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Abstract 
 
The fibre probe atomic force microscope is developed, which allows direct 

measurement of force and friction between single fibres at the nanoscale under 

various conditions. In this work, polyester and human hair fibres were used as 

being representative of synthetic and animal fibre. It is shown that the forces 

between hair fibres and polyester fibres in solution can be well explained by a 

DLVO interaction and that cationic surfactants modify the interactions in a manner 

consistent with current views of adsorption behavior.  Friction coefficients are 

obtained from a friction-load relationship for the fibres using Amontons’ law. The 

variation of friction coefficient of the synthetic fibres with surfactant concentration 

is well correlated with surfactant adsorption behavior. However the frictional 

behavior of hair is somewhat unexpected, showing a minimum in friction 

coefficient below the cmc which may be related to surfactant – protein interaction 

at the surface. 

 

An analysis method to distinguish fibre friction in different sliding directions is 

established to allow discussion of directional friction effects. In contrast to 

macroscopic measurements, the effect is found to be small for native hair but 

significant for bleached hair at most of the sliding angles. This mechanism is 

largely correlated with the higher surface roughness of bleached hair. In addition 

the friction coefficient of bleached hair is shown to change periodically with the 

sliding angle, associated with cuticle – cuticle interlocking. 

 

A monolayer consisting of 18-methyleicosane thiol (18-MET) is fabricated as a 

model surface for hair. Friction and force measurements are performed and the 

results compared with those of the straight chain analogue eicosane thiol (ET) 

monolayer to discriminate the effect of the branched methyl on 18-MET. The 18-
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MET monolayer shows a slightly higher surface energy due to the terminal gauche 

defect of the film, and this can be correlated with a loss of adhesion in MSUD 

(maple syrup urine disease) hair where the methyl branched surface lipids are 

largely replaced by the straight chain analogue. While the current view on the 

function of methyl branched lipids is to reduce the friction of hair, our results 

shows lower lubricating ability for 18-MET monolayer than that of ET monolayer 

and the effect may be associated with the surface roughness and film density. It is 

also shown that the presence of the methyl branch alters surfactant adsorption 

behavior to the surfaces which has an impact on boundary lubrication. 

 

The adhesion mechanisms of the components in gastroliths, a calcium carbonated 

biomaterial from a red claw lobster, are investigated by means of colloid probe 

AFM. A technique employed to extract the gastrolith and thus vary the composition, 

enabled a systematic study on the contribution of the various components; calcium 

carbonate, chitin and gastrolith proteins, to the detachment behavior and adhesion 

energy. Sequential detachment and large adhesion energies where observed 

between native gastrolith substrates and colloidal probes consisting of 

microparticles of heavily demineralized gastrolith and calcium carbonate. The 

sequential detachment behavior was absent when the soluble proteins have been 

removed from gastrolith substrates and the adhesive energy is reduced by more 

than two orders of magnitude. The sacrificial bonds that provide the large 

adhesion energies are probably related to multifunctional gastrolith proteins that 

are able to bind to both chitin and calcium carbonate. 
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Sammanfattning 
 
Fiber-prob atomkraftsmikroskopet har utvecklats för att möjliggöra 

direktmätningar av krafter och friktion mellan enskilda fibrer på nanoskala under 

varierade förhållanden. I det här arbetet användes polyester- och 

människohårsfibrer för att representera syntetiska och animaliska fibrer.  Det 

visas att krafterna mellan hårfibrer och polyesterfibrer i lösning väl kan förklaras 

med DLVO växelverkan, och den katjoniska tensiden modifierar växelverkan på ett 

sätt som samstämmer med rådande syn på adsorptionsbeteende.  

Friktionskoefficienterna har erhållits ur förhållandet mellan friktion och pålagd 

kraft för fibrerna genom att använda Amontons lag. Variationen av 

friktionskoefficienten för de syntetiska fibrerna med avseende på koncentrationen 

av tensid korrelerar väl med tensidens adsorptionsbeteende.  Friktionsbeteendet 

av hår är emellertid något oväntat, då ett minimum i friktionskoefficienten under 

cmc observeras, vilket kan relateras till tensid – protein växelverkan vid ytan. 

 

En analysmetod för att särskilja fiberfriktionen i olika glidriktningar har utvecklats. 

Detta för att kunna diskutera effekten av riktningen för friktionen.  Till skillnad 

från makroskopiska mätningar, visar det sig att effekterna är små för nativt hår 

men betydande för blekt hår vid de flesta glidvinklarna.  Den här mekanismen är 

till stor del relaterad till den högre ytråheten hos blekt hår.  Dessutom visar det sig 

att friktionskoefficienten av blekt hår ändras periodiskt med glidvinkeln, förenat 

med kutikel-kutikellåsning. 

 

Ett monolager bestående av 18-metyleikosantiol (18-MET) används som en 

modellyta för hår.  Friktion och kraftmätningar utfördes och resultaten jämfördes 

med dem från det räta kedjeanaloga eikosantiol (ET) monolagret för att särskilja 

effekterna av den förgrenade metylen på 18-MET.  Monolagret bestående av 18-

MET visar en något högre ytenergi på grund av gauche-defekter i filmen. Detta kan 
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relateras till en adhesionsförlust i MSUD-hår, i vilket de metylförgrenade 

ytlipiderna till stor del är utbytta mot den räta kedjeanalogen.  Emedan den 

nuvarande synen på funktionen av metylförgrenade lipider är att reducera 

friktionen av hår, visar våra resultat en lägre lubriceringsförmåga för 18-MET-

monolager än det för ET- monolager, och effekten kan associeras med ytråheten 

och filmdensitet.  Det är också visat att närvaro av metylförgreningen förändrar 

tensid-adsorptionsbeteendet till ytorna, vilket har en inverkan på 

gränskiktslubriceringen. 

 

Adhesionsmekanismerna av komponenterna i gastrolith, ett kalciumkarbonerat 

biomaterial från röd klohummer, är undersökta med hjälp av kolloidal-prob AFM.  

En teknik användes för att extrahera gastrolith och på så sätt variera 

sammansättningen, vilket gjorde det möjligt att utföra en systematisk studie av 

bidraget från de olika komponenterna; kalciumkarbonat, kitin och gastrolith-

proteiner, på lösgörningsbeteendet och adhesionsenergin.  Sekventiell lösgörning 

och stora adhesionsenergier observerades mellan nativa gastrolith-substrat och 

kolloidala prober bestående av mikropartiklar av kraftigt avmineraliserad 

gastrolith och kalciumkarbonat.  Det sekventiella lösgörningsbeteendet uteblev, då 

lösliga proteiner avlägsnats från gastrolith-substraten, och den adhesiva energin 

är reducerad med mer än två storleksordningar. Offer-bindningarna, vilka ger 

upphov till de stora adhesionsenergierna, är antagligen relaterade till 

multifunkionella gastrolith-proteiner med förmågan att binda till både kitin och 

kalciumkarbonat.            

 

 vi  

relateras till en adhesionsförlust i MSUD-hår, i vilket de metylförgrenade 

ytlipiderna till stor del är utbytta mot den räta kedjeanalogen.  Emedan den 

nuvarande synen på funktionen av metylförgrenade lipider är att reducera 

friktionen av hår, visar våra resultat en lägre lubriceringsförmåga för 18-MET-

monolager än det för ET- monolager, och effekten kan associeras med ytråheten 

och filmdensitet.  Det är också visat att närvaro av metylförgreningen förändrar 

tensid-adsorptionsbeteendet till ytorna, vilket har en inverkan på 

gränskiktslubriceringen. 

 

Adhesionsmekanismerna av komponenterna i gastrolith, ett kalciumkarbonerat 

biomaterial från röd klohummer, är undersökta med hjälp av kolloidal-prob AFM.  

En teknik användes för att extrahera gastrolith och på så sätt variera 

sammansättningen, vilket gjorde det möjligt att utföra en systematisk studie av 

bidraget från de olika komponenterna; kalciumkarbonat, kitin och gastrolith-

proteiner, på lösgörningsbeteendet och adhesionsenergin.  Sekventiell lösgörning 

och stora adhesionsenergier observerades mellan nativa gastrolith-substrat och 

kolloidala prober bestående av mikropartiklar av kraftigt avmineraliserad 

gastrolith och kalciumkarbonat.  Det sekventiella lösgörningsbeteendet uteblev, då 

lösliga proteiner avlägsnats från gastrolith-substraten, och den adhesiva energin 

är reducerad med mer än två storleksordningar. Offer-bindningarna, vilka ger 

upphov till de stora adhesionsenergierna, är antagligen relaterade till 

multifunkionella gastrolith-proteiner med förmågan att binda till både kitin och 

kalciumkarbonat.            

 



 

 vii  

List of Papers 
 
This thesis is a summary of the following papers: 
 
I. Friction measurement between polyester fibres using the fibre probe 

SPM 
Hiroyasu Mizuno, Mikael Kjellin, Niklas Nordgren, Torbjörn Pettersson, 
Viveca Wallqvist, Matthew Fielden and Mark W. Rutland. 

 Australian Journal of chemistry 2006, 59, 390-393 
 
II. Interactions between crossed hair fibres at the nano scale 

Hiroyasu Mizuno, Gustavo Luengo and Mark W. Rutland. 
Langmuir 2010, 26, 18909-18915 

 
III. Friction of hair fibres at various sliding angles 

Hiroyasu Mizuno, Gustavo Luengo and Mark W. Rutland. 
Manuscript 

 
IV. Nanotribology of Model Hair Surface : Effect of the Methyl Branch 

Hiroyasu Mizuno, Marie Ernstsson, Gustavo Luengo and Mark W. Rutland. 
Manuscript 

 
V. Adhesive properties and sacrificial bonds of red claw lobster 

gastroliths :an AFM colloidal probe study 
Hiroyasu Mizuno, Esben Thorman, Kjell Jansson, Niklas Hedin, M. Soledad 
Fernández, José Luis Arias, Mark W. Rutland  Ranjith Krishna Pai, and 
Lennart Bergström 
Manuscript 

 
 
 
Henceforth, the above papers will be referred to as: 
Paper I, Paper II, Paper III, Paper IV and Paper V. 
 
