de porter les
bouclettes en contact avec la chaussure et I'éateeen contact avec la peau ce qui permettra

de réduire le frottement sur la peau.

105



CONTENTS

Chapter Ill: experimental results 100
.  FRICTION EXPERIMENTS 107
1. Phenomenological study 107

2.

wWN P

Pressure influence 116
A. On the friction force 116

B. On the coefficient of friction 123

3. Stitch length and yarn count influence 128
4.
5. Influence of the pin material and roughness 139

Sock structure influence 131

A. Experiments using the Lorica® and the smootlyyp@thane pins 139

B. Experiments using the smooth and the “rough$pimade of stainless steel
146
COMPRESSION EXPERIMENTS 149

. Sock structure impact 149
. Yarn count influence 152
. Energetic approach 154

CONCLUSION 155

106



Friction and compression experiments were carriedio order to investigate the
mechanical contact between the sock and the faotdsking running.

These experiments will be successively detaileittidn tests in a first part and
compression experimentations in a second part. ifitieence of the applied pressure, the
yarn count, the stitch length and structure, timenpaterial and roughness will be investigated

within the following pages.

.  FRICTION EXPERIMENTS

1. Phenomenological study

When considering the evolution of both frictionderand vertical position of the pin
versus time, the phenomena which occur duringctidn test between the Lorica® pin and
the different socks can be identified. The veftpmasition of the pin is a relative position i.e.
0 corresponds to the lowest position of the pire Tdser sensor has a sensibility of 5 um in

dynamic experiments and 1 pum in static experiments.

It can be seen in figures 1la and 1b that, for Laboerry jersey socks under 3 and
6 kPa, the pin first sinks in the terry structueeitaflattens the loops. The more it sinks the
higher the friction force due to the increase intact area and deformation. Once the terries
are laid down, the pin stays at the same positi@hthe friction force keeps constant. When
the direction of the movement changes, the pinelffet the terries in the opposite direction, it
thus moves upwards until all the terries are laisvmloFor pressures of 10 and 15 kPa,
Figures 1c and 1d show the same phenomena exegptien the direction of the movement
changes, the pin does not go up immediately butssiitte more in the textile structure
before going up flattening the terries. In the reeadirection, the number of terries under the
pin has to be sufficient for the pin to go up aag dlown the terries. The pin therefore moves
upwards later when normal pressure increases abdfare sinks deeper in the structure
because its velocity decreases at the directiongeghal hese explanations are corroborated by

videos.
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Labonal terry jersey/Lorica

Labonal terry jersey/Lorica
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Figure 37: Friction force and vertical position the pin for Labonal terry jersey socks in

contact with the Lorica® pin for a friction cycl&he mean curves were calculated from 10

experiments for a friction distance of 5 mm, atioic frequency of 1.5 Hz and a pressure of
respectively a) 3 kPa, b) 6 kPa, c) 10 kPa andxlkRa. The letter T identifies the half period
where the movement of the pin follows terries daton.

The same phenomena were observed for Labonal yatgels (cf. figure 2). The

bridges are indeed oriented in the same directiam the terries with a smaller angle. As

bridges are less oriented than terries, the phenarage less pronounced, i.e. the vertical pin

displacement is smaller in the case of the Labgaad bridges.
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Figure 38: Friction force and vertical position tiie pin for Labonal yarn bridges socks in
contact with the Lorica® pin for a friction cycl&he mean curves were calculated from 10
experiments for a friction distance of 5 mm, atioic frequency of 1.5 Hz and a pressure of
respectively a) 3 kPa, b) 6 kPa, c) 10 kPa and B)kPa. The letter B identifies the half
period where the movement of the pin follows bsdggentation.

As for Labonal double and simple jersey socksf{glires 3 and 4), it seems that these
two structures also present an anisotropy of sarfabology even if these structures seem to
be symmetrical relative to an axis in the coursedtion. The friction force for the forward
and the reverse direction show very small diffeesgt the laser sensor that gives the vertical
position of the pin is sensible to this anisotropg. order to understand this anisotropy, it is

necessary to consider the different parts of abs(itf. figure 5). When looking at figures 6a
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and 6b, it is not obvious that the top arcs andbtbitom arcs of Labonal double and simple

jersey do not have the same length but the bottas &re indeed smaller than the top arcs

(cf. table 1).
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Figure 39: Friction force and vertical position e pin for Labonal double jersey socks in

contact with the Lorica® pin for a friction cycl&he mean curves were calculated from 10

experiments for a friction distance of 5 mm, atioic frequency of 1.5 Hz and a pressure of
respectively a) 3 kPa, b) 6 kPa, c) 10 kPa and=liRa.
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Figure 40: Friction force and vertical position die pin for Labonal simple jersey socks in
contact with the Lorica® pin for a friction cycl&he mean curves were calculated from 10
experiments for a friction distance of 5 mm, atioic frequency of 1.5 Hz and a pressure of
respectively a) 3 kPa, b) 6 kPa, c) 10 kPa and=lkRa.

In the forward direction, the pin goes up the topsaof the stitches and sinks in the
bottom arcs of the stitches and inversely for #neerse direction. Considering the sensibility
of the laser sensor (5 um in dynamic), figures @ 4rshow that the pin goes up before the
direction change and goes down once the directaandmanged which can be explained by

the larger length of top arcs compared to the botiocs of the stitches.
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Figure 41: Different parts of a stitch.
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Figure 42: Back of a) Labonal double jersey and.&lponal simple jersey.

SOCK MEAN LENGTH OF THE | MEAN LENGTH OF THE TOP
BOTTOM ARCS (MM) ARCS (MM)
Labonal double jersey 1.08 1.22
Labonal simple jersey 0.97 1.10

Table 13: Mean length of the bottom and the tops art Labonal double and simple jersey

socks.
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In this chapter, | present experimental resultsceamng the friction behaviour for
Labonal socks and for the six other socks. It loalset noticed that the terries of these socks
are oriented towards the toe of the sock i.e. jpogsfie way compared to Labonal terry jersey

and yarn bridges.

For terry jersey 10 - 12, 10 - 16, 10 - 20, 9 ah@ 11 - 16, the curves given in figures
7 and 8 show the same behaviour. These terry jemeks have different behaviours for low
and for higher pressures. For a low pressure d?& K can be noticed in figures 7a, 7c, 7e,
8c and 8e that they behave in the same mannerLiflaonal terry jersey and yarn bridges
socks. The vertical movement of the pin is jusensed compared to Labonal terry jersey and
yarn bridges socks i.e. the pin first goes up bex#usts and pushes the terries to the vertical
as the terries of these socks are oriented in depoay compared to Labonal terry jersey and
yarn bridges socks (cf. table 8 chapter II). WHea gliding direction switches, the pin sinks
in the terry structure flattening the terries.

The terries and yarn bridges of Labonal socks aveerslastic and less easy to swat
than the other terries. They thus have the samavimir for low and higher pressure while,
in the case of terry jersey 10 - 12, 10 - 16, 10,-®- 16 and 11 - 16, for a pressure of 15 kPa,
the vertical displacement of the pin is inversethpared to the case of a pressure of 3 kPa,
When sliding in the opposite direction of terriggentation, the pin does not lift and push the
terries but goes down crushing the terry structun@ when the sliding direction changes, the
pin goes up sliding along the terries which camekha their initial position (figures 7b, 7d,
7f, 8d and 8f).

Simple jersey 10 - 16 (figures 8a and 8b) presémssame surface anisotropy as
Labonal double and simple jersey. The top archefstitches are 6% longer than the bottom
arcs. In the forward direction, the pin goes up titye arcs of the stitches and sinks in the
bottom arcs of the stitches and inversely for #neerse direction. The pin therefore goes up

before the direction change and goes down onceitéetion has changed.
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Figure 43: Friction force and vertical position tife pin for terry jersey socks in contact with
the Lorica® pin for a friction cycle. The mean cesvwwere calculated from 10 experiments
for a friction distance of 5 mm, a friction frequgmof 1.5 Hz and a pressure of respectively
3 kPa for cases a, c and e and 15 kPa for cases bnd f. The letter T identifies the half

period where the movement of the pin follows teragentation.
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Figure 44 : Friction force and vertical position tie pin for terry and simple jersey socks in
contact with the Lorica® pin for a friction cycl&he mean curves were calculated from 10
experiments for a friction distance of 5 mm, atioic frequency of 1.5 Hz and a pressure of
respectively 3 kPa for cases a, ¢ and e and 15f&Peases b, d, and f. The letter T identifies

the half period where the movement of the pinalterries orientation.
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2. Pressure influence

A. On the friction force
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Figure 45: Friction force for a) Labonal terry jezy, b) Labonal double jersey, c) Labonal

simple jersey and d) Labonal yarn bridges socksoimact with the Lorica® pin for a friction

cycle. The mean curves were calculated from 10reawrpats for a friction distance of 5 mm,
a friction frequency of 1.5 Hz and pressures frono 35 kPa on LPMT's tribometer. The

letters T and B identify the half period where thevement of the pin follows respectively

terries orientation and bridges orientation.
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Figure 46: a) Mean friction force versus apparenégsure and b) fitting of the mean friction
force in function of the apparent pressure using eéhgpirical equationFF = K x AP" for
Labonal terry and simple jersey socks. The abbt@nanl stands for the logarithm, FF is the
friction force, AP is the apparent pressure and idan are empirical constants. The mean
friction force was calculated from 3 experimentattion curves of one friction cycle and

corresponds to the mean value of the plateauseoftinves.

The well-known fact that the friction force getglher when the pressure increases can
be observed on figures 9 to 13. The mean frictond versus the apparent pressure is shown

for Labonal terry jersey and simple jersey sockBgare 10a. The fitting of the mean friction
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force using the empirical equatidi= = K x AP" gives n = 0.9 for both Labonal terry jersey

and simple jersey socks which is conform to thethee. % <n<l.
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Figure 47: Friction force for a) Labonal terry jeeg, b) Labonal double jersey, c) Labonal
simple jersey and d) Labonal yarn bridges socksointact with Lorica® for a friction cycle.
The mean curves were calculated from at least 8raxents for a friction distance of 5 mm,
a friction frequency of 1.5 Hz and pressures froto 35 kPa on the TFA. The letters T and B
identify the half period where the movement oftinefollows respectively terries orientation
and bridges orientation.
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Figure 48: Friction force for a) terry jersey 1012, b) terry jersey 10 — 16, c) terry jersey
10 - 20, d) simple jersey 10 — 16, e) terry jer8ey16 and f) terry jersey 11 — 16 in contact
with the Lorica® pin for a friction cycle. The meawrves were calculated from 10
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experiments for a friction distance of 5 mm, atioic frequency of 1.5 Hz and pressures of 3
and 15 kPa on LPMT'’s tribometer. The letter T idfeeg the half period where the movement

of the pin follows terries orientation.

For a fixed sock and a given friction device, thae of the friction curve is the same
for all the pressures. The lower the friction fordee flatter the curve. It can be noticed on
figure 11 that friction tests carried out using thEA present two static peaks which
correspond to the change of the sliding directidmese static peaks do not occur for friction
experiments on the LPMT’s tribometer as the pifiée to move up and down while the TFA
pin is kept to the same vertical position by thevation arm. TFA curves show less variations

as the friction force signal is filtered while thignal of LPMT’s tribometer is not filtered.

The values of the friction force related to the agpt contact surface are of the same
order of magnitude for both LPMT’s tribometer anBAT for Labonal socks (cf. tables 2
and 3). For terry jersey socks, when the slidingalion corresponds to terries orientation
(forward sliding direction), we can suppose tha treformation component of the friction
force due to the rotation of terries may induce erfoiction than the crushing of the structure
which explains the higher friction force valuestive case of the LPMT’s tribometer (cf.
table 2). On the other hand , when the slidingatioa is opposed to the terries orientation,
terries withstand the pin movement, and the phenanaffer upon the tribometer which is
considered. For the LPMT’s tribometer, the tertiegder and at the front of the pin are carried
along by the pin and rotate. As the pin is freentave vertically, it is lifted by the rotating
terries and does not exert extra pressure on theseOn the other hand, for the TFA, the pin
cannot move vertically and is opposed to the nhtomavement of terries leading to an
additional pressure and a higher friction force (able 3). For the others structures, the
values of the friction force related to the apparemttact surface are comparable for both
tribometers or slightly higher for TFA which may tae to the fact that the pressure can get
higher in the case of the TFA measurements. Thecke#®f the hairiness orientation of
Labonal terry jersey and yarn bridges is visibletle friction force and the vertical
displacement of the pin measured on LPMT’s trib@ndtut is more pronounced in TFA

measurement data.
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LABONAL LABONAL LABONAL LABONAL
PRESSURE| TERRY JERSEY| DOUBLE SIMPLE YARN
(KPA) JERSEY JERSEY BRIDGES
LPMT | TFA | LPMT | TFA LPMT | TFA | LPMT | TFA
3 0.098 | 0.049 0.111 0.09y 0.11p 0.114  0.111 0.p97
0.144 | 0.114 0.196 0.211 0.196  0.2p7 0.1p6  0.195
10 0.261 | 0.211 0.327 0.35) 0.314 0.3p7 0.204  0.308
15 0.392 | 0.292 0.458 0.51p 0.458 0.487  0.4p5 0455

Table 14: Comparison of the LPMT’s tribometer @ahd TFA. Labonal socks friction force
in N for 1 cmz2 of apparent contact area for pregsufrom 3 to 15 kPa for the forward sliding

direction i.e. the first half of a friction cycIBlo standard deviation is given here as these data

have been calculated from mean curves.

LABONAL LABONAL LABONAL LABONAL
PRESSURE| TERRY JERSEY] DOUBLE SIMPLE YARN
(KPA) JERSEY JERSEY BRIDGES
LPMT | TFA | LPMT | TFA LPMT | TFA | LPMT | TFA
3 0.111 | 0.146 0.111 0.114 0.098 0.114 0.1f11 0.[L146
6 0.229 | 0.260 0.196 0.211 0.196 0.1y9 0.2p9  0.p60
10 0.392 | 0.422 0.327 0.32p 0.32)7 0.2p2  0.3p7 0.873
15 0.523 | 0.617 0.458 0.48) 0.438 0.438 0.488 0.p19

Table 15: Comparison of the LPMT's tribometer ahd TFA. Labonal socks friction force in

N for 1 cm? of apparent contact area for pressuiresn 3 to 15 kPa for the back sliding

direction i.e. the second half of a friction cydo standard deviation is given here as these

data have been calculated from mean curves.

Friction experiments were also carried out changiegcounterpart (the material the
socks are rubbing). The influence of the counteénpeaterial and roughness will be discussed

later. At this stage we just check that the pressofluence is the same whatever the
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counterpart material. It can thus be noticed omrégl3 that, for Labonal socks in contact
with smooth polyurethane, the friction force in@eswith pressure.
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Figure 49: Friction force for a) Labonal double g&y, b) Labonal simple jersey and
c) Labonal yarn bridges socks in contact with sthqmblyurethane for a friction cycle. The
mean curves were calculated from 3 experimentafbiction distance of 5 mm, a friction
frequency of 1.5 Hz and pressures from 3 to 15 &fP#he TFA. The letter B identifies the
half period where the movement of the pin follovidges orientation.
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B. On the coefficient of friction
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Figure 50: Coefficient of friction for a) Labonaérry jersey, b) Labonal double jersey,

c) Labonal simple jersey and d) Labonal yarn brisigecks in contact with the Lorica® pin

for a friction cycle. The mean curves were caledafrom 10 experiments for a friction

distance of 5 mm, a friction frequency of 1.5 Hz anelssures from 3 to 15 kPa on the

LPMT’s tribometer. The letters T and B identify thedf period where the movement of the

pin follows respectively terries orientation anddgres orientation.
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The mean coefficient of friction was obtained byiding the mean friction force by
the normal force. It can be seen in figures 14 #dhat the mean coefficient of friction either
remains stable or slightly decreases when pressareases for the couple cotton / Lorica®.
The mean coefficient of friction versus the appamgessure is detailed for Labonal terry

jersey and simple jersey socks respectively inregu5a and 15b.
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Figure 51: Mean coefficient of friction versus appar pressure for a) Labonal terry and
b) simple jersey socks. The mean coefficient ofidn was calculated from 3 experimental
curves of 1 friction cycle on the LPMT's tribomegerd corresponds to the mean value of the

plateaus of the curves.
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Figure 52: Coefficient of friction for a) Labonaérry jersey, b) Labonal double jersey,
c) Labonal yarn bridges and d) Labonal simple jgrsecks in contact with the Lorica® pin
for a friction cycle. The mean curves were caledatrom at least 3 experiments for a
friction distance of 5 mm, a friction frequencylob Hz and pressures from 3 to 15 kPa on
the TFA. The letters T and B identify the half périvhere the movement of the pin follows

respectively terries orientation and bridges orggidn.
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Coefficient of Friction
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Figure 53: Coefficient of friction for a) terry jsey 10 — 12, b) terry jersey 10 — 16, c) terry

jersey 10 — 20, d) simple jersey 10 — 16, e) t@rgey 9 — 16 and f) terry jersey 11 — 16 in

contact with the Lorica® pin for a friction cycl&he mean curves were calculated from 10
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experiments for a friction distance of 5 mm, atioic frequency of 1.5 Hz and pressures of 3
and 15 kPa on the LPMT’s tribometer. The letterd€éntifies the half period where the
movement of the pin follows terries orientation.
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Figure 54: Coefficient of friction for a) Labonabdble jersey, b) Labonal simple jersey and
c) Labonal yarn bridges socks in contact with srhqmalyurethane for a friction cycle. The
mean curves were calculated from 3 experimentsafiiction distance of 5 mm, a friction
frequency of 1.5 Hz and pressures from 3 to 15 &iP#he TFA. The letter B identifies the
half period where the movement of the pin follonidges orientation.
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The evolution of the coefficient of friction in fahon of the pressure depends on the
materials in contact. The couple cotton / smootlyyrethane does not react like the couple
cotton / Lorica® (cf. figures 16 and 18). The caméint of friction indeed increases when
pressure gets higher as it is shown in figure X&tibn includes a part of deformation and a
part of adhesion. When the normal load is increabeth the deformation part and the
adhesion part of friction get higher but the risedeformation is less important compared to
the increase of the real contact area and the aseref the distance between the two
contacting bodies. Figures 16 and 18 thus inditetethe deformation part of friction is more
important for the couple cotton / Lorica® than tbe couple cotton / smooth polyurethane
and that the adhesion contribution to friction ighler for the couple cotton / smooth

polyurethane than for the couple cotton / Lorica®.

3. Stitch length and yarn count influence

Three terry jersey socks that only differ by thsifitch length namely terry jersey
9 - 16, terry jersey 10 - 16, and terry jersey 16 and three terry jersey socks that only differ
by their yarn count namely terry jersey 10 - 12rytg¢ersey 10 - 16, and terry jersey 10 - 20
were at our disposal. We could therefore investighé influence of the stitch length and the

yarn count on the friction force and the coeffitiehfriction (cf. chapter 2 paragraph 11.2).

Figures 19 and 20 respectively show the frictiortdoand the coefficient of friction
for the socks that have just been cited. By thapads, the yarn count does not impact the
friction results. On the other hand, when the fadbare loaded with a low pressure of 3 kPa,
the values of the friction force and the coeffitief friction increase when the stitch length
decreases. This is due to the shape of the lotipeitknitted fabric. For the same yarn count,
the higher the stitch length, the flatter the lodpe fabric surface roughness is thus lower for
terry jersey 11 — 16 than for terry jersey 9 — h@ ¢he values of the friction force and the
coefficient of friction get higher with surface ghness. For a pressure of 15 kPa, the loops

are compressed and the stitch length has no irduen friction.
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Figure 55: Friction force for a) terry jersey 9 -6lterry jersey 10 — 16 and terry jersey
11 — 16 under 3 kPa, b) terry jersey 9 — 16, tgemgey 10 — 16 and terry jersey 11 — 16
under 15 kPa, c) terry jersey 10 — 12, terry jerd®y— 16 and terry jersey 10 — 20 under 3
kPa and d) terry jersey 10 — 12, terry jersey 106-and terry jersey 10 — 20 under 15 kPa

in contact with the Lorica® pin for a friction cyel The mean curves were calculated from 10

experiments for a friction distance of 5 mm andiidén frequency of 1.5 Hz on the LPMT’s

tribometer. The letter T identifies the half periadhere the movement of the pin follows
terries orientation.
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15kPa — Sock on Lorica
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Figure 56: Coefficient of friction for a) terry jeey 9 — 16, terry jersey 10 — 16 and terry
jersey 11 — 16 under 3 kPa, b) terry jersey 9 — té8ry jersey 10 — 16 and terry jersey

11 - 16 under 15 kPa, c) terry jersey 10 — 12,ytgersey 10 — 16 and terry jersey 10 — 20
under 3 kPa and d) terry jersey 10 — 12, terry ¢grd0 — 16 and terry jersey 10 — 20 under
15 kPa in contact with the Lorica® pin for a fimh cycle. The mean curves were calculated
from 10 experiments for a friction distance of 5 emmd a friction frequency of 1.5 Hz on the

LPMT’s tribometer. The letter T identifies the hpHriod where the movement of the pin

follows terries orientation.
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4. Sock structure influence

We aimed to determine the influence of the kniggdcture of the sock on the friction
generated on the skin of the foot during running Mund that the shape and the value of the
friction force and the coefficient of friction curvelepend on the sock structure (cf. figures 21
to 27).

Figures 21a to 21d and 22a to 22d show that Labdmatble and simple jerseys have
similar friction forces and coefficients of fricitowhen rubbing against Lorica®. Their
friction signals increase sharply before gettirapkt during the first half of the friction cycle
and when the sliding direction of the pin changhs, values of the friction force and the

coefficient of friction decrease sharply beforebgtaing. Their curves are symmetrical.

On the other hand, for the Labonal terry jerseykstite values of the friction force
and the coefficient of friction progressively inase without getting stable. For sliding
distances lower than 2.5 mm, Labonal terry jerseks induce less friction than the Labonal
simple and double jersey structures while beyortd r@m sliding distance, Labonal terry
jersey socks present similar or slightly highectfan than other Labonal structures. It can
also be noticed that the friction signals of Laldldeay jersey are asymmetrical. The friction
force and the coefficient of friction are indeedtmer in the second half of the friction cycle

i.e. when the pin rubs the sock in the directiopaged to the terries orientation.

It has to be noted that for Labonal terry jersegksothe terries are oriented towards
the heel and when the foot contacts the grourglidiés within the shoe towards the toe i.e. it
rubs the sock in the direction opposed to thedsrorientation which is the less suitable case
regarding skin irritations as it induces highection on the skin. It is thus recommended to
knit the socks from the leg to the toe in ordereduce the friction when the foot contacts the
ground and is loaded with significant normal andgential forces. As mentioned above,
Labonal and others socks are not from the sameofipeoducts. Labonal products are higher
guality socks. The terries of the socks that wertesnpplied by Labonal are easy to crush i.e.
they do not rotate during a friction cycle. Figugds, 21f, 22e and 22f show that one of these
terry jersey structure has similar friction foraedacoefficient of friction than a simple jersey
structure. It may thus be concluded that the padicshape of Labonal terry jersey friction

force is due to the rotation of terries duringietion cycle.
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Figure 57: Friction force for Labonal socks under &kPa, b) 6 kPa, ¢) 10 kPa, d) 15 kPa
and for terry jersey 10 — 16 and simple jersey 106-under e) 3 kPa and f) 15 kPa in

contact with the Lorica® pin for a friction cycl&he mean curves were calculated from
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10 experiments for a friction distance of 5 mm anéiction frequency of 1.5 Hz on the
LPMT’s tribometer. The letters T and B identify thedf period where the movement of the

pin follows respectively terries orientation anddges orientation.