 
 
 
  

 

 vii  

List of Papers 
 
This thesis is a summary of the following papers: 
 
I. Friction measurement between polyester fibres using the fibre probe 

SPM 
Hiroyasu Mizuno, Mikael Kjellin, Niklas Nordgren, Torbjörn Pettersson, 
Viveca Wallqvist, Matthew Fielden and Mark W. Rutland. 

 Australian Journal of chemistry 2006, 59, 390-393 
 
II. Interactions between crossed hair fibres at the nano scale 

Hiroyasu Mizuno, Gustavo Luengo and Mark W. Rutland. 
Langmuir 2010, 26, 18909-18915 

 
III. Friction of hair fibres at various sliding angles 

Hiroyasu Mizuno, Gustavo Luengo and Mark W. Rutland. 
Manuscript 

 
IV. Nanotribology of Model Hair Surface : Effect of the Methyl Branch 

Hiroyasu Mizuno, Marie Ernstsson, Gustavo Luengo and Mark W. Rutland. 
Manuscript 

 
V. Adhesive properties and sacrificial bonds of red claw lobster 

gastroliths :an AFM colloidal probe study 
Hiroyasu Mizuno, Esben Thorman, Kjell Jansson, Niklas Hedin, M. Soledad 
Fernández, José Luis Arias, Mark W. Rutland  Ranjith Krishna Pai, and 
Lennart Bergström 
Manuscript 

 
 
 
Henceforth, the above papers will be referred to as: 
Paper I, Paper II, Paper III, Paper IV and Paper V. 
 
 
 
 
  



 viii  

The author’s contribution to the appended papers: 
 
 

 
I. Major part of the experimental work.  Part of planning and evaluating.   
 Part of preparing the manuscript. 
 
II. Major part of the experimental work.  Major of planning and evaluating.   
 Major of preparing the manuscript. 
 
III. Major part of the experimental work.  Major of planning and evaluating.   
 Major of preparing the manuscript. 
 
IV. Major of the experimental work.  Major of planning and evaluating.   
 Major of preparing the manuscript. 
 
V. Major part of the experimental work.  Part of planning and evaluating.   
 Part of preparing the manuscript. 
 
 

 
Other publications not included in the thesis 
 
VI. Nanorheology and nanotribology of two component liquid crystal 

Hiroyasu Mizuno, Tamás Haraszti, Masashi Mizukami and Kazue Kurihara 
SAE International Journal of Fuels and Lubricants 2009, 1, 1517-1523 
 

VII. Membrane selectivity by W-tagging of antimicrobial peptides 
Artur Schmidtchen, Lovisa Ringstad, Gopinath Kasetty, Hiroyasu Mizuno, 
Mark W. Rutland and Martin Malmsten 
Biochimica et Biophysica Acta (BBA) - Biomembranes 2011, 1808, 1081-1091 
 

 
 
 
 

 viii  

The author’s contribution to the appended papers: 
 
 

 
I. Major part of the experimental work.  Part of planning and evaluating.   
 Part of preparing the manuscript. 
 
II. Major part of the experimental work.  Major of planning and evaluating.   
 Major of preparing the manuscript. 
 
III. Major part of the experimental work.  Major of planning and evaluating.   
 Major of preparing the manuscript. 
 
IV. Major of the experimental work.  Major of planning and evaluating.   
 Major of preparing the manuscript. 
 
V. Major part of the experimental work.  Part of planning and evaluating.   
 Part of preparing the manuscript. 
 
 

 
Other publications not included in the thesis 
 
VI. Nanorheology and nanotribology of two component liquid crystal 

Hiroyasu Mizuno, Tamás Haraszti, Masashi Mizukami and Kazue Kurihara 
SAE International Journal of Fuels and Lubricants 2009, 1, 1517-1523 
 

VII. Membrane selectivity by W-tagging of antimicrobial peptides 
Artur Schmidtchen, Lovisa Ringstad, Gopinath Kasetty, Hiroyasu Mizuno, 
Mark W. Rutland and Martin Malmsten 
Biochimica et Biophysica Acta (BBA) - Biomembranes 2011, 1808, 1081-1091 
 

 
 
 
 



 

 ix  

Table of Contents 
 

Abstract ............................................................................................................ iii 
Sammanfattning .............................................................................................. v 
List of Papers ..................................................................................................vii 
Table of Contents ........................................................................................... ix 
1 Introduction ............................................................................................... 1 
2 Surface Forces ........................................................................................... 5 

2.1        Van der Waals interaction ............................................................................ 6 
2.2        Double layer force ............................................................................................ 8 
2.3        Coulomb force ................................................................................................. 10 
2.4        DLVO theory ..................................................................................................... 10 
2.5        Adhesion ............................................................................................................ 11 

3 Tribology .................................................................................................. 12 
3.1        Boundary lubrication ................................................................................... 12 
3.2        Law of friction ................................................................................................. 14 

4 Experimental Techniques .................................................................. 15 
4.1        Atomic force microscope ............................................................................ 15 

4.1.1 Imaging ......................................................................................................... 16 
4.1.2 Determination of spring constant ..................................................... 16 
4.1.3 Normal force............................................................................................... 17 
4.1.4 Friction force .............................................................................................. 19 

4.2        Langmuir Blodgett technique .................................................................. 21 
5 Materials ................................................................................................... 23 

5.1        Polyester fibre ................................................................................................. 23 
5.2        Human hair fibre ............................................................................................ 23 
5.3        Gastrolith ........................................................................................................... 25 
5.4        Surfactant .......................................................................................................... 25 

6 Summary of Research .......................................................................... 26 
6.1        Fibre probe AFM technique ...................................................................... 26 
6.2        Interaction between polyester fibres ................................................... 28 
6.3        Interaction between human hair fibres ............................................... 32 
6.4        Friction between hair fibres at various sliding angles .................. 38 
6.5        Friction and forces of model hair surfaces ......................................... 43 
6.6        Adhesion measurements on red lobster gastroliths ...................... 50 

7 Concluding remarks ............................................................................. 57 
8 Acknowledgment ................................................................................... 61 
9 References ............................................................................................... 62 

 

 ix  

Table of Contents 
 

Abstract ............................................................................................................ iii 
Sammanfattning .............................................................................................. v 
List of Papers ..................................................................................................vii 
Table of Contents ........................................................................................... ix 
1 Introduction ............................................................................................... 1 
2 Surface Forces ........................................................................................... 5 

2.1        Van der Waals interaction ............................................................................ 6 
2.2        Double layer force ............................................................................................ 8 
2.3        Coulomb force ................................................................................................. 10 
2.4        DLVO theory ..................................................................................................... 10 
2.5        Adhesion ............................................................................................................ 11 

3 Tribology .................................................................................................. 12 
3.1        Boundary lubrication ................................................................................... 12 
3.2        Law of friction ................................................................................................. 14 

4 Experimental Techniques .................................................................. 15 
4.1        Atomic force microscope ............................................................................ 15 

4.1.1 Imaging ......................................................................................................... 16 
4.1.2 Determination of spring constant ..................................................... 16 
4.1.3 Normal force............................................................................................... 17 
4.1.4 Friction force .............................................................................................. 19 

4.2        Langmuir Blodgett technique .................................................................. 21 
5 Materials ................................................................................................... 23 

5.1        Polyester fibre ................................................................................................. 23 
5.2        Human hair fibre ............................................................................................ 23 
5.3        Gastrolith ........................................................................................................... 25 
5.4        Surfactant .......................................................................................................... 25 

6 Summary of Research .......................................................................... 26 
6.1        Fibre probe AFM technique ...................................................................... 26 
6.2        Interaction between polyester fibres ................................................... 28 
6.3        Interaction between human hair fibres ............................................... 32 
6.4        Friction between hair fibres at various sliding angles .................. 38 
6.5        Friction and forces of model hair surfaces ......................................... 43 
6.6        Adhesion measurements on red lobster gastroliths ...................... 50 

7 Concluding remarks ............................................................................. 57 
8 Acknowledgment ................................................................................... 61 
9 References ............................................................................................... 62 





1. Introduction 

 

 1  

1 Introduction 
A fibre is a continuous filament made of polymers.  Fibres are divided into 

two categories; natural fibre and synthetic fibre. Natural fibre can be either 

animal fibres or plant fibres, which consist of protein or cellulose 

respectively. 