Yarn bridges structure behaves as an intermedgtteelen terry jersey and simple or
double jersey; the bridges are indeed slightlyrded. The asymmetry of Labonal terry jersey
and yarn bridges friction curves must be due todtentation of the terries and bridges; in
the terries or bridges direction, the structuratetjuite easily while in the opposite direction,

the structure resists to the movement.

Labonal socks friction experiments on the TFA aported in figures 23 and 24. It
can be seen that for friction tests on the TFA, shape of the friction force and the
coefficient of friction curves does not depend ba sock structure; all the curves have the
same shape. As the distance between the pin armbtkeas constant, the terries and bridges
cannot rotate during a friction cycle and only th&ues of the friction force and the

coefficient of friction differ from one sock to amefr.
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Figure 58: Coefficient of friction for Labonal sakinder a) 3 kPa, b) 6 kPa, c) 10 kPa,
d) 15 kPa and for terry jersey 10 — 16 and simplsgy 10 — 16 under e) 3 kPa and f) 15 kPa
in contact with Lorica® pin for a friction cycle.n€ mean curves were calculated from 10

experiments for a friction distance of 5 mm andiidén frequency of 1.5 Hz on the LPMT’s
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tribometer. The letters T and B identify the hafipd where the movement of the pin follows

respectively terries orientation and bridges orggidn.
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Figure 59: Friction force for Labonal socks under &)kPa, b) 6 kPa, c¢) 10 kPa and
d) 15 kPa in contact with Lorica® for a friction . The mean curves were calculated from
3 experiments for a friction distance of 5 mm arfdiction frequency of 1.5 Hz on the TFA.
The letters T and B identify the half period whére inovement of the pin follows respectively

terries orientation and bridges orientation.
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Figure 60: Coefficient of friction for Labonal sackinder a) 3 kPa, b) 6 kPa, c) 10 kPa and
d) 15 kPa in contact with Lorica® for a friction dg. The mean curves were calculated from

3 experiments for a friction distance of 5 mm arfdiction frequency of 1.5 Hz on the TFA.

The letters T and B identify the half period whére movement of the pin follows respectively

terries orientation and bridges orientation.

When the sliding direction corresponds to the ésrand bridges orientation, Labonal

terry jersey is the sock structure which inducss feiction, followed by Labonal yarn bridges

and simple and double jerseys. For the opposidénglidirection, we find, from the lowest to

the highest friction: simple jersey, double jersgatn bridges and terry jersey structures. The

curves for Labonal simple and double jersey areatnuentical.

As it has already been outlined for friction expents on LPMT’s tribometer, the

friction curves of simple and double jersey stroesuare symmetrical while terry jersey and

yarn bridges socks curves are asymmetrical becafistheir oriented structure. The
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asymmetry is more important in the case of terrggg because terries are more numerous

and longer, therefore they are more oriented thadgés. Moreover, the asymmetry is also

more important when the friction test is carried on the TFA; for terry jersey, the friction

force in the back direction is about 2 times thetifsn force in the forward direction for

experiments on the TFA (cf. figure 23) while thietion force in the back direction is about

1.5 times the friction force in the forward directi for LPMT's tribometer tests (cf.

figure 21). This is due to the way the pin is ladeboth devices.

05|’

Friction force (N)

——  Labonal double jersey

Labonal simple jersey

B —  Labonal yarn bridges
1]
-0.5-
-1}
3 samples, 5mm, 1.5Hz, 3kPa, socks on smooth polyurethane
_15 L L L Il L L
0 0.1 0.2 0.3 04 0.5 0.6 0.7
Time (s)
a)
Friction force (N)
5 . T T T T :
3 samples, 5mm, 1.5Hz, 10kPa, socks on smooth polyurethane
4r /\\—\,,Rx Labonal double jersey
~— A Labonal simple jerse
3 7 A\ Labonal yarn bridges|1
[/ \
[/ \
24
1 L
0 L
_1 L
2t
_3 L \
R
—4 i i i N —
0 0.1 0.2 0.3 04
Time (s)

C)

Friction force (N)

2.5 T T
Labonal double jersey|
2 Labonal simple jersey|+
e Labonal yarn bridges
15 / N\ ]
1Y/
0.5 |
Us I
-0.5 “I‘\
/
—15¢ //
Y
-2+ \ —f:‘/, j (R
95 3 samples, 5mm, 1.5Hz, 6kPa, socks on smoqth polyurethane
] 0.1 0.2 0.3 04 0.5 0.6 0.7
Time (s)
8 Friction force (N)

— Labonal double jersey
6r ——  Labonal simple jersey
al —— Labonal yarn bridges
2l
]S

-2/
—4L
-6 -
3 samples, 5mm, 1.5Hz, 15kPa, socks on smooth polyurethane
8o 01 02 03 04 05 056 0.7
Time (s)

Figure 61: Friction force for Labonal socks under &)kPa, b) 6 kPa, ¢) 10 kPa and

d) 15 kPa in contact with smooth polyurethane fairietion cycle. The mean curves were

calculated from 3 experiments for a friction distanof 5 mm and a friction frequency of
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1.5 Hz on the TFA. The letter B identifies the lw@fiod where the movement of the pin

follows bridges orientation.
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Figure 62: Coefficient of friction for Labonal sackinder a) 3 kPa, b) 6 kPa, c) 10 kPa and
d) 15 kPa in contact with smooth polyurethane fdrietion cycle. The mean curves were
calculated from 3 experiments for a friction distanof 5 mm and a friction frequency of
1.5 Hz on the TFA. The letter B identifies the hfiod where the movement of the pin
follows bridges orientation.

As one can observe in figures 25 and 26, frictiopeeiments with smooth
polyurethane counterpart gave similar results thiaction experiments with Lorica®

counterpart. The friction force and coefficientfattion values are however 1.3 to 2 times
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higher in the case of smooth polyurethane whigiradably due to a greater real contact area
and adhesion force.

5. Influence of the pin material and roughness

A. Experiments using the Lorica® and the smooth polyurethane

pins

Figures 27 to 32 give the friction force and theféioient of friction of Labonal socks
for a friction cycle for two different counterpartsorica® and smooth polyurethane. These
curves confirm that friction is higher when the lsoare rubbed against smooth polyurethane;
friction force and coefficient of friction are miglied by about 1.2, 1.4, 1.7 and 1.9 for
pressures respectively equal to 3, 6, 10 and 15 KRa adhesion part of friction is more
important for the smooth polyurethane counterpaantfor the Lorica® counterpart. For a
same increase in pressure, the real contact aeeafdhe increases more in the case of cotton
rubbing against smooth polyurethane than in thee adscotton rubbing against Lorica®

which explains that the difference between the esigets higher with pressure.
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Figure 63: Friction force of Labonal double jersa@y contact with Lorica® and smooth
polyurethane under a) 3 kPa, b) 6 kPa, c) 10 kPd dh 15 kPa. The mean curves were
calculated from 3 experiments for a friction distanof 5 mm and a friction frequency of

1.5 Hz on the TFA.
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Figure 64. Coefficient of friction of Labonal doébjersey in contact with Lorica® and
smooth polyurethane under a) 3 kPa, b) 6 kPa, ckR& and d) 15 kPa. The mean curves

were calculated from 3 experiments for a frictiostance of 5 mm and a friction frequency of
1.5 Hz on the TFA.
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Figure 65: Friction force of Labonal simple jersay contact with Lorica® and smooth
polyurethane under a) 3 kPa, b) 6 kPa, c) 10 kPd dh 15 kPa. The mean curves were

calculated from 3 experiments for a friction distanof 5 mm and a friction frequency of
1.5 Hz on the TFA.
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Figure 66: Coefficient of friction of Labonal singplersey in contact with Lorica® and

smooth polyurethane under a) 3 kPa, b) 6 kPa, ckR& and d) 15 kPa. The mean curves

were calculated from 3 experiments for a frictiostance of 5 mm and a friction frequency of
1.5 Hz on the TFA.
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Figure 67: Friction force of Labonal yarn bridges icontact with Lorica® and smooth
polyurethane under a) 3 kPa, b) 6 kPa, c) 10 kPd dh 15 kPa. The mean curves were
calculated from 3 experiments for a friction distanof 5 mm and a friction frequency of

1.5 Hz on the TFA. The letter B identifies the l@fiod where the movement of the pin
follows bridges orientation.
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Figure 68: Coefficient of friction of Labonal yaroridges in contact with Lorica® and
smooth polyurethane under a) 3 kPa, b) 6 kPa, ckR& and d) 15 kPa. The mean curves
were calculated from 3 experiments for a frictiostance of 5 mm and a friction frequency of
1.5 Hz on the TFA. The letter B identifies the lp@fiod where the movement of the pin
follows bridges orientation.
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B. Experiments using the smooth and the “rough” pins made of

stainless steel

15
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Figure 69: Friction force of Labonal terry jersey icontact with both rough and smooth
stainless steel pins. The experiment was carriedoauthe LPMT’s tribometer for a sliding
distance of 30 mm, a sliding frequency of 0.63 Had a pressure of 15 kPa. The letter T
identifies the half period where the movement efaiin follows terries orientation.

As can be observed in figures 33 and 34, the dmctorce gets higher when the pin
roughness increases. Friction is due to deformadinth adhesion. As the contributions of
adhesion and deformation can not be measured indep#y, it is not possible to compare
absolute values and one can only conclude on tla¢iviee importance of the two friction
components. Deformation mechanisms are importantherstructured steel and Lorica®
surfaces. Adhesion usually gets higher when thdacbrsurface increases, i.e., when the
surface roughness decreases. Here, the frictioce foises with the surface roughness,
therefore it can be deduced that the contributiothe deformation component of friction is

essential. It is nevertheless interesting to seé llasic and terry jersey structures are not
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reacting in the same way when the pin roughnestasiged. The difference between both
signals is less important in the case of terryger&0% rise) than for basic jersey (100%
growth); the contact area between the sock angithies indeed assumed to be smaller for the
terry jersey than for the simple jersey.

Moreover, experiments with the smooth stainlessl gi;n and the pin covered with
Lorica® give the same trend (figures 35 and 36%al be observed that the friction force is
higher when the sock is in contact with Lorica® Bmth terry and simple jersey structures.
The difference is quite small for terry jersey soakhile it is greater in the case of simple
jersey socks. Figure 35 indicates that the defaonaif the textile structure is important (the
properties of the pin seem relatively unimportant)ereas figure 36 indicates that the
properties of the pin are important. It can therefbe assumed that the contribution of
deformation in friction is more important for thertty jersey structure than for the simple

jersey.
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Figure 70: Friction force of Labonal simple jersey contact with both rough and smooth
stainless steel pins. The experiment was carriedoauhe LPMT'’s tribometer for a sliding

distance of 30 mm, a sliding frequency of 0.63 kit @ pressure of 15 kPa.
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Figure 71: Friction force of Labonal terry jersey icontact with Lorica® and smooth
stainless steel pins. The experiment was carriedoauthe LPMT’s tribometer for a sliding
distance of 5 mm, a sliding frequency of 1.5 Hz angressure of 15 kPa. The letter T

identifies the half period where the movement efaiin follows terries orientation.
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Figure 72: Friction force of Labonal simple jersé&y contact with Lorica® and smooth
stainless steel pins. The experiment was carriddoauhe LPMT’s tribometer for a sliding
distance of 5 mm, a sliding frequency of 1.5 Hz apdessure of 15 kPa.
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. COMPRESSION EXPERIMENTS

The TFA and the LPMT's tribometer allowed us to game different sock knitted
structures in terms of friction. We have seen ftthat terry jersey and the yarn bridges
structures give higher friction than the simple dahd double jersey when rubbed against
Lorica®. However, the friction exerted on the fakin is not the only parameter to take in
account when choosing a running sock. The sockisbstructure and thickness, can reduce
the pressure on the skin which may lead to lessrsegkin irritations. Compression
experiments were therefore realised.