 

Frictional characteristics of natural fibres have been studied by many 

authors.1-3 For example the frictional properties of wool fibre are 

responsible for its felting and shrinking characteristics.4,5  Hair friction 

against other substrates relates to shampooing / combing1 and sensory 

perception6  while the inter-hair friction plays an important role on volume, 

style retention and fly-away.7  Frictional properties of natural fibres are 

largely related to their surface characteristics and their histological 

structure, which is that the direction of rubbing of wool or hair fibres will 

influence the friction due to cuticle structure.  This is due to the fact that 

friction against the cuticle direction is often larger than that along the 

cuticle direction, known as the “directional frictional effect”.7,8  This 

directional effect causes felting and has an important practical value for 

wool fibres.5,9   

 

In contrast to natural fibres, synthetic fibres are generally uniform and 

homogeneous, which would be more convenient as a material for frictional 

measurement.  Fibre friction is responsible for wear / crocking (loss of 

surface color) of fabrics10 and a strength of yarns.11,12 The measurement of 

fibre friction has been made using three different methods. 
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perception6  while the inter-hair friction plays an important role on volume, 

style retention and fly-away.7  Frictional properties of natural fibres are 

largely related to their surface characteristics and their histological 

structure, which is that the direction of rubbing of wool or hair fibres will 

influence the friction due to cuticle structure.  This is due to the fact that 

friction against the cuticle direction is often larger than that along the 

cuticle direction, known as the “directional frictional effect”.7,8  This 

directional effect causes felting and has an important practical value for 

wool fibres.5,9   

 

In contrast to natural fibres, synthetic fibres are generally uniform and 

homogeneous, which would be more convenient as a material for frictional 

measurement.  Fibre friction is responsible for wear / crocking (loss of 

surface color) of fabrics10 and a strength of yarns.11,12 The measurement of 

fibre friction has been made using three different methods. 
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- Capstan method: A fibre is passed over a cylindrical rod and the tension 

required to cause slippage is measured.1,11   

- Classical law of friction: The force of sliding one fibre against the 

normal pressure exerted by another fibre is measured.13,14 

- Fibre twist methods: Two fibres are twisted together and the force 

required to cause the slippage is measured. 15 

 

Recently a tribometer was used to measure friction of hair against 

polyurethane to mimic finger-hair friction.6  Atomic force microscope16 is a 

relatively new technique that can be used to obtain the frictional 

properties of a fibre at the atomic scale by scanning a fine tip over the 

surface.  The ability to measure tip-surface interactions has proved very 

useful in studying the surfaces of a range of materials, covering the use of 

standard and chemically modified tips.17,18   In general a fibre friction test 

against another substrate is experimentally easier than fibre-on-fibre 

friction. However recent understanding is that fibre-on-fibre friction is 

necessary to understand the behavior of fibre assemblies.  In addition, 

fibres generally interact with each other at various angles in fibre 

assemblies.  Natural fibres tend to form complex multifibre assemblies, and 

their surface is furthermore heterogeneous, so such information is 

particularly important.  In this study an attempt was made to develop a 

new method to investigate fibre-fibre interaction (friction, force and 

adhesion) of hair and polyester fibres in different media using atomic force 

microscope (AFM). Further, the friction of single human hair against itself 

at various sliding angle was investigated for non-treated and treated hair 

fibres. These would provide fundamental information about the nature of 

the hair surface and also interactions that should be taken into account to 

understand and predict the behavior of any multifibre system especially in 

a humid or aqueous environment. 
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Surface of a hair fibre is hydrophobic due to the existence of lipids at the 

surface. The major component of the lipids is called 18-methyl eicosanoic 

acid (18-MEA).  This kind of branched lipids often present at biological 

surfaces as sebaceous, or surface lipids,19 however, the functions are still 

unclear. For hair fibres some findings suggest that the branched methyl of 

18-MEA adds fluidity in the film which would affect both the adhesion and 

lubricity.18,19  In this study the 18-MEA monolayer was modeled using a 

thiol termination for self assembly purposes and compared with the 

monolayer consisted of the straight chain analogue to elucidate the effect 

of the branching methyl. The self-assembly technique20 is one of the film 

fabrication techniques, which allows a monolayer to be prepared on a solid 

substrate (generally gold) with desired surface composition with relative 

ease. Using this technique together with atomic force microscope, the 

impact of the methyl branch on friction and forces were investigated in air 

and surfactant solutions. 

 

The last project is concerned with mechanical property of another complex 

material, biomineral.  A biomineral is an organic-inorganic composite such 

as teeth, bone, pearl and shell, with functions as varied as 

mechanical/structural support, protection, cutting and grinding, 

buoyancy.21 The organic components are biopolymers such as proteins, 

glycoproteins, polysaccharides and the common ions involved in 

biomineral are Ca, Mg, Sr, Ba, Fe and their carbonates, oxalates, sulphates, 

phosphates, hydrooxides and oxides.  Biominerals have unique properties 

in comparison with the mineral alone and the mechanical property is one 

of them. Currently, elucidating how organic constituents affect assembly 

processes as well as structure-property relations is central to studies of 

biominerals. Recent work has shown that the unusually high fracture 

energy of many biomaterials is related to their microstructure, and the 
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abilities of their inorganic organic constituents to dissipate energy, where 

formation and sequential breakage of sacrificial bonds is of pivotal 

importance.22 However, the complexity of many of the investigated 

systems makes it difficult to obtain a detailed understanding of the 

sacrificial bonding with respect to e.g. the interactions between the 

polymer “glue” and the harder constituents. Gastroliths are one of the 

calcium carbonate biominerals found in crustaceans (crayfish, lobster, and 

crabs). This is used as transient deposits of biominerals23 to facilitate a 

rapid replacement of the exoskeleton during molting. Gastroliths are 

composed of calcium carbonate, chitin and proteins, which presents a 

simple extracellular model for the study of mineralized matrices. In this 

study the fracture toughness of red claw lobster was investigated by means 

of the colloid probe atomic force microscope. Adhesive interactions were 

quantified and compared at different stages of demineralization and 

removal of soluble organic matter. 
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2 Surface Forces 
There are four fundamental forces that have been identified – gravitational 

force, strong nuclear force, weak nuclear force and electromagnetic force.  

In this thesis we will discuss forces experienced between two surfaces at 

the distance of micron–nano meter or in contact, which are all 

manifestations of the electromagnetic force.  There are different types of 

surface forces, their nature depends on the surface chemistry of the 

interacting bodies and on the nature of the medium in which they are 

immersed.  In this section only those relevant to this work will be covered.   

 

There are various techniques available for surface force measurement.24  

The commonest techniques are surface force apparatus25 and atomic force 

microscope16 used in this study (See section 4.1).  Each techniques has 

different geometrical requirement for the interacting surfaces, which 

influence the magnitude of the force. This renders it difficult to compare 

the forces measured with different means. Fortunately there is a 

convenient theory which relates the force F to the energy per unit area 

between two planar surfaces E (Derjaguin approximation26) at surface 

distance D 

 

F(D)/R = 2πE(D)     (2.1) 

 

In this approximation, the surface force is normalized by an effective 

radius of curvature R, which is a function of the radius of curvature of two 

interacting surfaces, as described below 
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𝑅 = �𝑅1𝑅2  𝑠𝑖𝑛𝜃⁄    for cylinder - cylinder  geometry (2.2) 

R  = R1    for sphere – flat geometry  (2.3) 

R  = R1 R2 / R1+R2    for sphere – sphere geometry (2.4) 

 

Thus in the case of eq (2.2), if R1 = R2 and the cylinders are orthogonally 

crossed, then R is the same as for eq (2.3).  The Derjaguin approximation is 

valid only if the characteristic decay length is small in comparison with the 

curvature of the surfaces.  
 

 
Figure 2.1  Schematic pictures of typical surface geometry used for surface force measurement (left) 
crossed cylinder (surface force apparatus),   (right) sphere-flat (colloid probe AFM)  
 

F/R plotted as a function of distance between two surfaces is called force 

curve (See section 4).  The force curve provides us with a lot of physical 

information such as apparent surface potential and charge density of the 

interacting bodies (See also section 2.2), the sign of the force (repulsive or 

attractive) and the origin of the force.  Most of this work will be discussed 

based on force curves measured in different media.  

 

2.1 Van der Waals interaction 

The Van der Waals force between atoms and/or molecules is the sum of 

three different forces 

 

- Dipole – dipole interaction (Keesom force) 

- Dipole – induced dipole interaction (Debye force) 

- Induced dipole – induced dipole interaction (London dispersion force) 

2. Surface Forces  

 6  

𝑅 = �𝑅1𝑅2  𝑠𝑖𝑛𝜃⁄    for cylinder - cylinder  geometry (2.2) 

R  = R1    for sphere – flat geometry  (2.3) 

R  = R1 R2 / R1+R2    for sphere – sphere geometry (2.4) 

 

Thus in the case of eq (2.2), if R1 = R2 and the cylinders are orthogonally 

crossed, then R is the same as for eq (2.3).  The Derjaguin approximation is 

valid only if the characteristic decay length is small in comparison with the 

curvature of the surfaces.  
 

 
Figure 2.1  Schematic pictures of typical surface geometry used for surface force measurement (left) 
crossed cylinder (surface force apparatus),   (right) sphere-flat (colloid probe AFM)  
 

F/R plotted as a function of distance between two surfaces is called force 

curve (See section 4).  The force curve provides us with a lot of physical 

information such as apparent surface potential and charge density of the 

interacting bodies (See also section 2.2), the sign of the force (repulsive or 

attractive) and the origin of the force.  Most of this work will be discussed 

based on force curves measured in different media.  

 

2.1 Van der Waals interaction 

The Van der Waals force between atoms and/or molecules is the sum of 

three different forces 

 

- Dipole – dipole interaction (Keesom force) 

- Dipole – induced dipole interaction (Debye force) 

- Induced dipole – induced dipole interaction (London dispersion force) 



  2. Surface Forces 

 

 7  

They are all proportional to 1/ r6  where r is the distance between the 

atoms or molecules.  Between two interacting planes however the distance 

dependence of the force is rather different and becomes much more long 

ranged: 

 

FvdW(D) / R = A / 6D2     (2.5) 
 

where A is Hamaker constant and R as above.  The Hamaker constant is 

described as 

 

A = πρ1ρ2C       (2.6) 

 

in which C is the intermolecular pair potential coefficient and ρ is the 

number of atoms per unit volume.  Eq (2.5) is calculated on the basis of the 

pair-wise summation of the energies between all the molecules of the 

interacting bodies (Hamaker summation method27).  This method does not 

take into account the many-body effect i.e. the dipole field of one molecule 

is influenced by its neighboring molecules. Neither can it be used if there is 

an intervening medium.  However, in that case the Lifshitz approach28 

which uses the dielectric properties of the media, can be applied and it 

returns an equation of the same functional form as eq 2.5, so the constant 

is still referred to as the Hamaker constant. The Hamaker constant is 

positive as long as the two surfaces are the same, leading to an attractive 

van der Waals force. However the Hamaker constant for two unlike bodies 

mediated by a third material will be negative if the magnitude of the 

refractive index of the mediated material has intermediate value.29  
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2.2 Double layer force 

Double layer forces are always present between charged surfaces in 

electrolyte solutions.  These forces can be more long-ranged (up to 

hundreds of nanometers) compared with the Van der Waals force (a few 

nanometers) and always repulsive between two like charged surfaces 

(however they may be attractive between unlike surfaces). Near the 

charged surface, oppositely charged ions are enriched while like charged 

ions are depleted. This arrangement of ions has the effect of screening the 

electric field emanating from the surfaces (Fig 2.2).  When two like charged 

surfaces approach each other, these electric double layers overlap and 

consequently the entropy increases, leading to repulsion. This is essentially 

the origin of double layer forces. The thickness of the electric double layer 

κ-1 (m) is called Debye length. The value depends solely on the solution 

properties such as the concentration and valency of the electrolyte.  

 

𝜅−1 = �
𝜀𝜀0𝑘𝑇

∑ 𝑒2𝑧𝑖2𝑛∞𝑖
�

1
2

                                                  (2.7) 

 

where ε is the dielectric constant of water, ε0 is the permittivity of vacuum, 

k is the Boltzmann constant, T is the temperature, e is the elementary 

charge, zi is the valency of the counter ions and n∞ is the number density of 

ions in the bulk solution. 

 

For 1:1 electrolyte solution, the expression for the double layer interaction 

energy for two planar surfaces is derived as (for a derivation of this 

expression see Israelachvilis book28) 

 

𝐸(𝐷) = 64𝑘𝑇𝑛∞
𝛾2

𝜅
𝑒−𝜅𝐷                                           (2.8) 
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𝐸(𝐷) =
2𝜎2

𝜅𝜀𝜀0
𝑒−𝜅𝐷  (for low potential)         (2.9)     

 

Where γ = tanh(eψ0/4kT) and can thus never exceed unity (ψ0 is the 

surface potential) and σ is the surface charge density. This works quite well 

for long range and starts to break down at smaller D. This is due to the fact 

that in most cases, when there are electrolyte ions in solution, neither ψ0 

nor σ stays constant, because of adsorption of counter ions on the surface. 

The consequences of these surface reactions has been studied30 and 

summarized as follows: The interaction potential is always intermediate 

between two limits - the upper limit corresponds to the case of constant 

charge density and the lower limit corresponds to the case of constant 

electric potential. The boundary condition of the constant charge density 

refers to no adsorption of counter ions, whereas counter ions could adsorb 

on the surface to maintain a constant surface potential boundary condition.   

 

 

 
Figure 2.2  Schematic illustration of counter ions near a negatively charged surface. The layer of 
counter ions bound to the charged surface is called Stern layer. The second diffused layer is called 
electric double layer.  
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2.3 Coulomb force 

The Coulomb force is even more long ranged than the double layer force. 

This force is purely electrostatic origin and arises in the absence of free 

ions in solution.  The Coulomb force between two charges q1 and q2 is given 

by 

𝐹(𝑟) =
𝑞1𝑞2

4𝜋𝜀𝜀0𝑟2
                                                            (2.10) 

 

The force is repulsive for like charges and attractive for unlike charges. The 

surface force on sphere – flat geometry is31,32 

 

𝐹𝑐𝑜𝑢𝑙𝑜𝑚𝑏(𝐷) = 𝜋𝜀0𝑉2
𝑅
𝐷

          for  
𝑅
𝐷
≫ 1               (2.11) 

𝐹𝑐𝑜𝑢𝑙𝑜𝑚𝑏(𝐷) = 𝜋𝜀0𝑉2 �
𝑅
𝐷
�
2

    for  
𝑅
𝐷
≪ 1              (2.12) 

 

V is the voltage difference between two surfaces. 

 

2.4 DLVO theory 

The DLVO force is essentially the sum of the van der Waals force and the 

electrostatic double layer force, an approach developed to account for 

colloidal stability during the 1940s.33  Fitting the DLVO theory to an 

obtained force curve allows estimation of the apparent surface potentials 

and thus the effective surface charge of the interacting surfaces.  In practice 

the fitting is made by assuming either constant potential or constant 

charge34 as mentioned above and the apparent surface potential is 

estimated as the intermediate value between the one used for the two 

extreme cases as fitting parameter.  
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2.5 Adhesion  

Adhesion is the energy required to separate the interface between two 

bulk phases (1 and 2) in a medium (3) from their equilibrium interacting 

distance to infinite one. The thermodynamic work of adhesion is given by  

 
Wadhesion = γ13 +γ23 – γ12    (2.13) 

 

Where γ13 is the interfacial energy between phase 1 and medium 3,  γ23 

between phase 2 and medium 3,  γ12  between phase 1 and phase 2. The 

work of adhesion is therefore the decrease of Gibbs free energy per unit 

area when an interface is formed from the annihilation of two other 

surfaces.  

 

The van der Waals forces largely contribute to the work of adhesion. The 

work of adhesion  may be expressed by the sum of two contributions,35 a) 

London dispersion force and b) Keesom force, Debye force and Acid – Base 

interaction (non-dispersion force) 

 
Wadhesion = Wdispersion + Wnondispersion  (2.14) 

 

Polymers, which are long enough to bridge the distance between surfaces, 

cause adhesion even when the surfaces do not experience the short term 

attraction. This bridging adhesion is not thermodynamic work of adhesion 

considered above, but arises from both entropic and enthalpic restoring 

forces upon stretching polymers (paper V). 
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surfaces.  

 

The van der Waals forces largely contribute to the work of adhesion. The 

work of adhesion  may be expressed by the sum of two contributions,35 a) 

London dispersion force and b) Keesom force, Debye force and Acid – Base 

interaction (non-dispersion force) 

 
Wadhesion = Wdispersion + Wnondispersion  (2.14) 

 

Polymers, which are long enough to bridge the distance between surfaces, 

cause adhesion even when the surfaces do not experience the short term 

attraction. This bridging adhesion is not thermodynamic work of adhesion 

considered above, but arises from both entropic and enthalpic restoring 

forces upon stretching polymers (paper V). 
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3 Tribology 
Tribology is the science and engineering that deals with friction, wear and 

lubrication of interacting surfaces that are in relative motion.  The word 

has been widely recognized since its definition in 1966 in a landmark 

report by Jost.36 A basic definition of friction is ‘the resistance encountered 

when two bodies are brought to contact and allowed to slide against each 

other”.  Human activities have been dependent on friction since ancient 

time, such as making fire by rubbing sticks and transporting heavy objects. 

Owing to friction we can for example walk or write on a paper, however in 

most cases friction has been an obstruction and thus controlling friction 

has been one of the most basic technological problems. The earliest 

systematic study of friction was done by Leonardo da Vinci and then G. 

Amontons and C. A. Coulomb (see next section). Recent frictional studies 

devote for clarifying mechanisms of friction at molecular level using 

surface force apparatus and atomic force microscope and are often 

referred to as nanotribological studies. 

 

3.1   Boundary lubrication 

There are three friction regimes; the hydrodynamic regime, mixed regime, 

and boundary lubrication regime (Fig 3.1).  In  the hydrodynamic regime, 

two solid surfaces are separated by a relatively thick liquid film due to the 

high shear rate and the lubricants viscosity. This regime is found for 

example, in engines. The friction in this regime increases with sliding 

velocity and viscosity of the lubricant and can be calculated from the 

Navier-Stokes equations of fluid dynamics.  Boundary lubrication on the 

other hand generally denotes the friction of surfaces that possess a thin, 

protective, lubricating layer (up to a few monolayers), which is the case in 

this work. Boundary lubrication is not well understood compared to 
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hydrodynamic lubrication. Although the friction in the boundary 

lubrication regime is generally much higher than that in the hydrodynamic 

regime, these few monolayers may have a profound effect on the sliding 

process. In addition, viscosity and sliding velocity are completely irrelevant 

for boundary lubrication. One of the important factors that affects 

boundary lubrication is that a thin lubricating layer has to show the ability 

to withstand a high normal load and prevent direct contact of the solid 

surfaces. Several approaches have been suggested to achieve it for example 

a) use molecules with high affinity for rubbing surfaces37 b) increase 

rigidity or elasticity of the lubricating layer38,39 c) apply repulsive surface 

force.40-42  However a recent observation on aqueous boundary lubrication 

is that for mica surfaces in cationic surfactant solutions, the slipping plane 

is at mica surface rather than between the surfactant boundary layers.43  

This is caused by formation of hydrated layer between surfactant layer and 

mica surface.   