The terry jersey structure intuitively seemed brett@n the simple jersey structure for
running application because it is thicker and tfueeeis expected to present a higher static
“damping effect” i.e. a higher distribution of theechanical stresses through the sock
structure. For a given applied pressure on the sticture, the pressure perceived by the
skin is expected to be lower for the terry jerskgnt for the simple jersey. Compression
experiments were carried out in order to investigais argument. The objective of these
experimentations was to measure, for a given apgiessure (same soil, same shoe and
same runner), the pressure perceived by the faotfsk the different sock structures. As
shown figure 17 chapter I, there is a zone thdt mot be considered for the compression

results. This zone is identified by a grey area.

1. Sock structure impact

The plunger stops sinking in the sock structurewtie perceived pressure reaches
15 kPa. The maximal perceived pressure is thusdhe for all the socks while the maximal
applied pressure necessary to get 15 kPa througbotikedepends on the knitted structure. It
has to be specified that no saturation of the Flese® was observed during the compression
experiments. Figures 37 and 38 respectively showdnepression results of Labonal socks
and of terry jersey 10 — 16 and simple jersey I®—Figure 37a gives the maximal applied
pressure for Labonal socks, the socks can be raingedthe lowest to the highest maximal
pressure: yarn bridges, terry jersey, double jeesel/simple jersey. Figure 38a confirms that
the maximal applied pressure is higher for simptegy than for terry jersey structure.

Moreover, for a given applied pressure, figures &7a 37d indicate that simple jersey
gives the lowest pressure on the skin, terry jees®y yarn bridges show similar perceived

pressure and the highest pressure is obtaineddetiible jersey structure. Double jersey is
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thicker than simple jersey but may not be soft likey jersey so that less cushioning is
expected. This is supported by table 4 which gttieghickness of the socks under 49 Pa (T
and 15 kPa (#) and the difference o~ Tm Which corresponds to the compressible thickness
of the socks. Figures 38c and 38d corroborate dbe that, for the same applied pressure,

simple jersey produces less pressure on the samttiry jersey.
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Figure 73: Compression results of Labonal socks; agplied pressure versus depth
penetration, b) perceived pressure versus deptletp&iion, c) perceived pressure versus
applied pressure for the forward direction (commies) and d) perceived pressure versus
applied pressure for the back direction (decompoegs These mean results are calculated

from 10 experiments.
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Figure 74: Compression results of terry and simplsey socks; a) applied pressure versus
depth penetration, b) perceived pressure versushdppnetration, c) perceived pressure
versus applied pressure for the forward directiaorQipression) and d) perceived pressure
versus applied pressure for the back direction ¢d@gression). These mean results are

calculated from 10 experiments.
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KNITTED STRUCTURE| MEAN To (MM) | MEAN Tm (MM) | To - Tw (MM)
Terry jersey 3.64 +0.06 2.43 +0.07 1.21+0.43
Double jersey 1.95 + 0.09 1.16 £ 0.01 0.79+0.10
Simple jersey 1.89 + 0.05 0.98 £ 0.02 0.91 + O.1|)7
Yarn bridges 2.25 +0.05 1.27 £ 0.02 0.98 + 0.1?7

Table 16: Labonal socks thickness under 49 Ra did 15 kPa (), mean results from 10
experiments.

2. Yarn count influence

Figure 39 gives the compression results of temgele socks which only differ in their
yarn count (same stitch length).

It can be observed in figure 39a that the maxinpaliad pressure is similar for these
three socks. However, figure 39b points out that,a given depth penetration, terry jersey
10 — 16 and 10 - 20 give similar perceived pressuie terry jersey 10- 12 induces higher
pressure. Moreover, it can be noticed in figures & 39d that, for a given applied pressure,
the socks can be ranged from the lowest to theeligperceived pressure as follows: terry
jersey 10 — 20, terry jersey 10 — 16 and terryepers0 — 12.

The perceived pressure thus increases with theg@mt which can be related to the
sock softness. When the yarn count increases henwhe diameter of the yarn gets bigger,
the yarn gets less easy to bend and the sock wteugets less soft. Therefore, for a given

applied pressure and the same stitch length, gmespre the sock exerts on the skin increases
with the yarn count.
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Figure 75: Compression results of terry jersey 102; 10 — 16 and 10 — 20; a) applied
pressure versus depth penetration, b) perceivedsspre versus depth penetration,
c) perceived pressure versus applied pressureHerforward direction (compression) and
d) perceived pressure versus applied pressureherblack direction (decompression). Let’s
remind that these three structures only differ logirt yarn count which respectively equal to
12, 16 and 20 Ne(c) i.e. 141, 106 and 85 Tex. Timesen results are calculated from

10 experiments.
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3. Energetic approach

The ratio of the perceived energy divided by theliadpenergy was calculated for the
socks that have previously been studied in comsAs it has been outlined in chapter 2,
the Flexiforce® does not have a linear behaviourldev pressures, consequently the data
given here are qualitative ratios; the sock whremgmitted the highest amount of energy has

a ratio equal to 1. These ratios are indicatedltet5.

SOCK RATIO PERCEIVED ENERGY / APPLIED ENERG|Y

Labonal simple jersey 0.69
Labonal double jersey 0.92

Labonal yarn bridges 1.00

Labonal terry jersey 0.73

Terry jersey 10 - 12 0.81

Terry jersey 10 - 16 0.84

Terry jersey 10 - 20 0.80

Simple jersey 10 - 14 0.58

Table 17: Socks energetic ratios. These ratios weateulated from the mean curves of the

applied pressure and the perceived pressure intimmof the depth penetration.

This table indicates that Labonal double jersey lasiobnal yarn bridges absorb less
energy than Labonal simple and terry jersey whicretsamilar ratios. On the other hand, the
energetic ratio of terry jersey 10 — 16 is 50% higiean simple jersey 10 — 16 ratio. Terry
jersey 10 - 16 is thicker than simple jersey 106-blit may not present enough softness to
absorb the energy transmitted to the sock (unli&lkadnal terry jersey). The yarn count does

not seem to impact the energetic ratio.
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lll. CONCLUSION

The pressure on the foot depends on the shoe (stiapg the foot shape and the way
people tighten their shoes. If the space betweerskive and the foot is not sufficient, the
sock will exert a non negligible pressure on thet 'even when it does not touch the ground
inducing a great friction force between the sock #edskin. On the other hand, shoes which
are not tightened enough will lead to excessivetitmh on the skin due to a higher sliding
distance. The footwear should thus be adapted toutinger foot. The sock structure should
notably be considered when choosing the size ofstiee. The size of the shoe has to be
higher for a thick sock structure like terry jersnan for a thin sock structure like simple

jersey.

Compression experiments indicated (figure 37 ahtetd) that double jersey and yarn
bridges structures do not present a good statimfxtag effect”. These two structures will

then not be recommended.

The friction results obtained on the LPMT's tribaereshowed that, when friction
began, terry jersey coefficient of friction was kEmthan simple jersey coefficient of friction
and progressively got higher. Figure 40 shows tistadce along which the coefficient of
friction of Labonal terry jersey is lower than tbee of Labonal simple jersey versus the
applied pressure. It can be seen that this distameceases with the applied pressure. Labonal
terry jersey may therefore be a good compromiseasiy when high pressures are exerted
on the skin i.e. for stoutly built people. To beammended, terry jersey socks need to present
compact, homogeneous and rather elastic terrieshwdmie oriented towards the toe of the
sock.

Moreover, in-shoe conditions are probably an inetiate between the conditions of
the LPMT's tribometer and TFA’'s conditions. Figu4d gives the coefficient of friction
(calculated from figures 14 and 16 as the valudefcbefficient of friction for the first half of
the curve) in function of the applied pressure lfabonal terry and simple jersey for both
tribometers. An intermediate between both tribomsetgould give a higher coefficient of

friction for Labonal simple jersey than for Labonedry jersey.
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Normal pressure (kPa)

Figure 76: Distance along which the coefficientflotion of Labonal terry jersey is lower
than the one of Labonal simple jersey (d) versesapplied pressure. The data are taken
from friction experiments with the Lorica® pin ohet LPMT’s tribometer for a friction

distance of 5 mm and a friction frequency of 1.5eédzfigure 22).
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Figure 77: Coefficient of friction of Labonal tergnd simple jersey in contact with Lorica®
versus the applied pressure. The results are gigerboth the LPMT's tribometer and the
TFA for a friction distance of 5 mm and a frictirequency of 1.5 Hz for the forward sliding

direction.
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The thickness of terry jersey socks may be appestidy people with bony
prominences at specific areas of the foot or witrgxisting blisters. In this case, the terry
jersey structure will reduce the pain. In addititarry jersey structure is easy and inexpensive
to realise whereas the technique of knitting satil different thicknesses (higher thickness

at selected areas) is expensive. Terry jersey tateidetter corresponds to recreational
runners.

However, figures 37, 38 and table 5 indicate thatstatic “damping effect” of simple
jersey sock is greater than the static “dampingatffof terry jersey. It can be seen in figure
37d that for an applied pressure of 12.8 kPa, #regived pressure equals to 10 kPa for
Labonal simple jersey and to 15 kPa for Labonalytgrsey. When comparing the friction
force of these two socks in contact with Lorica® fgure 42), terry jersey under 15 kPa
induces 20 to 60 % more friction than simple jersegder 10 kPa. If we only consider the
static “damping effect” of the sock structure, ibwid therefore be recommended to wear
simple jersey rather than terry jersey socks.

—— Labonal terry jersey under 15 kPa

Labonal simple jersey under 10 kPa

Friction force (N)

Figure 78: Friction force of Labonal terry jerseynder 15 kPa and Labonal simple jersey

under 10 kPa in contact with the Lorica® pin. Theperiment was carried out on the LPMT'’s
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tribometer with a sliding distance of 5 mm and idish frequency of 1.5 Hz. The letter T

identifies the half period where the movement efaiin follows terries orientation.

Table 4 shows that the maximal perceived pressumbtained for a greater depth
penetration in the case of the terry jersey contpaoethe simple jersey i.e. the maximal
perceived pressure is reached later in the cadederry jersey. Terry jersey socks may then
provide a better dynamic damping than simple jessks. A vibratory analysis of terry and
simple jersey socks would determine which struchest resists to a shock and is proposed as
an outlook. We nevertheless investigated the gboit the different sock structures to
dissipate the energy of a shock dropping a baBgfrom an initial height of 31.5 cm and

observing the height of the first rebound of th# twacalculate the coefficient of restitution e
which is given by the following expressiomh;, =e* xh,where h,_is the height of the 'h
rebound of the ball and,is the initial height. The terry jersey structuressipated more

energy i.e. has a lower coefficient of restitutitvan the simple jersey structure as it is
reported in table 6.

SOCK COEFFICIENT OF RESTITUTION
Labonal terry jersey 0.39 £0.03
Labonal simple jersey 0.55 £0.02
Labonal double jersey 0.45+0.01
Labonal yarn bridges 0.46 +0.02
Terry jersey 10 - 16 0.46 £ 0.02
Simple jersey 10 - 16 0.54 +0.02
Support 0.75+0.01

Table 18: Coefficients of restitution. The coeéiti of restitution of the support is given
because the socks are thin and smooth comparetietsupport and it therefore has an

influence on the quantitative results of shock gtson.
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—— Simple jersey - back side

——Terry jersey - back side

Friction force (N)

——Terry jersey - face side

Time (s)

Figure 79: Friction force of Labonal terry jerseya¢e and back sides) and back side of
Labonal simple jersey under 15 kPa in contact wiite Lorica® pin. The experiment was
carried out on the LPMT’s tribometer with a slididgstance of 5 mm and a sliding frequency

of 1.5 Hz. The curves given here are mean curees & measurements.