 

 

Figure 3.1  The relationship between friction coefficient and the film parameter ηV/L where V is 
shear rate and L is load. This curve is called the Stribeck curve.  
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3.2 Law of friction 

The three laws describing the force of friction for a solid body are as 

follows: 

 

- The frictional force is proportional to the load (Amontons’ first law) 

-  It is independent of the area of contact (Amontons’ second law) 

-  It is also independent of sliding speed (Coulomb’s law of friction) 

 

The first two laws were stated by Leonardo da Vinci in the 15th century and 

reported by G. Amontons in the 1690s. Amontons’ first law is expressed as  

 
F = μN       (3.1) 

 
where F is friction force, N is applied load and μ is called friction coefficient.  

Further, frictional measurements on molecularly smooth surfaces and 

single asperity contacts have shown that the friction force between the 

surfaces in adhesive contact has a contribution that is proportional to the 

contact area. 

 
F =μN + SA       (3.2) 

 
where S is the critical shear stress and A is the contact area.  For low load F 

= SA whereas for high load it reduces to Amontons’ law F =μN.  
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4 Experimental techniques 
 
4.1 Atomic force microscope 

The atomic force microscope (AFM)16 is designed to image surfaces at the 

molecular level. However the AFM is also widely used for measurements of 

force and friction. AFM probes can consist of a fine, sharp tip or other, 

larger probes such as spheres44,45 or fibres46,47 depending on the 

measurement performed. Typically samples are fixed to metal discs 

magnetically attached to the top of the piezoelectric scanner tube. A laser is 

reflected from the back of the cantilever and onto a quartered 

photodetector (Fig 4.1). The intensity on the different segments of the 

photodetector is used to monitor the deflection or twist. The choice of 

segments depends on the mode of AFM operation (vertical segments for 

imaging and force, lateral segments for friction). Using this signal in a 

feedback loop allows control of the z-motion of the piezoelectronic scanner. 

 

 
 

Figure 4.1  A schematic of AFM.  A sharp tip is normally used for imaging while colloid or fibre 
probes instead of sharp tip allow to measure force and friction comparable with SFA. 
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4.1.1   Imaging 

The two major imaging modes, contact mode and tapping mode will be 

described in this section, and it should be remembered that they are just 

two of many.  In contact mode, surface topography is obtained by sliding 

the surface under tip of a probe.  As the tip is scanned across the surface, it 

tends to deflect as it moves over the surface corrugation. Then the 

feedback loops adjust the height of the sample to keep the deflection 

constant (i.e. the force applied to the surface is constant) under scanning 

and the vertical displacement of the scanner reflects the sample 

topography. Contact mode allows fast scanning and atomic resolution and 

is good for rough samples however the high contact forces can 

damage/deform soft samples.  Tapping mode, differs to contact imaging in 

that the cantilever is oscillated at its resonant frequency and the tip lightly 

taps on the sample surface during scanning.  By maintaining a constant 

oscillation amplitude, a constant tip-sample interaction is maintained and 

an image of the surface is obtained (i.e. the amplitude of the oscillation 

replaces the deflection signal in the feedback loop). Tapping mode allows 

high resolution of samples that are easily damaged and/or loosely held to a 

surface, such as biological samples, but it is more challenging to image in 

liquids. 

4.1.2  Determination of spring constant 

Determination of actual normal and torsional spring constants are 

necessary to calculate applied load and friction force from the vertical and 

lateral deflection of the cantilever. In this work the cantilevers were 

calibrated using a technique based on the hydrodynamic damping of the 

intrinsic thermal noise.48,49  The frequency (fv), Q-value (Qv) of the 

fundamental vertical resonance is used together with the dimensions 

(length l and width b) of the cantilever, the density (ρ) and viscosity (η) of 
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the fluid, to calculate the normal spring constant kv. 

 
kv = 0.1906ρb2l Qv(2πfv)2Γiv(Rev)   (4.1) 

Rev =
𝜌𝑏22𝜋𝑓𝑣

4𝜂
                                                         (4.2) 

 

Γiv(Rev) is the imaginary component of the hydrodynamic function for 

normal vibrations.50 Similarly the torsional spring constant can be 

obtained using the frequency (ft), Q-value (Qt) of the fundamental torsional 

resonance according to 

 
kt = 0.1592ρb4l Qt(2πft)2Γit(Ret)    (4.3) 

Ret =
𝜌𝑏22𝜋𝑓𝑡

4𝜂
                                                         (4.4) 

 

Γit(Ret) is the imaginary component of the hydrodynamic function for 

torsional vibrations.51 

4.1.3     Normal force 

Normal forces are measured from vertical deflection of the cantilever 

caused by forces between the cantilever and a sample surface as the probe 

is brought into contact and subsequently pulled away.  Force curves are 

obtained by plotting the force as a function of surface distance. However 

unlike SFA, AFM does not have an independent measure of surface distance 

D. In general AFM raw data describes the change in vertical deflection as a 

fuction of the z-piezo position (Fig 4.2 left). To obtain force-distance profile, 

the z-piezo position is transformed to D by subtracting the cantilever 

deflection from the z-piezo movement (Fig 4.2 right). For a hard surface, 

zero separation is defined as the region in the force curve, known as the 

constant compliance region, in which the cantilever deflection and the 

sample move together. This appears in the force curve as a straight line of 
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unit slope and this region is defined as hard wall contact. The slope 

provides the normal detector sensitivity α (V/nm). The vertical deflection 

(V) detected as a change in the normal photodetector signal is converted to 

force using α and Hooke’s law, F = kv ∆x.  

 

The approach curve gives information about attractive or repulsive forces 

before contact, whereas the separation curve contains the jump-out from 

contact due to any adhesion between probe and sample.  The adhesion 

force ordinarily corresponds to the minimum value at which the cantilever 

snaps out of contact and the energy required to separate the surfaces can 

be obtained by integrating the pull-off force over the distance (paper V). 

The discontinuity seen in both curves occurs when the gradient of the 

probe-sample force exceeds the spring constant of the cantilever.  As will 

be seen in paper V the adhesion can be much more complex than is 

illustrated in the figure, particularly when macromolecular bridging occurs. 

 

 

 
Figure 4.2  (left) vertical deflection of cantilever vs z-piezo position. The piezo electric tube is moved 
a predetermined distance in z-direction, starting from the right most position in the figure.  (right) 
Force curve obtained after correction of distance. Positive and negative sign of force corresponds to 
repulsive and attractive force respectively.  
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4.1.4    Frictional force 

In the AFM friction forces are measured from the twist of the cantilever 

detected by the photodetector (Fig 4.3).  A schematic friction loop as a 

function of lateral movement is shown in Figure 4.4.  The sign of the 

frictional voltage is either positive or negative depending on the scanning 

direction and ∆V corresponds to the torsional deflection. In the 

conventional analysis, ∆V in the figure is extracted as half the difference 

between the plateau regions of the two traces assuming that the friction in 

trace and retrace is symmetric. If friction depends on sliding direction, 

friction values in trace and retrace need to be calculated individually. A 

technique to perform this analysis is presented in paper III.  (In this case 

the absolute value of the negative frictional voltage is used separately to 

calculate friction on retrace, and baseline variation on loading needs to be 

addressed). ∆V is then converted to θ (rad) (Fig 4.3) using the lateral 

photodetector sensitivity δ (V / rad).  δ is a characteristic value for each 

head and determined prior to measurements.  Unlike the case for the 

normal sensitivity, it also depends on the refractive index of the medium in 

which the measurement is performed.52  The torque measured is given by 

 

τ = F x h       (4.5) 

 

where F is friction force and h is the effective height (the diameter of the 

probe plus half the thickness of the cantilever). Alternatively the torque 

applied to the cantilever is given by 

  
τ = kt x θ       (4.6) 

 
By combining the two equations, the friction force F is expressed as 

 
F = kt θ/  h       (4.7) 
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F is then averaged over typically 10 friction loops at each applied load, and 

this average is then plotted as a function of the applied load to obtain a 

friction – load relationship, usually on both loading and unloading. The 

friction coefficient μ is extracted from this plot as the gradient of the 

straight line relationship. 

 

 
 

Figure 4.3  Torsional deflection of a cantilever by lateral motion of the scanner 
 
 

 
Figure 4.4  Schematic of a friction loop. The sign of the voltage depends on the scanning direction.  
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4.2  Langmuir – Blodgett technique 

The Langmuir-Blodgett (LB) technique enables fabrication and 

characterization of monolayers controlling the packing density.  Figure 4.5 

shows the commonest form of LB film deposition.  Normally amphiphilic 

molecules are dissolved in a solvent such as chloroform or benzene, which 

evaporates after the solution is spread on a water subphase.  After the 

solvent has evaporated, the disorganized amphiphilic molecules float on 

the water surface.  Those molecules are compressed into a monolayer with 

the aid of a moving barrier (Fig 4.5).  The compression process is 

monitored recording the surface pressure – area isotherm and stops when 

the pressure reaches a desired value for deposition.  When the substrate is 

hydrophilic the monolayer is transferred as the solid substrate is raised 

through the monolayer / air interface.  The substrate is therefore placed in 

the subphase before the monolayer is spread.  During the deposition 

process, the surface pressure is maintained constant to make a LB film with 

a constant molecular density.  This technique also gives the possibility to 

create multilayer structures with varying layer composition.  