When running, the foot skin is first subjected testeoock and then to progressive
compression and friction. It is not evident whetti® shock or the friction energy has the
greater influence on skin irritations. We can tkosclude that the simple jersey structure is
better in terms of friction and quasi-static “dangieffect” compared to the terry jersey
structure whereas the terry jersey structure hiagylaer dynamic “damping effect” than the
simple jersey structure. For hiking socks, we ret@md wearing simple jersey socks and for
running socks either simple jersey or terry jersegks are suitable. Terry jersey socks should
be worn with the terries in contact with the skimdariented towards the toe for the friction
on the skin to be reduced. Figure 43 indeed shbatsfor a normal pressure of 15 kPa, the
friction force of the face of terry jersey (nonrieside) is higher than the friction force of the

back of terry jersey (terry side) and of the badee ®f simple jersey.

We compared the different sock structures in teomfiction induced on the foot
during running. We have seen that Labonal terrgejgrfriction force has a particular shape
that may be due to the rotation of terries durirfgaion cycle. We have also discussed the
importance of the contribution of deformation amthesion in friction for Labonal terry and

simple jersey socks. From this experimental stutdgan be concluded that the deformation
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component of friction is important in the case effry jersey. Based on this experimental
result, we propose a discrete model of the frictbbrerry-covered textile surfaces described

on the next chapter.
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Chapter IV: modelling

of sock-to-skin friction
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V4

Résumeé

Les résultats expérimentaux ont montré que lednadint des surfaces recouvertes de
bouclettes se déroule en 2 temps. Les boucletteésisiord déformées i.e. orientées dans le
sens du mouvement du palpeur, puis elles sontéé®stt Nous avons modélisé ce
comportement. Ce dernier chapitre présente toutodthles modeles de frottement et de

compression disponibles dans la bibliographie gétsille le modéle proposé.

Les modeles de « brosses » pourraient étre adapéésimulation du frottement entre
la peau et une chaussette bouclette car la steudtune brosse et la déformation des poils de
la brosse sont tres similaires a la structure daejebouclette et au mouvement des boucles
lorsqu’elles sont frottées. Comme dans les modides brosses » étudiés, nous considérerons
chaque bouclette de maniéere indépendante.

Les modéles de frottement d’un pneu sur la routé 8galement intéressants car la
surface d’'un pneumatique présente des sillons etgibétre modélisée comme un polymere
dont la surface est recouverte de poils. Nous sousmes inspirés du modéle de LuGre qui
permet la simulation de différents comportementdretiement, du purement élastique au
viscoélastique. Nous n’avons considéré que lagaltistique des équations de ce modéle.

L’équation de Van Wyk nous permet de détermindiniéte entre la compression des
bouclettes et la compression de la structure cample la chaussette bouclette en réalisant un

ajustement grace a une courbe expérimentale.

Nous avons modélisé la force de frottement d’'undasa tricotée recouverte de
bouclettes sur la peau artificielle Lorica® Sofe @odele a destination des industriels a pour
objectif de comparer de maniere simple différectesussettes en termes de frottement induit
sur la peau afin de réduire le risque d’apparitiinritations cutanées. Les modeéles de
frottement et de compression existants sont tousésur le fléchissement des poils, fils ou
fibres. Dans un premier temps, le mouvement deslétes a donc été simulé comme du
flechissement et de la compression mais cette prenaipproche a donné une modélisation
compliquée, trés lente et peu satisfaisante. Nomesmisadonc simulé le comportement en

frottement comme une rotation des bouclettes.
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La partie expérimentale de ce travail a montrélgueartie déformation du frottement
était plus déterminante que la partie adhésivesgua négligée dans notre simulation. Le
frottement est divisé en deux phases, les bouslettectuent une rotation de leur angle initial
a leur angle final sans qu’il y ait de glissementr@ les boucles et le palpeur, puis elles
restent en position finale et sont frottées aveccaefficient de frottement constant. Le
comportement des boucles est supposé élastique ms&mest plus vraisemblablement
viscoélastique. La partie non verticale des bouaolest pas prise en compte. La force de
frottement est modélisée comme une fonction déefmation des bouclettes i.e. comme une
fonction du déplacement horizontal du palpeur. @nsalére deux groupes distincts de
bouclettes ; celles qui sont sous le palpeur eiesehd I'avant du palpeur au début du
mouvement. La force de frottement totale résult fdeces de compression exercées par les
boucles sur le palpeur et est égale a la sommdodess de frottement individuelles des
bouclettes. L'instant auquel le palpeur touche dadie, ou la boucle arrive a sa position
finale ou encore l'instant ou elle est lachée pardipeur dépendent de la place de la bouclette
dans la colonne de mailles. On calcule donc laefole frottement pour une colonne avant de
multiplier cette derniére par le nombre de rang@ésentes sous le palpeur. Les bouclettes
sont considérées comme indépendantes les unestdes a

Le moment d'un fil de bouclette peut étre calculéadois a partir de la force de
frottement et de la force de compression exeradresesfil (cf. équation [E1]).

M (8) = F,Lsind = F,Lcosd [E1]

M est le moment en N.mnf, 'angle formé par le fil de bouclette et la vealie au
tricot en rad, Fla force de compression en N,I& force de frottement en N, L la hauteur de
la bouclette. Le déplacement vertical du fil dedletie en mm est donné par I'équation [E2] :

d(6) = L(cosg - cosh) [E2]

0i est I'angle initial du fil de bouclette en rad.

Des deux premiéres équations découle I'expressda tbrce de frottement [E3] :

F.Lsing

F = _ E3
" Lcosd -d(8) [E3]

Le déplacement horizontal du fil de bouclette estre par I'équation [E4] :

2(6) = L(sing -sing) [E4]

Pour exprimer la force de frottement en fonctiondéplacement horizontal du fil de

bouclette, on suppose que :
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F, =A(6)2(6) [E5]
/1(9) est déterminé a partir des équations [E3], [E4E8] :

Fcsing
A6)= (Lcosd - d(6))(sin@ -sing) [E]

Nous avons considéré un coefficielit constant pour calculer la force de frottement
d’un fil de bouclette :

A = Ff max _ chaxsmﬁmax

" 2,(0) (Lo -d,,(6))(sing,,, ~sing)

[E7]

6 ..« est I'angle de rotation maximalg Faxet dnhax SONt Obtenus a partir des courbes de

compression Kawabata en utilisant I'équation de &rk. Pour le jersey bouclette Labonal,
A. = 2,3x10° N/mmlffil.

Les équations ci-dessus sont valables pour leaErdu mouvement du palpeur.

La force de frottement modélisée est ajustée aanbe experimentale. L’ajustement
est réalisé de maniere indépendante en sens &lletoair. Le parametre d’ajustement est
I'angle de rotation maximal dans la direction cdésée. Cet angle est calculé en appliquant
la méthode des moindres carrés a une courbe exgdésdha. |l correspond a l'inclinaison
finale des bouclettes par rapport a la verticaléri@ot. Les valeurs limites de cet angle sont

estimées a partir de photographies afin de coresbles résultats de la modélisation.

La modélisation est trés proche des résultats erpéataux en ce qui concerne le
jersey bouclette Labonal. Afin d’obtenir un moddienple facilement utilisable par des
industriels, nous avons fait de nombreuses hypeshdss difféerences observées entre les
résultats de la simulation et les courbes expériabes sont dues a ces hypothéses. Il se peut
notamment que la force normale appliguée ne suffise a coucher complétement les
bouclettes. Les bouclettes n'atteignent donc pastfoent leur angle maximal de rotation,
surtout en sens retour lorsqu’elles s’opposent auvement du palpeur, ce qui explique
I'asymétrie plus prononcée des résultats de lalsimon.

L’introduction de la partie adhésive du frottemeet I'adhésion entre le palpeur et les
bouclettes mais aussi les forces d’attraction ee@ar une bouclette sur ses voisines devrait
permettre d’améliorer le modele. De plus, les betbe$ sont ici considérées comme

indépendantes alors qu’en réalité, chaque bouclehto et déforme sa voisine lorsqu’elle
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bouge. La prise en compte de la force de compmesskercée par chaque boucle sur la
suivante devrait également parfaire les résultata gimulation.
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The previous chapter detailed the experimentalidricresults. These results indicate
that the friction of terry covered socks is a twages process. First the terries are deformed
i.e. they are oriented in the pin sliding directeomd secondly they are rubbed by the pin. We
modelled this behaviour and the simulation showslgmmrespondence with the experiment.
In this last chapter, previous studies on frictaod compression models will first be outlined
then the model we propose will be fully detailed.

. THEORETICAL BACKGROUND

1. Friction models

A. Brush models

Brush models may be adapted to simulate the fridtetween the skin and a terry
jersey sock since the structure of a brush andddiermation of the hairs of a brush are
respectively similar to the terry jersey structarel the movement of the terries when rubbed

against a counterpart material.

Kotomin and Avdeev [1] proposed a macromodel apgrdar experimental studies of
polymer brushes friction using ordinary tooth brshwith different stiffness. Experiments
were performed on pairs of brushes with various ualutpenetrations and speeds of
displacement. Two types of toothbrushes were usedxperiments: “medium” type brushes
l.e. mild brushes and “hard” type brushes i.e.drigrushes. The speed of the crosshead
displacement varied in the range 1 — 500 mm/mire génetration depth was 1, 3 and 7 mm.
The displacement range was 10 mm. A simultaneotsrdang of the shear force and the
normal displacement response with an accuracy &f |0m were realised. A force-
displacement response during cyclic shift in tweediions was studied. As could be
expected, the rate of force growth was higherifpdibrushes than for mild brushes. This rate
was therefore considered as characteristic of tigid@ontrasting with the shear force, the
normal repulsive reaction for mild brushes is sggmthan that for rigid brushes. Considering
the interaction of two single filaments of the opp@ brushes, the authors identified two

different rubbing mechanisms. At the beginninglef movement, the filaments ends transfer
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the stress to the whole filaments which are benftfigure 1). Then, the disconnection of the
filaments of the two brushes may happen in two ways
= The sliding of bent filaments ends along each otigeto separate the brushes
ends, called “slipping-pulling” mechanism
= The deviation across common axis of the filaments deading to an
interpenetration of the opposite brushes withoutaincalled “rake-on-rake”

mechanism

Figure 80: Geometric model for filaments interactiom a) initial and b) separation

position [1].

The first mechanism was analysed to correspondiltbbrushes with low penetration
and the second for rigid brushes with deep mutushepation. A rather unexpected
phenomenon was observed: the normal displacementnegative at the beginning of the
cycle which corresponds to an “attraction” of thélying brushes while moving. This
attraction was considered as a consequence ofittier force reaction along the filament
axis. The normal component of this reaction acyuatited as an attraction force. This force
was similar for both types of brushes as it depdmdestly on the friction coefficient between
filaments. The existence of a critical velocity the drop of the friction force was proved and

a possible link to critical displacement with irgenetration level was estimated.
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Spiegelberg and Andersson [2] used surface vedscibbtained from a rigid body
model to simulate friction and wear in the contbetween the rocker arm pad and valve
bridge in the cam mechanism of a diesel enginey Biraulated friction using two different
friction models, a 3D brush model capable of hargtransient conditions such as a varying
normal load and varying surface velocities and al@uabian friction model. The 3D brush
model reproduced the friction in rolling and sligicontacts between rough surfaces. The
surfaces were modelled by bristles that bend depgndin the relative tangential
displacement of the surfaces and the normal loaghelh point of contact. Each bristle was
assumed to deform independently. In a real contastever, the tangential deformation in a
point would be influenced by the deformation inestpoints around it. Spiegelberg et al. [3]
previously simulated the motion of a cylinder betwewo planes, first with a step change in
velocity and then with an oscillating motion of theper plane. They aimed to investigate the
friction in the contacts and the movement of thiéerovhen the planes are in motion. The
friction in the rolling and sliding contacts wasnsilated with a brush model: one of the two

surfaces in contact was modelled with bristlestdofi figure 2).

Figure 81: The brush model. P: normal loady: @ngential load, R: equivalent contact

radius, g: tangential traction, up: limiting tangential tréon [3].

The bristles were presumed to bend and give risettion when the opposite surface

moves relative to them. The imaginary bristles espnted here the elastic deformation of the
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surfaces in contact. A characteristic of the brusbdel is that each bristle deformed
independently of the others. The surfaces werenasguo be ideally smooth.

Brush models cited above all considered each éristiependently of the others. This
Is an interesting hypothesis in our case as tlegdntion between a terry and the other terries
surrounding is complex to model.

Kotomin and Avdeev [1] investigated the interactimintwo single filaments of two
opposite brushes while we are interested in theraction of one single hair and Lorica®
smooth counterpart. Nevertheless, the analysibefitaments deformation as bending may
also be pertinent in the case of terry jersey miplaigainst skin during running.

Spiegelberg and Andersson [2] studied the frichkad wear of two mechanical pieces
in contact. They considered that the hairs didmate vertically i.e. the distance between the
two counterparts was constant which is not the &@sthe skin of the foot in contact with a
sock. Spiegelberg et al. [3] first calculated thefodmation of one single bristle then
multiplied this expression by the number of bristie the contact to obtain the total friction
force. We followed a similar approach. However ythensidered that sliding occurred in the

movement of a cylinder between two planes whilesweulated friction without sliding.

B. Road/tire dynamic friction models

Road to tire friction is interesting in connectiwiith textiles as tire surface with its

tread designs may be modelled as a polymer wistlésion its surface.

Canudas de Wit et al. [4] suggested a dynamic mfmatdiriction, called the LuGre
model, which includes most of the friction behavwhich can be observed experimentally.
The model properties were investigated by analgsid simulation. Surfaces are very
irregular at the microscopic level and two surfaneske contact at a number of asperities.
This was modelled as two rigid bodies which makatact through elastic bristles (cf.
figure 3). When a tangential force is applied, tinistles will deflect like springs leading to
the friction force. If the force is sufficientlyrge, some of the bristles deflect so much that
they will slip. The phenomenon is highly random doehe irregular forms of the surfaces.
The LuGre model was based on the average behavidhe bristles. The average deflection

of the bristles was modelled by z:
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dz _ |V|

Pl Tz where v is the relative velocity between the two surfac€ke
a(v

function g is positive and depends on many facsoich as material properties, lubrication,
and temperature. It needs not to be symmetricaédbon dependent behaviour can therefore
be simulated. For typical bearing friction, g)(will decrease monotonically from g(0) when
v increases which corresponds to the Stribeck effimtrease of the friction force for low

velocities). The friction force generated from trending of the bristles was described as:

dz . , , -
F =00z+ Ula whereoo is the stiffness aneh a damping coefficient.

Z

Figure 82: The friction interface between two sgda is thought of as a contact between

bristles [4]. For simplicity, the bristles on thever part are shown as being rigid.

A term proportional to the relative velocity coub@ added to the friction force to
account for viscous friction so that:

dz
F=00z+ Ula + o2V

Canudas de Wit and Tsiotras [5] later showed tmatLiuGre dynamic friction model
accurately simulated velocity and road/surface ddeece of the tire friction force. They
therefore developed speed-dependent dynamic frictmdels based on simple punctual
contacts which described the tire/road interactidre input parameters of these models had a
physical significance which allowed tuning the mioplearameters according to experimental

data. The models were also speed-dependent, whiekdwith experimental observations.
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The LuGre model enables different friction behavsoto be simulated, from purely
elastic to viscoelastic behaviour. We drew our iregmn from the LuGre model, only the

elastic part of the equations above has been cenesid

2. Compression models

Van Wyk [6] studied the compression behaviour dibae wool mat and found a
mechanical expression allowing experimental cuede adjusted. He exposed that the
compression of a mass of fibres involves severalcgsses but that the problem is
considerably simplified when reduced to that of @ernbending of the fibres. For a 3D fibre
wad, it was assumed that the governing mechanism ioftfibres bending between contact
points. He further assumed that the crimps andesaail the wool fibres prevent them from
sliding at the contact points even though they fayitled with respect to the loading axis.
His key statement is that the vertical distancavbeh contact points is proportional to the
contact point spacing. In his developments, hergm@ossible twisting and extension of the
fibres. He further modelled the fibre elements @sdomly oriented, the mass of fibres as
uniformly packed and neglected frictional forcefieTibres were supposed to all have the
same length and to be homogeneous, linearly elasttb a round cross-section. It was
assumed that all the fibres were laid perpendicutarcompression forces direction.
Compression and traction deformations at the corgamts were ignored. He expressed
compression solicitation as bending between filbreish gets higher with the decrease of the

fibre mat volume during compression. Van Wyk’s g@gracan be written as follows:

m( 1 1
=kyM (2 - =
P pS[VS vo3j

p is the pressure applied on the fibre wad, k isrestant, m is the fibre wad mass, Y is
the Young’s modulus of the fibreg is the bulk density of the fibres, V is the volufilked
with fibres under pressure, and Yhe volume filled with fibres under no pressurecls a
simplified equation cannot be used near the asympib compression i.e. for assemblies
which have been compressed to a volume small enfmudhe incompressible volume of the
fibres to become significant or for assembliesviich the volume at zero pressure is finite,

so a more elaborate equation must be employed,asich

* fibre wad:tampon fibreuxn French.
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P kY(%ﬂ(v s ="

V' is the maximum volume filled with a fibre wad der pressure i.e. the volume at
the asymptote of the compression curve. From thisagon, compression energy W can be
calculated from O to p. Dupuis et al. [7] adaptkd Van Wyk's equation to the study of
textile fabrics. They considered De Jong et al.d8umption that the volumeygV¥s much

. 1 .
bigger than the volumes V and V', so that the pat@m——— is very small compared to

Vo-Vv')?

the parametei;. If Vo is much higher than V and V’, then:

v -vy
p=a v —1V')3 with a = k\{%f

a 1 1
W= Ipd” _deUZE[(V—V')Z_(Vo—V')Z

Still supposing that ¥is much greater than V, it could be written:

:%(v —1V')2 ) g(v V)

This gave:

3
V'= V—ﬂanda—
P p

Calculating V' and a is therefore easy. For texdsemblies such as fabrics which do

not verify the condition that /s very high compared with V and V', the followimguations

were calculated:

2

In order to get the minimum energy W, the paranseseand V' have to be minimum.
W and V can be determined from experimental restite couple @n and Vmin Whereby the

Van Wyk’s equation can be solved can thus be caledl This equation enables us to
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determine the limit between the compression oftdrees of a terry jersey sock and the

compression of the whole knitted structure fittangompression curve.

Toll [9] developed theories of fibre packing foreusn manufacturing composite
materials. He defined the maximum unforced packragtion as the volume fraction under
which fibres are compressed without opposition. faximum packing fraction of force free
fibres was assessed from a statistical analysibeotlistribution of fibre-fibre contact points.
Any compression beyond this limit requires the agpion of external pressure. Two regimes
have thus been defined in terms of fibre volumetioa: unforced packing, at sufficiently
low volume fractions for fibres to be separatedhwiio forces acting between them; and
forced packing, at higher volume fractions whetwes formed a network and were bent
between contact points so that overall elastice®rwere needed to keep the network from
expanding. Toll dealt with two aspects:

= The limit between the two regimes, i.e. the maximunforced packing
fraction
» The mechanics of forced packing

The forced packing was believed to be governedhieyltending of fibre segments
between contact points. A micromechanical theorg terefore developed, again based on
the contact point statistics, and equations rejatire force response per unit area of a fibre
bed to the fibre volume fraction were derived tareke basic types of assembly: a general 3D
wad, a planar mat of dispersed fibres, and a buoid&@most parallel fibres. Other types of
reinforcement structure, such as woven fabrics,thaceffect of lubrication were also tackled.

Toll modelled the compressive response of fibresnétwork compression. His
objective was to provide a set of simple, yet maddie, models to describe the observed
phenomena and understand the underlying mechanigradibre assembly was modelled as
a volume in which fibres of uniform and circulaross section, straight or curved, are
disposed at random positions, but without mutuarssgction, and at orientations according to
a statistically homogeneous orientation distributibhere was a slight contradiction between
the randomness of position and the requirement mfimersection; the no intersection

condition supposed a short range correlation irsgagial distribution of fibres.

If the fibres are non-parallel and approximateligiht, the governing deformation
mechanisms will be the same as for a fibre segimeing bent between points of contact with

other fibres. Each fibre segment will touch eadieotas the assembly is compressed and thus

174



form new contacts points and new shorter fibre ssgm This will happen at an increasing
rate toward higher volume fractions since the wHtencounter will be proportional to the
fibre volume fraction. Since a short segment iffestithan a long one, and the number of
segments increases at an increasing rate, thellos@ngpressive force per unit area will be a
nonlinear function of the fibre volume fraction. rFihe case of contact points formed by
fibre-fibre crossover, the chosen deformation was one fibre segment supported by two
other fibres and loaded by a third somewhere betwe supports. The contact forces were
considered as punctual acting forces, unless th&acting fibres were very close to parallel,
in which case it was necessary to describe itleeaontact.

The contact zone therefore may no longer be codfioea negligibly small region
around the contact point but have a size compataltlee free segment length and will grow
along the fibres as they deflect. In the extrensea# closely packed, perfectly straight and
parallel fibres, the network will be almost as fstif the fibres themselves, which, in this
context, are practically rigid. Consequently themaist be some feature of the fibre
arrangement that lowers the packing efficiency pravides flexibility. Toll identified two
candidate mechanisms for this. One was that tliedibave a certain degree of misalignment
after all, and that this misalignment causes thee§ to cross over each other and bend
between the cross-over points in the same mannér asnon-aligned fibre network. The
other proposition was that the fibres are not gsitaight, but rather, “wavy”, with one wave
corresponding to a beam segment loaded and sudpatries extremities. Toll constructed a
simple model of weaves and mats where the structudévided into two distinct regions: a
high volume fraction region a and a low volume fi@e region b. He assumed that region a
behaved like the bundle itself, and was much stiffan b. He presumed that no sliding takes
place across contact points and did not take thre fength in account since fibre length is
important only if the number of contact points fibre is small, so that the compliance of the
deformation units is influenced by the presencé&ex fibre ends. He considered that a fibre
network with reasonably long fibres; fibre lengtliibre diameter ~ 1000 or more, would
already form a large enough number of contact pgwet fibre under its self-load to behave
as if the fibres were infinitely long.

Toll modelled a fibre assembly under compressios. results would be essential to
take in account the action of each fibre on theasunding fibres.

Dayiary et al. [10] investigated the mechanism olie pdeformation under a
compressive load in a cut-pile carpet and suggestbdoretical analysis of force and energy

of deformation. The elastic-stored bending energg derived, the frictional effect due to the
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sliding pile yarn with its neighbour and the frantal bending couple were also considered. It
was estimated that in a cut-pile carpet under cadrtompressive load, the deformation of the
piles occurs in three steps. The first process thasbeginning of loading which could be
different for new and used carpets because thes lzdia new carpet are quasi perfectly
vertical while the ones of a used carpet preseas@ual bending. In the second process, the
pile was deflected and a curvature occurred alts¢ength. In this process, pile transferred
from a curved form to two sectional forms includamgurved portion in bottom and a straight
portion on top. In the third and final positioneth is a two-sectional form at the end of
loading or at jamming mode. Dayiary et al. believkdt such a deformation could not be
created by bending phenomenon only and that fridbetween fibres into pile yarn may have
also been involved. The following assumptions weegle:

= A hair is an elastic vertical bar that is deflectadder a compressive

concentrated load

= A hair has a circular cross-section which is umfalong its length

= Gravity is neglected compared with applied force

» A hair has zero twist and consists of many fibres

= Back of carpet is rigid
The total energy in a hair under loading is comgagewo terms namely the bending and the
frictional energy. The total energy of pile defotioa was shown to depend on geometrical
properties of yarn such as pile length and radiasmechanical properties of yarn including
pile bending rigidity and coefficient of friction ebveen pile yarns, and on applied

compressive load.