 

Film transfer is characterized by measurement of the transfer ratio, T.  This 

is the decrease in the area occupied by the monolayer (held at constant 

pressure) on the water surface divided by the coated area of the solid 

substrate, i.e., 

 
T = AL/As       (4.8) 

 
where AL is the decrease in the area occupied by the monolayer on the 

water surface and As is the coated area of the solid substrate.  Transfer 

ratios significantly outside the range 0.95 to 1.05 suggest poor film 

homogeneity. 53  
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Figure 4.5 The principle of Langmuir-Blodgett deposition. Amphiphilic molecules are spread over the 
aqueous solution (left). The area of the surface is reduced by the movement of the barriers. This 
compresses the amphiphiles to form an ordered film. The amphiphile film can be transferred to a solid 
surface if the latter is slowly drawn through the solution/air interface (right). 
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5 Materials  
 
5.1  Polyester fibre 

Polyester fibres are synthetic fibres in which the forming substance is a 

long chain polymer composed of at least 85% by weight of an ester of 

dihydric alcohol and terephthalic acid.54  Polyester fibres used in washable 

textiles are invariably poly(ethylene terephthalate)s. A wide range of 

physical chemical properties of polyester fibres is possible depending on 

the method of manufacturing and surface treatments, but they have 

sufficiently similar properties. Polyester fibres are highly crystalline, 

mechanically tough, and hydrophobic, and they are prone to oily soiling 

and to the redeposition of oily soils during washing due to their 

hydrophobic nature, which can be rendered more hydrophilic by chemical 

modification of the surface. Using SFA, the estimated surface energy of poly 

(ethylene terephthalate) is around 60 mN/m.55,56 

 

5.2  Hair fibre 

Hair fibre consists of mainly three different regions:  cuticle, cortex and 

medulla (Fig 5.1). Cuticle is located at the outmost region of hair fibre 

covering the coretex, and thus the surface property of the cuticle governs 

the hair interaction. Therefore, the cuticle is the most relevant to this work 

and will be covered in this section. The cuticle consists of 5-10 overlapping 

cuticle cells which are flat and square with a thickness of 0.5 micron and a 

length of 45 - 60 micron. Further, each cuticle cell has a layer structure, and 

each layer has large compositional differences (for example, cystine alters 

mechanical properties and reaction to permanent waves). The outmost 

layer of the cuticle cell is called the epicuticle with a thickenss of 

approximately 5 to 10 nm. The epicuticle membrane consists of about 75% 

of heavily cross-linked protein and about 25% of fatty acids that are 
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predominantly 18-methyleicosanoic acid. The fatty acid layer is covalently 

bound to the underlying protein layer, making the surface hydrophobic, 

and it leads to the facilitation of the drying of hair and possibly low 

friction.57 Each cuticle cell is bound by cell membrane complex. However, 

the binding strength of cell membrane complex is not strong, and the 

mechanical property is weaker than other layers.58 In addition, the cell 

membrane complex is vulnerable to shampoo, visible light and UV light 

which might cause cracking and scale lifting.7 The cortex comprises the 

major part of the fibre mass and is rich in cystine but has less cystine than 

the cuticles. Mechanical property is associated with disulfide cross-links of 

cystine; therefore, the hardness and elastic modulus of the cuticle are 

higher than that of the cortex. 58 

 

 

 
 

Figure 5.1 Scematic of hair fibre structure. The imbricated surface is responsible for frictional 
directional effect as well as self-cleaning of the fibre and scalp. The cuticle is the hardest part among 
the three regions due to the highest content of cystine. The cortex dominates the composition of hair 
and consists of elongated, interdigitated, spindlelike cells. The chemical composition of medulla is not 
fully determined due to the difficulty of isolation and solubilization.  
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Figure 5.2 Chemical structure of 18-methyleicosanoic acid. 

 

 

5.3  Gastrolith 

In crustacean species living in fresh water, where calcium availability is 

low, calcium is obtained by reabsorbing it from the cuticle prior to 

shedding and storing it in transient calcium deposits. In crayfish, Cherax 

quadricarinatus, these deposits are a pair of disc-like structures known as 

gastroliths and are located on both sides of the stomach wall. The 

predominant mineral in the gastrolith is amorphous calcium carbonate, 

which is deposited in the chitin–protein organic matrix.  

  

5.4  Surfactant  

The cationic surfactant displayed in Figure 5.3 has been used in paper I 

and paper II. It is tetradecyltrimethylammonium bromide (TTAB) and the 

critical micelle concentration is 3.5 mM. 

 

 
Figure 5.3 Chemical structure of the surfactant used in this work
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6.1 Fibre probe AFM technique  

The fibre probe AFM technique has been developed to provide insight into 

the fibre-fibre interaction at the nanometer scale. The measurement 

principle of this technique is based on the atomic force microscope, but the 

fibre is glued along the cantilever as a probe and interacts with another 

fibre mounted on a substrate. The angle between the fibres can be adjusted 

by rotating the substrate relative to the fibre probe.  In paper I and paper 

II, the crossed fibre configuration was employed which is geometrically 

equivalent to the SFA.  A technical difficulty in this technique is the possible 

alteration of the spring constant by the parallel placement of a large fibre 

along the cantilever. A further challenge is the fact that the fibre probe 

protrudes from the cantilever which can potentially cause difficulty if it 

hits the lower substrate before the fibre-fibre contact can be made. This 

problem arises because cantilever has an angle of 12° to horizontal. In 

paper I, the latter issue was overcome by positioning the lower fibre on a 

ledge at a higher level than the substrate.  However the spring constant 

issue remained unsolved. Both these issues can be alleviated by using a 

short fibre probe, prepared with focused ion beam59 or a laser60 (paper II 

and paper III).   

 

In this work the fibre probe was always attached parallel to the long axis of 

the cantilever. Alternatively the fibre could be attached perpendicular to 

the cantilever to achieve the necessary cross fibre configuration and thus 

avoid the issues mentioned above. There are, however several difficulties 

with this geometry; the worst of which is that the contact area moves along 

the probe during lateral motion which will result in additional twist of the 
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cantilever. This additional twisting would manifest as an apparent friction, 

complicating the measurements.  The twist would also affect the apparent 

lateral deflection, making it very hard to maintain a constant load during 

sliding.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. Summary of Research 

 

 27  

cantilever. This additional twisting would manifest as an apparent friction, 

complicating the measurements.  The twist would also affect the apparent 

lateral deflection, making it very hard to maintain a constant load during 

sliding.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6. Summary of Research 

 28  

6.2    Interaction between polyester fibres 

The motivation of this work was to develop a new technique for measuring 

interactions between fibres. Polyester was chosen primarily due to its 

relatively simple surface structure, but also because frictional interactions 

are important in the laundering of clothes and fabrics, and in the spinning 

of fibres. Surface and frictional forces were therefore measured in a range 

of environments: air, water and TTAB solutions - the latter as a model 

detergent or conditioner as a function of the concentration. Figure 6.1 

shows an AFM image of polyester fibre before and after being washed with 

ethanol.  These images revealed that any adsorbed material was removed 

completely on washing, rendering it possible to extract relevant and 

reproducible measurements of both surface forces and friction. 

 

 
Figure 6.1  AFM images of Polyester fibre (A) before and (B) after washed with ethanol. The 
scanning length is 2 μm x 2 μm. 
 

Since the spring constant of the cantilever with the fibre probe is difficult 

to obtain, its value in the absence of the fibre was used: thus both friction 

and force may be underestimated. (This effect will largely cancel in the 

extraction of friction coefficients.)  Figure 6.2 shows the normal force 

curves measured in air and water.  A short ranged van der Waals attraction 

force and strongly adhesive interaction were observed in air. On 

immersion in water the van der Waals force was masked by a relatively 

long range attraction at D = 40 nm on approach which may either be a 

hydrophobic attraction or due to the presence of an air bubble, considering 
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that the surface of polyester fibre has slightly hydrophobic nature. The 

adhesion was still large but much less than in air. In the surfactant 

solutions, the interaction became less adhesive as the surfactant 

concentration increased and a repulsive double layer force was observed 

on approach. This is consistent with the build-up of a hydrophobically 

adsorbed surfactant film, with the charged head groups pointing towards 

the solution.61,62 At 10 mM surfactant solution, corresponding to 2.9 cmc 

the adhesion force was no longer observed. 

 

 

 

 
Figure 6.2  Force curve measured between polyester fibres (upper left) in air and (upper right) in 
water (bottom left) in 0.5 mM and (bottom right) in 10 mM surfactant concentration. 
 

 

Figure 6.3 represents examples of the friction load curves. The non-linear 

friction–load relationship seen in air, water and lower surfactant 
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concentration was due to the adhesion,63 which was also observed in 

macroscopic measurements.64 The negative load regime of the curve 

manifests the adhesion observed in Fig 6.2. The friction force became 

increasingly smaller with increased surfactant concentration and displayed 

a hysteretic behavior below cmc. The higher friction force on unloading is 

associated to the fact that the adsorbed surfactants are pushed out of the 

contact area when the fibre slides over it, resulting in a higher adhesion on 

unloading (This is also indicated in the negative applied load).  At above 

the cmc, the hysteresis was not observed since the surfaces are coated with 

the surfactant aggregates.  

 

A friction coefficient was extracted from the friction–load relationship at 

high load and plotted as a function of surfactant concentration in Figure 6.6. 

The friction coefficient of 0.29 is obtained in air. The friction coefficient is 

in the range of the value obtained from Capstan method,65 although the 

friction coefficient of polyester fibre seems to depend on experimental 

parameters such as sliding speed (∼100 m/min) and applied load (∼15 

mN). The friction coefficient was increased to 0.51 in water but reduced in 

surfactant solutions until it reached the cmc and then no more changed 

above the cmc, which clearly reflects lubrication property of surfactants 

correlated with the formation of surfactant aggregates on the surfaces.   
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Figure 6.3  The friction – load relationship (upper left) in air and (upper right) in water (bottom left) 
in 0.5 mM and (bottom right) in 10 mM surfactant concentration. 0.5 – 2.0 hz coresponds to 2 – 8 μm 
/s. After the scanning rates had been sequentially varied a second measurement at 0.5 Hz was 
performed to differentiate between effects of scanning rate and time. However the frictional behavior 
is largely independent on the rate. 
 