. DISCRETE MODEL OF SOCK-TO-SKIN
FRICTION

Previous models that have just been detailed webased on the bending of elements
that can be bristles, yarns or fibres. We modeledfriction force of knitted fabrics covered
with terries rubbing on the mechanical model ofnsksed in our friction experiments i.e.
Lorica® Soft. This model may be a useful tool to pane different socks and to assess the
potential of sock constructions to reduce frictioduced skin injuries. The movement of

terries was first modelled as bending and comprasas in previous studies but this model
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was complicated, slow and did not give satisfyiaguits. Therefore, the model we suggest is
not based on the bending of terries but on thetiootaof terries from an initial to a final

position [11].

1. Mechanical model’s assumptions

Theoretical friction includes deformation and adbesTerry-covered knitted fabrics
are very deformable materials. In the experimeakelpter, it has been concluded that the
friction behaviour of these fabrics is dominateddaformation mechanisms. The model will
then consider the deformation of terries as thécldastion mechanism and adhesion will be
neglected. Dynamic friction is believed to primarilesult from two mechanisms namely
terries rotation and friction. A similar two-phasechanical solicitation has previously been
observed for velvet fabrics i.e. textile surfacemsisting of oriented hairiness of quasi-
constant length [12]. Moreover, the rotation isuassd to be reversible, i.e., the loops are
considered to have elastic or, more probably, visstie behaviour. One loop is modelled as
two cut yarns. The input parameters of the model basic textile and geometrical
characteristics of the sock. The modelling consistdormulating the friction force as a
function of the terry orientation which is detereghby the horizontal displacement of the

contacting pin.

before friction during friction

|E’
Probe Em—

Oinitial Minal

Figure 83: two-phase friction of the terry yarnsssiulated in the model.
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As it has been outlined, two different phases @&a&ngjuished in the terries movement.
Hairs are supposed to first rotate from an initeal final position or angle without sliding
between them and the pin. Once in their final pasjtthe hairs are assumed to keep this
position and be rubbed by Lorica® with a constaittibn coefficient equal to the friction

force in final position divided by the normal loéd. figure 4).

Two groups of terries are differentiated: terryngawhich are under the pin and terry
yarns which are in front of the pin when the pigibe to move. The total friction force for a
textile fabric is assumed to result from compres$iwoes which are transmitted to the pin by
the rotating terries and to be equal to the suthefriction forces for all individual terries.

The instants when the pin touches the terry, whenoop reaches its final position
and when it leaves the contact depend on the pogiti the terry in the wale. Therefore, the
friction force of a stitch wale is first calculatbdfore being multiplied by the number of rows

present under the pin.

Each terry has been considered independent of timer ¢erries. The final rotation
angle of the terries before the change of the mewvérdirection depends on the position of
the terry. The last yarns taken by the pin havealler final angle than the other yarns. The
friction force of a hair is thus not necessarilyalgto zero at the beginning of the friction
cycle. It is equal to zero for the yarns which arehe front of the pin while the terries under
the pin have a residual deformation due to thequtewt friction cycle. Once the yarn enters
the contact, the friction force increases fromiitgial value to its maximal value in the
forward direction i.e. the value corresponding @itto the maximal angle of the yarn in this
direction or to the maximal displacement of the pirthe pin is not already at its maximal
displacement, the friction force of the hair wikdp its maximal value until the terry yarn
leaves the contact or the pin reaches its maximspglatement. If the yarn leaves the contact,

its friction force becomes equal to zero. Similaepdmena occur in the reverse direction.

The model input parameters for Labonal terry jeim®ylisted in Table 1.
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Table 19: |

PIN WIDTH 9 MM
Pin length 17 mm

Rubbing distance 5mm

Period of the alternating movemgnt0.67 s

Number of terry yarns widthwisg 1/mn

1]

Number of terry yarns lengthwise  1.7/mm

Terries height 1.38 mmn

Terries initial angle 7°

nput parameters of the model for Labdeaty jersey sock.

2. Mathematical expression of the friction force

The equations which have been used to calculat&ittien force as a function of the

compression force and terry orientation are explhibelow. The notations used are listed in

table 2 and some parameters are described in figure

MODEL MATHEMATICAL DEFINITION
NOTATION

d Terry yarn vertical displacement (mm)

Fe Compression force (N)

F Friction force (N)

(7] Angle formed by the terry yarn and the verticalite
knitted fabric surface (rad)

0, Terry yarn initial angle (rad)

L Terries height (mm)

M Torque (N.mm)

z Terry yarn horizontal displacement (mm)

Table 20: Model mathematical notations and defoms.
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The torque of a single terry yarn can be computech footh friction and compression
forces as expressed in equation [E1].

M (8) = F,Lsind = F,Lcosd [E1]
d(6) = L(cos8 - cosd) [E2]
The friction force [E3] can be expressed from emuist[E1] and [E2] as:
F.Lsing
= ¢ - E3
" Lcosd -d(8) [E3]
2(6) = L(sing-sing) [E4]

We aim to plot the friction force in function ofeherry yarn horizontal displacement.

We thus write Fas:
F, = A(6)(6) [E5]

Finally, [E3], [E4], and [E5] give the following exession of)l(H):

( ): ( Fcsind [EG]

Lcosd - d(8))(sind-sing)
A(6) is not constant as shown on figure 6. We nevestisetonsidered a constant
coefficient A, to calculate the friction force of a single teyarn. A_ is the slope of the dotted

line D and equals 2.3xI®N/mm/yarn for the Labonal terry jersey, it canex@ressed as:

= ,

Ac — _ fmax _ Fc maxSIanax : [E?]
Zye(6)  (LcoS =, (0))SiNGpe, ~sinG) )

0. 1S the maximal rotation anglec haxand chax are determined from Kawabata

compression curves using Van Wyk’s equation [6].

Figure 5 schematizes the geometry of a terry ydranathe pin moves in the forward
direction. The hair has a similar geometry when gifre goes in the reverse direction. The
equations above are given for the forward directbnhe pin. When the pin moves in the

reverse direction, equations [E4], [E6] and [E4 slightly modified:

2(8) = L(sing +sing) [E8]
_ Fcsing
€)= (Lcosg - d(6))(sin6 +sing) [E9]
A = Ff max_ _ chaxSinHmax [ElO]

* " 2,(0)  (Lcosd -4, (6))(sinG,, +sing)

180



Figure 84: Geometrical characteristics and loadioiga terry yarn.

x 102 Friction force(N)
2.5 \ T
2 - —
1.5 *
1k i
0.5 *
0 i | | | | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Horizontal displacement (mm)

Figure 85: Calculated friction force of a single haiersus horizontal displacement.
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SOCK g0 60

Labonal terry jersey 41 +6 | -49+9
Terry jersey 10-1240+ 12| -58 £ 6
Terry jersey 10 - 16 56 + 9 | -58 £ 12
Terry jersey 10- 2053 + 12| -66 £ 7
Terry jersey 9- 16| 36 +16-45+12
Terry jersey 11-16 54+6 | -63+8

Table 21: Mean maximal rotation angles in the fordvéd,) and the reverse directiornt()

for terry jersey fabrics. These values were calmdafrom at least 9 measurements with

ImageJ software.

(b)
Figure 86: Photographs (zoom x 40) used to estimafeterries maximal angle for the

forward direction and (b) terries maximal angle tiwe reverse direction. These photographs
were taken under 15 kPa during a static experimetft the Lorica® pin.
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The modelled friction force is fitted to the expeental data. The fitting is realised in
both forward and reverse directions independenflye fitted parameter is the maximal
rotation angle in the studied direction. The maXimodation angles in the forward and the
reverse directions are calculated applying thet leqisares method to an experimental friction
curve so that these angles do not exceed physieiéd.| These angles correspond to the final
inclination between terries and the vertical atieir limit values can be assessed from
photographs as illustrated on figure 7. These edtims enable model results to be

corroborated. The maximal angles in both the fodnamd the reverse direction, namely

and &,, for the six terry jersey fabrics are given inléaB. Rotation angles for other terry

jersey fabrics than Labonal are indicated as coisgarin table 3. It can be seen that the
standard deviations for these angles are very high;is due to the heterogeneity of the
fabrics. When rubbed, not all the terries showdame behaviour, some rotate when the pin

moves, some just leave the contact. Simulationsthelefore not be given for these fabrics.

3. Results and discussion

A good correspondence was found between modellddreasured friction forces for
Labonal terry jersey as can be seen on figure 8.

Many hypotheses have been made to get a simple|mble differences between
experimental data and simulated curves are ateéibtd the model’'s assumptions. A terry is
considered as two yarns i.e. the non-vertical patte loop is not taken into account. Textile
fabrics are very deformable materials, especi@iyytjersey fabrics. The analysis of friction
experiments indicates that for terry jersey fabrib& major part of friction is due to sock
deformation. The friction is thus restricted tories rotation and rubbing i.e. adhesion is
neglected whereas theoretical friction includeshbd¢formation and adhesion. Moreover,
terries are modelled as perfectly elastic whileirtmeal behaviour is rather viscoelastic.
Finally, the applied normal force may not be sudint for the terry yarns to reach their
maximal rotation angles, especially in the reveatsection as they counter the movement
since they are oriented in the opposite directibims may explain the more pronounced

asymmetry of simulated results compared to experiatelata.
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Friction force (N)
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Experimental
Simulation
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Time (s)

Figure 87 : Comparison between experiment and mimiedn apparent pressure of 15 kPa.

The displacement of the pin is modelled as a liffgsngular) displacement whereas
the movement of the oscillating table of the LPMTristion tester is sinusoidal. The model
was modified in order to simulate the real pin dispiment but the result is very similar and
the computing interval was considerably increas8dme sliding was also introduced
simulating the hairs which did not reach their magdi rotation angle at the end of the forward
and the reverse movement to leave the contact ancéheir initial position. The
correspondence to experimental data was bettehéomodelling without sliding than for the
modelling including sliding. The maximal rotationgdes of the terries were estimated using
photographs taken during a static experiment wiel@ rotation angles correspond to a
dynamic situation. The angles that have been medsuay therefore be overestimated as the
angle will increase with the time of loading. Theemstimation is thought to be more
significant for the maximal rotation angle in theverse direction since the resistance of
terries to sliding is higher in this direction. Timaximal rotation angle in the reverse direction

was thus modelled as the angle for which the reaadi terries trims the pin weight. This
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model gives similar results as the previous onettier steady states in the forward and the

reverse sliding directions.

The model may be improved by the introduction of dkdéesion part of friction; the
adhesion between the pin and the yarns but alsattreetion forces exerted by a yarn on the
neighbouring yarns around it. Moreover, the temmyng are simulated here as independent of
each other while in reality, when the terry rotaiesvill touch and deform the neighbouring
terry and so on. The model can thus be improvedtdnsidering the compression force

exerted by each hair on the next one.

The model may also be adapted to low and non Halmycs such as yarn bridges and
simple or double jersey. The parameter L can besored for the yarn bridges fabric and may
be estimated as equal to the yarn diameter forhamny fabrics. The initial angle is assumed
to be around 90° for non-hairy fabrics. For yaridges, it seems difficult to neglect the non-

vertical part of the loop as the most part of iaizontal.
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This study deals with the mechanical contact betvibe foot skin of the recreational
runner and his socks. It aimed to determine whiaktdah structure should be recommended
for runners. There have indeed been several stumheshe influence of the sock fibre
composition while the effect of the sock structhies not been investigated yet. The socks
that people commonly choose and the areas whesterdslimay appear have been pointed out.
The case of the plantar fascia zone is studied. li#on-made socks were investigated as
cotton is the material the most used in basic mmriocks. Four knitted structures were
chosen, namely simple jersey, double jersey, yadges jersey and terry jersey. The socks
were studied independently of the shoes. The preszpplied on the foot and the stride
frequency have been determined using in-shoe measmts. In order to simulate the friction
between the socks and a skin equivalent, the glifequency was then fixed to 1.5 Hz and
the vertical forces ranged from 0.5 to 2.2 N. koittexperiments were carried out on two
different tribometers; a linear alternating tribdereespecially designed for this study and the
EMPA Textile Friction Analyser. Neither the linei@ciprocating dead weight tribometer nor
the TFA exactly reproduces the friction of the fomith the sock in the shoe. In-shoe
conditions are probably an intermediate betweesetlo cases. The transverse properties of
the different knitted structures were also examittedugh compression experiments and a
first approach of shock absorption tests.