 

 
Figure 6.4  Variation of friction coefficient as a function of surfactant concentration. 
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6.3  Interaction between human hair fibres  

In paper II force and friction between human hair fibres in air (RH ∼30 %), 

water and TTAB solutions with 1 mM NaCl background were investigated. 

Addition of salt controls the debye length and the TTAB solution was used 

as a model conditioner in this case. The geometry employed was a crossed 

fibre configuration for all the cases. The length of the probe fibre was 

reduced to 50 µm by cutting in a focused ion beam (Fig 6.5).  

 

 
Figure 6.5  (left) 3D graphic of crossed hair fibre system  (right) SEM picture of the hair fibre probe 
attached on a cantilever. Left edge has been truncated with a FIB to minimize the effect of fibre on 
the spring constant. 

 

A challenge of this work was to obtain a reliable force profile. Since the hair 

surface has cuticles, the contact geometry is unknown so that the 

macroscopic radius could not be used for force normalization.  This issue 

has been overcome in the following manner. The surface potential of TTAB 

films at the cmc in 1 mM salt is already known (50 mV)66 and the value is 

expected to be roughly constant irrespective of the surface nature.  Firstly 

a theoretical DLVO force curve was made using the surface potential of 50 

mV as a reference.  In general the measured force at the cmc normalized by 

the macroscopic radius is much smaller than the DLVO curve since the 

radius is overestimated by the hair cylinder radii.  Therefore the measured 

force was scaled to fit the DLVO curve by changing the radius and it 

resulted in the effective radius of about 1 – 1.5 μm rather than the 
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macroscopic radius of about 40 μm.  The next step is that the other 

measured forces were normalized by the effective radius and DLVO fitting 

was made in an ordinary way (i.e. the surface potential is a fitting 

parameter). Figure 6.6 represents the force curves on approach at different 

surfactant concentrations normalized by the effective radius.  For native 

hair a double layer force is present, indicating the surface is charged.  The 

sign of the charge cannot be obtained from this measurement but known to 

be negative.67,68  At shorter distance (D = 12 nm) an attraction force is 

present.  This working distance is too long to be a van der Waals 

interaction and therefore it was concluded that the attraction may be due 

to a hydrophobic interaction or air bubble.  This attractive force was not 

present between bleached hairs and only a double layer force was 

observed (see Figure 5 in paper II). This is because the lipids on the hair 

surface are significantly removed after the treatment and underlying 

protein is exposed leading to more hydrophilic nature.  From DLVO fitting 

the surface potentials are estimated to be -42 mV and -55 mV for native 

hair and bleached hair in solution, respectively, which is also an indication 

of a more charged surface of bleached hair.  A double layer force is also 

present in 1 cmc and 10 cmc for native hair but in these cases the origin of 

the charge is the cationic head group of TTAB adsorbed hydrophobically to 

the hair surface. The estimated surface potential is 33 mV at 10 cmc (the 

value of 50 mV is constrained as outlined above for 1 cmc). The lower 

potential at 10 cmc reflects the higher electrolyte concentration associated 

with the counterions and may well also reflect heterogeneity associated 

with a loss of hydrophobicity due to lipid removal. 

 

 

6. Summary of Research 

 

 33  

macroscopic radius of about 40 μm.  The next step is that the other 

measured forces were normalized by the effective radius and DLVO fitting 

was made in an ordinary way (i.e. the surface potential is a fitting 

parameter). Figure 6.6 represents the force curves on approach at different 

surfactant concentrations normalized by the effective radius.  For native 

hair a double layer force is present, indicating the surface is charged.  The 

sign of the charge cannot be obtained from this measurement but known to 

be negative.67,68  At shorter distance (D = 12 nm) an attraction force is 

present.  This working distance is too long to be a van der Waals 

interaction and therefore it was concluded that the attraction may be due 

to a hydrophobic interaction or air bubble.  This attractive force was not 

present between bleached hairs and only a double layer force was 

observed (see Figure 5 in paper II). This is because the lipids on the hair 

surface are significantly removed after the treatment and underlying 

protein is exposed leading to more hydrophilic nature.  From DLVO fitting 

the surface potentials are estimated to be -42 mV and -55 mV for native 

hair and bleached hair in solution, respectively, which is also an indication 

of a more charged surface of bleached hair.  A double layer force is also 

present in 1 cmc and 10 cmc for native hair but in these cases the origin of 

the charge is the cationic head group of TTAB adsorbed hydrophobically to 

the hair surface. The estimated surface potential is 33 mV at 10 cmc (the 

value of 50 mV is constrained as outlined above for 1 cmc). The lower 

potential at 10 cmc reflects the higher electrolyte concentration associated 

with the counterions and may well also reflect heterogeneity associated 

with a loss of hydrophobicity due to lipid removal. 

 

 



6. Summary of Research 

 34  

 
Figure 6.6  Normal force curves for native hair measured in 1 mM NaCl in the presence of TTAB 
solution. The parameter used for DLVO fits are as follows: κ-1 is 9.6 nm for the 1 mM NaCl, 4.7 nm for 
the 1 cmc solution and 2.6 nm for the 10 cmc solution. Hamaker constant 4.4 x 10 -20 (J) calculated 
from contact angle of hair69 . The fitted surface potentials are -42 mV for water and 33 mV for 10 cmc. 
The surface potential for 1 cmc is constrained to a value of 50 mV, and the ensuing effective radius is 
1.0 μm. The Debye length has been constrained to the calculated value from the solution conditions, 
except for the 10 cmc case where the calculation is dependent on knowledge of the degree of 
dissociation of the micelles. 
 
 

 
Figure 6.7  A force curve between native hairs in air. The force is normalized by the effective radius 
(1 μm). A long range Coulomb force was present. The solid line corresponds to a fit of Coulomb 
interaction with an offset of 250 nm from the zero distance in the force curve where physical contacts 
are made.  Inset: van der Waals attraction force at short distance. The solid line is a fit of van der 
Waals interaction using a Hamaker constant of 2.0 x 10-20 (J) 
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Figure 6.7 shows the force curve of native hair in air, normalized also by 

the effective radius. A very long range attractive force was observed which 

decays in the form of 1/D (eq  2.11) (the dashed line), which is assigned to 

be Coulomb force. The attractive interaction was somewhat unexpected 

since the Coulomb interaction is, in general, expected to be repulsive for a 

symmmetric system.  Since the force is so long ranged, the step made by 

another cuticle influences the appearance of the force which renders the 

zero of separation of the Coulomb interaction different to the zero of 

separation in the figure, where physical contact is made between the 

surfaces. The apparent zero separation of the Coulomb interaction is offset 

by 250 nm to the apparent zero of separation for the force measurement; 

about half the average cuticle height. The inset in the figure shows an 

attractive van der Waals force at very short separations (in this case the 

zero separation is where physical contact is made).  By fitting the van der 

Waals force with eq (2.5) using the effective radius, a Hamaker constant of 

2.0 x 10 -20 (J) was estimated which is slightly lower, but the same order of  

magnitude as that calculated from the contact angle.69  This result also 

supports the validity of the effective radius determination. 
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Figure 6.8  Variation of friction coefficient (∎) and adhesion (○) as a function of TTAB 
concentration. The inset shows a typical friction-load relationship from which the friction 
coefficient is obtained as the gradient (2 cmc, (open diamond) loading and (filled diamond) 
unloading). The friction coefficient is the average of the values of three such measurements 
using a different pair of fibres each time. 

 

Figure 6.8 shows the variation in friction coefficient and adhesion between 

native hairs as the surfactant concentration increases. The adhesion 

decreases with concentration until it disappears at about the cmc, similarly 

to the polyester fibre system, where the adsorbed film reaches its 

maximum packing density. The inset shows an example of a friction-load 

profile measured at 2 cmc and friction coefficients obtained from such 

linear relatonships between friction and load were plotted in main figure. 

It is clear that the presence of surfactant significantly reduces the friction 

compared to the interaction in water.  However unlike the friction of the 

polyester fibre system, a friction minimum appeared below the cmc 

(around at 0.5 cmc) for native hair. The reason is still unclear but it may be 

associated with the formation of protein-surfactant complexs at the low 

concentration or depletion of lipid material by surfactant solubilization at 

higher concentrations. 
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For the native hair fibre system, no directional effect was observed in air as 

can be seen from the symmetry of the friction loop between trace and 

retrace. This method is primitive, however, since then a new method has 

been developed to extract friction coefficients in different silding directions 

(paper III).  The data was reanalyzed using the new method and actually 

the conclusion did not change. Further discussion about the directional 

effect will be made in the next section.  
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6.4  Friction between hair fibres at various sliding angles 

Paper III focuses on the friction between hairs in air when the two fibres 

are sheared at different angles. The measurement was performed at high 

and low RH with native or bleached hair. The lower fibre was rotated 

relative to the hair probe manually to achieve different relative sliding 

angles.  Irrespective of the angle of the lower fibre to the cantilever, the 

movement of the lower surface was normal to the long axis of the 

cantilever/upper fibre.  (Fig 6.9) 

 

 

Figure. 6.9  Schematic of the crossed hair fibre system viewed from above. θ is the angle between tips 
of the two hair fibres and defines the sliding angle. 