It is difficult to give universal conclusions abawhich sock is the best to wear during
running as the pressure and friction the foot skidergoes highly depend on the foot shape,
the shoe shape, the mechanical properties of the ad the way to wear running shoes. The
shoe is supposed to absorb a part of the shockegenerated at each stride when the foot
contacts the ground. In order to reduce the pressarthe skin, the contact surface between
the sock and the shoe should be as large as pmsiblshape of the shoe should be adapted
to the shape of the foot and the distance betweeshoe and the skin should ideally be equal
to the thickness of the sock when it is not comgeds A lower distance will lead to an
increase of the contact pressure while a highdante will increase the sliding distance of

the foot within the shoe.

Double jersey and yarn bridges structures were stiy@gted because they were
supposed to be intermediates between the simpl¢éhanerry jersey structures. Their friction
behaviour shows they are intermediates but muclsecldo simple jersey. Moreover,

compression measurements revealed they are hdndar the two other structures and

188



consequently less interesting for sports socksteBame, terry and simple jersey structures

were found to give better results than double jemsd yarn bridges structures in terms of

friction and compression.

The conclusions drawn from this study will therefamly be about terry and simple

jersey structures. The thickness of terry jersesksas a good, easy and inexpensive way to

reduce the pain people with bony prominences atifspeareas of the foot or with pre-

existing blisters suffer from. The friction, comps@n and shock absorption experiments we

carried out showed that:

For a given normal load, terry jersey socks geeelegs friction than simple
jersey socks provided that the terries are comparhogeneous and oriented
in the direction of the friction force.

Under progressive compression, for the same cormsipregnergy applied on
the sock, the simple jersey structure transmits éwergy to the skin than the
terry jersey structure. Simple jersey socks consatyuprovide a better static
or quasi-static “damping effect” than terry jersegks.

When a ball is dropped from a given height on $&m@and terry jersey
structures, the height of the first rebound of ltlaé is lower for a terry jersey
sock than for a simple jersey sock. The terry jperseucture thus gives a
higher dynamic “damping effect” or shock absorpttban the simple jersey

structure.

We could thus conclude that:

When walking, the foot undergoes friction and pesgive compression, the
confrontation of the friction and the compressiesults indicates that the best
knitted structure for hiking socks is the simples@y structure. This can be
seen in the figure 1.

When running, the foot skin is first subjected toslaock and then to

progressive compression and friction. We do not kmdwether the shock, the

friction force or the compression energy has theagar influence on skin

irritations. The simple jersey structure is betteterms of friction and quasi-

static “damping effect” compared to the terry jgrstructure. Therefore, if the

effect of the friction force and the compressionrgpes more important than
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the influence of the maximal compression force los formation of blisters,

then we recommend wearing simple jersey socks wimamng.

—— Labonal terry jersey under 15 kPa

Labonal simple jersey under 10 kPa

Friction force (N)

Figure 88: Friction force of Labonal terry jerseynder 15 kPa and Labonal simple jersey
under 10 kPa in contact with the Lorica® pin.

On the other hand, the terry jersey structure sdenmave a higher dynamic
“‘damping effect” than the simple jersey structu@ansequently, if it is the
shock absorption that is more important than thetidn force and the

compression energy regarding the formation of éigstthe knitted structure
recommended for running socks would be the temsejestructure. Moreover,
this structure can be improved drastically with fistdntly compact and

homogeneous terries in contact with the skin amehted towards the toe so
that the friction can be reduced when the footeslitbwards the toe within the
shoe i.e. when the foot contacts the ground anidaded with significant

normal and tangential forces. In that case terrgej is better than simple
jersey in terms of friction.
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= |f a recreational runner has only terry jersey sodk is recommended to
determine whether the terries are oriented towdndstoes when worn in
contact with the skin. If it is the case, the sosksuld be worn with the terries
in contact with the skin. If the terries are oreshtowards the heel when worn
in contact with the skin, which is the case for tnoisthe terry jersey socks
which are commercialised, it is better to wear sloeks with the terries in
contact with the shoe because they will be origntedthis case, in the
direction of the friction force generated by thidislg of the foot in the shoe. It
can indeed be seen in figure 2 that when the teate well oriented, the back
(terry side) of the terry jersey generates a lofsetion force than the face

(non terry side) of the terry jersey whereas whwntérries are inclined in the

wrong direction, it is the face of the terry jerdbgt gives less friction than the
back.

—— Simple jersey - back side

——Terry jersey - back side

Friction force (N)

——Terry jersey - face side

Figure 89: Friction force of the face (non terryds), the back (terry side) of Labonal terry

jersey and the back of Labonal simple jersey un8étHa in contact with the Lorica® pin.

Moreover, we have seen that Labonal terry jersiejidn force has a particular shape
that may be due to the rotation of terries durinfgicion cycle. It has been found that the
contribution of deformation is important in the eas the terry jersey structure. A discrete
model for the friction of textile surfaces recowtregith terries is thus proposed that considers
the rotation and the rubbing of terries and neglélaé adhesion. Hairs are supposed to first

rotate from an initial to a final position withosliding between them and the pin. Once in
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their final position, the hairs are assumed to kiep position and be rubbed with a constant
friction coefficient. The modelled friction forcs fitted to the experimental data. The fitting
is realised in both forward and reverse directimmependently. The fitted parameter is the
maximal rotation angle in the studied directioneThaximal rotation angles in the forward
and the reverse directions are calculated applyiadeast squares method to an experimental
friction curve. After fitting, theoretical and exjoi@ental results are very similar.

The model may be improved by the introduction ef &ldhesion part of friction i.e. the
adhesion between the pin and the yarns and thectin forces exerted by a yarn on the
neighbouring yarns around it. The terry yarns aneukated as independent of each other
while in reality, when the terry rotates, it wibich and deform the neighbouring terry. The
model may thus give better simulations by consmdethe compression force exerted by each
hair on the next one. The model may also be adaptéow and non hairy fabrics such as
yarn bridges and simple or double jersey. The heijlthe yarn can be measured for yarn
bridges fabric and may be estimated as equal tgatrediameter for non hairy fabrics. Initial
angle may be assumed to be around 90° for non-felimycs. In addition, the pin geometry
may be modelled by dividing the space into smaharwhich can be active or not depending
on the shape of the pin. The shapes of the foottadhoe could thus be considered as these

two geometries define the contact area.

The pressure the sock exerts on the foot skinfisrdnt from one area of the foot to
another. The conclusions drawn by our study arergifor vertical loads from 0.5 to 2.2N
corresponding to the plantar fascia zone. Compléangifriction and compression tests under

higher normal loads can be carried out to investigéher areas of the foot.

Both TFA and LPMT's tribometer can be improved irder to better simulate the
friction between the sock and the foot of a rurfioerexample with the use of curved rubbing
elements that could simulate the contact of text#brics against skin overlying bony
prominences. The pin may also be designed in dadexproduce the shape of the tested foot
area and a shoe insole may be placed under the $doieover, during the friction
experiments, no tension was applied to the sockeasewhen it is worn the sock is subjected
to multidirectional tensions. Both the friction dess used are alternating tribometers while in

the shoe, the foot slides in a single direction.atidition, in the case of the LPMT'’s
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tribometer, the normal load is kept constant whefea the TFA, it is the distance between
the pin and the sample that is fixed and we haea $leat in-shoe conditions are probably
intermediate. A unidirectional tribometer with ctarg normal load and constant distance

between the pin and the sample may be developediar to better simulate in-shoe friction.

Shock resistance tests may be carried out in dodéetermine which textile structure
best absorbs the shock energy when the foot centlaetground. The ability of the different
socks to form folds which is related to their dlast is also an important parameter to
investigate in future works as folds will increadearply the friction and compression forces
the sock exerts on the foot. The ageing of thadahistructures is another important parameter
which can be studied. The simple jersey structarthought not to change much with time
while for the terry jersey structure, the terrieaynie affected by repeated washings and we
have seen that the quality of the terries is vempartant in terms of friction i.e. compact,
vertical and homogeneous terries give reducedidrictvhile heterogeneous and crushed

terries do not present interesting friction projestt

Finally, the friction and compression tests we iedrrout were realised in a dry
atmosphere. When running, the foot skin sweatspansbiration from other areas of the body
is accumulated in the shoe. The conclusions drawthis study are qualitatively true for a
wet atmosphere but experiments on human subjecsmewell adapted socks (in terms of
fibre composition and lacing conditions) could kried out in order to give quantitative

results.
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Dix chaussettes ont été étudiées, toutes en capoatre d’entre elles pour évaluer I'influence
de la structure tricotée sur le frottement (jersegsclette, simple, double et ponts de fil), tredmt
identiques au titre du fil prés, et les trois deres a la pointure prés. Nous nous sommes attachés
cas des phlyctenes apparaissant lors de la coyigel.aLes zones du pied sujettes aux ampoules ont
été déterminées grace a un sondage. La pressikergaat sur ces zones et la fréquence des foulées
ont été mesurées. Nous avons ainsi programmé atiegbscillante qui reproduit le frottement dans
la chaussure. Les mesures obtenues sur ce difpogittté comparées a celles du Textile Friction
Analyser de 'EMPA. En croisant ces résultats asles mesures de compression et une premiere
approche de test d’absorption des chocs, nous asoservé que le jersey simple est plus indiqué
dans le cas de la marche car il exerce un frottemeins important que la bouclette et apporte un
meilleur amortissement quasi-statiqgue. Dans lededs course a pied, il reste a déterminer si ¢ech
a un effet plus dommageable que le frottement ebiapression exercée sur la peau. Si le choc est
primordial, le jersey bouclette sera recommandirsie jersey simple. Nous avons développé un
modéle du frottement textile-peau en nous intéressait d’abord au cas des tricots bouclette. Le
mouvement des bouclettes lors d’'un cycle de fratt@nest assimilé & une rotation entre un angle
maximal en sens bouclette et un angle maximal es swerse. Ce modéle donne des résultats trés

proches de I'expérience.
Mots clés : contact peau - textile, chaussettggbéihe, frottement, pression, modéle

Ten cotton-made athletic socks were studied: fowrder to evaluate the influence of the
knitted structure on the sock - to - skin fricti@arry, simple, double and yarn bridges jerseysgd
differ from the yarn count and three from the si®ée focused our research on the case of skin
blisters generated during running. The areas ofdbewhere these skin affections may appear were
determined using a survey. The pressure exertethese areas and the stride frequency were
measured whereby a linear alternative tribometeroducing the friction in the shoe has been
programmed. The results obtained on this deviceewempared with the results obtained on the
EMPA'’s Textile Friction Analyser. Complementary gmmssion and shock absorption tests were
realised. It was observed that the best knittagcgire for hiking socks is the simple jersey suuet
For running socks, if the effect of the frictiorrde and the compression energy is more important
than the influence of the maximal compression farc¢he formation of blisters, then we recommend
wearing simple jersey otherwise we advise to weatytjersey socks. A discrete model for the
friction of textile surfaces recovered with terrigscontact with the skin is proposed. Terries are
supposed to rotate from an initial to a final positboth in the forward and the reverse direction.

After fitting, theoretical and experimental resudte very similar.

Key words: textile - to - skin contact, sock, shirster, friction, pressure, model
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