 

A challenge of this work was to extract ∆V for trace and retrace separately 

from the friction loops to allow a quantitative analysis of the directional 

effect. This process is normally not very difficult – read the lateral voltages 

on trace and retrace separately in the friction loop (Fig 4.4) and calculate 

friction force using  eq (4.7) (for negative voltage, the absolute value is 

used).  This method is possible to use when the baseline (which is zero 

volt) is guaranteed to be constant throughout the loading cycles.  In the 

case of the hair probe, the situation is more complicated. The normal load 

applied to the probe in fact twists the cantilever even in the absence of 
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sliding because of the ellipsoidal cross section of hair and actually the 

lateral deflection due to normal loading increases with load, which 

manifests as a baseline shift for each friction loop (Figure 6.10).  

 

 

Figure 6.10 Example of the variation of the torsional signal with applied load in the absence of 
sliding for native hair probe (121º angle between fibres). The deflection on loading and unloading 
changes linearly with load reflecting the baseline shift. 

 

Therefore the value of the lateral voltage displayed in the friction loop is 

the sum of the frictional contribution arising from rubbing against the 

second hair fibre and the load-induced twist of the cantilever due to 

asymmetry. Figure 6.11 (left) shows variation of frictional signal (V) with 

applied load in the presence of the baseline shift. The friction for retrace 

displays a negative friction coefficient, which is clearly impossible. This is 

caused by the baseline shifting upwards and causing the trace and retrace 

voltages to have gradients with the same sign.  This indicates that the 

asymmetry induced twist is in fact larger than the frictional force.   

To be able to isolate directional effects in sliding friction and obtain 

independent friction coefficients for the two sliding directions, a torsional 
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deflection test was made (Fig 6.10) for each friction experiment (every 

point at which a friction coefficient is obtained) and the torsional signal 

arising purely from the asymmetry of loading was then subtracted from the 

torsional signal obtained under sliding. The corrected data is shown in 

Figure 6.11 (right), from which it is possible to extract friction coefficients 

independently from the gradients of the two arms.   

 

 

Figure 6.11 Variation of frictional signal (V) with applied load (left) for native hair where a 
significant twist of the cantilever consequently occurred during loading due to an asymmetry of the 
probe (right) after subtraction of the load induced twist from the data on left hand. 

 

Figure 6.12 and 6.13 show the friction coefficients obtained by this 

means for both native and bleached hair at high relative humidity, RH. 

Interestingly the impact of humidity on the friction coefficients was very 

small for both native and bleached hair. Thus only the results obtained at 

high RH are discussed. In the case of native hair (Fig 6.12) the dependence 

of ”µagainst” (the friction coefficient obtained when the probe is slid against 

the cuticle) and µalong (the friction coefficient obtained when the probe is 

slid along the cuticle) on the sliding angle is very small. Figure 6.12 (b) 

shows how ∆µ (µagainst - µalong) varies with sliding angle, and for 74 % of the 

measurements, ∆µ is within the range of ± 0.05. This indicates the 

directional effect is negligible for native hair at almost all angles. This 
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result confirms the observation in paper II and extends to other sliding 

angles.59  It is nonetheless somewhat surprising given that directional 

sliding effects can be detected on hair using the human finger! 

 

For bleached hair however µagainst was systematically larger than µalong (Fig 

6. 13 (a)) and there appears to be a strong angular dependence of this 

effect (Fig 6.13 (b)).  We speculate that there are two mechanisms involved 

in this phenomenon: a) ∆µ at all angles is enhanced associated with raised, 

ragged cuticles70 and b) variation of ∆µ with sliding angle is associated 

with the probability of antiparallel cuticle-cuticle interaction. The only 

conclusion that can be drawn from that particular result is that in fact 

mechanical interlock is not the primary source of directional hysteresis – it 

is sufficient that a damaged/raised cuticle is involved in the sliding contact 

and the extra friction sliding against the cuticle direction may well be due 

to deformation (“bending back”) of the cuticle.  For undamaged hair the 

cuticle lies “flush” with the fibre so such bending back is not likely.  

 

 

Figure 6.12 Friction coefficient for native hair at different sliding angles at high RH (a) and the 
difference in the friction coefficients between against and along the cuticle (b). The average of µagainst 
is 0.11 and µalong is 0.10.  
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Figure 6.13 Friction coefficient for bleached hair at different sliding angles at high RH (a) and the 
difference in the friction coefficients between shearing against and along the cuticle (b). The average 
of µagainst = 0.42 and µalong = 0.20 for bleached hair. 
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Figure 6.13 Friction coefficient for bleached hair at different sliding angles at high RH (a) and the 
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6.5 Friction and forces of model hair surfaces 

The objective of paper IV was to understand the role of the methyl branch 

of 18-MEA (18-methyleicosanoic acid) on hair surface. To achieve this, the 

two monolayers, monobranched 18-methyleicosane thiol (18-MET) 

monolayer which corresponds to a model hair surface, and unbranched 

eicosane thiol (ET) monolayer were prepared on a gold substrate and a 

gold coated AFM tip using self-assembly technique and compared. The 

properties of the two SAMs (self-assembled monolayer) were 

characterised by XPS and contact angle measurement, and the friction and 

force were measured between each surfaces in air and surfactant solutions.  

 

Using XPS, the area per molecule was estimated to be 21 Å and 23 Å for ET 

and 18-MET respectively, which reflects the presence of the methyl branch. 

The larger area per molecule for 18-MEA was also confirmed by the 

pressure-area isotherm (see supporting information). Further, it has 

been shown that the thickness of the SAMs was 20Å for ET and 26 Å for 18-

MET SAM respectively (The approximate length for ET and 18-MET is 23.9 

Å19). Previously, a molecular dynamic simulation demonstrated that 18-

MEA monolayer was thicker than EA (eicosane acid)71 and the difference in 

thickness originated not from the tilting angle of the molecules but rather 

from the fact that some of the 18-MEA molecules were squeezed out of the 

monolayer plane, which resulted in an even thicker layer than the length of 

the molecule.  

 

The static contact angle, hysteresis and surface energy γSV of ET and 18-

MET monolayer are shown in table 6.1. The ET SAM displayed a slightly 

lower γSV than that of 18-MET and the value is consistent with that of a 
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SAM exposing terminal methyl groups to the surface.20 The higher γSV of 

18-MET therefore implies an exposure of some methylene groups due to 

gauche defects. Surface energy is related to adhesion thus the higher γSV 

can be correlated with a loss of adhesion in MSUD (maple syrup urine 

disease) hair where the methyl branched surface lipids are largely replaced 

by the straight chain analogue. However the effect is much smaller than 

reported for the case of hair adhesion suggesting that other factors than 

the presence of the methyl branched chains need to be taken into account.  

We speculate that the greater hysteresis of dynamic contact angle for 18-

MET may be associated with either the larger surface roughness of 18-MET 

or defects in the monolayer.  

 

Table 6.1. Summary of contact angle, surface energy and contact angle hysteresis of ET and 18-MET 

surfaces. 

 

 

Figure 6.14 represents a force-distance relationship of ET SAM and 18-

MET SAM on approach. The measured forces were plotted without 

normalization since the Derjaguin approximation fails due to the small 

radii of all AFM tips (< 10 nm), as mentioned in the section 2. In air and 1 

mM NaCl aqueous solution, the forces are very similar with or without 

methyl branch in the films, showing a jump-in of the AFM tip at D = 5 nm in 

air and at D = 3 nm in aqueous solution due to a van der Waals attraction. 

The decreased van der Waals force in the solution arises from the smaller 

Hamaker constant. The adhesion force obtained from the pull-off force 
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curve in air was 13.4 ± 1.3 (nN) and 14.1 ± 2.2 nN for ET and 18-MET, 

respectively. Although the average is slightly larger for 18-MET, which may 

be a reflection of the larger surface energy of 18-MET, the difference is not 

significant within the experimental error.  

 

 

 

Figure 6.14 Force - distance relationship measured in a) air b) 1 mM NaCl c) 0.3 cmc d) 0.5 cmc e) 1 
cmc.  The filled triangles and open circles correspond to the force for ET and 18-MET, respectively. 
The curve was arbitrarily shifted by the jump in distance, since the calculated zero of separation for 
the force curves on ET-SAM at >0.5 cmc TTAB corresponds to contact of tip with the adsorbed 
aggregates and not the SAM layer as is the case for MET. The inset of (a) and (b) shows the short-
range part of the interaction where the van der Waals attraction force was observed. The solid line in 
the insets demonstrates that the fit of van der Waals force using arbitrary parameters. 
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In contrast to the force profile in air and salt solution, the force profile of 

ET and 18-MET behaved differently in surfactant solutions. At 0.3 cmc, a 

long ranged double layer repulsive force was observed for both 

monolayers above 10 nm in the force curves (Fig 6.14 (c)), which arises 

from hydrophobically adsorbed cationic surfactants on both the probe and 

SAM. For ET the forces are consistent with DLVO theory in as much as the 

double layer force is overcome by an attractive interaction at about 10 nm. 

This jump in is longer than would be expected from van der Waals forces 

alone, and probably arises from the fact that the adsorption is patchy on 

both surfaces and that the asymmetry of the charge leads to an attraction 

at short range.72,73  In the case of 18-MET, the force changes linearly up to D 

= 8 nm at 0.3 cmc (Fig 6.14 (c)), once again due to a double layer force 

arising from the adsorbed surfactants. However the curve deviates from 

linearity at D = 8 nm as an additional force component is observed. This 

force component is of steric nature and arises from the barrier to contact 

posed by adsorbed surfactant aggregates.  As the AFM tip presses on the 

adsorbed aggregates trapped between the surfaces they compress 

somewhat (the force barrier is not vertical) and at around 2 nN the 

collapse pressure is reached.   A break in the force curve at this point is 

observed and the surfaces “jump” from about 4 nm into hard wall contact.   

(After the jump, no further deformation was registered, which suggests 

that the tip is in rigid contact with the SAM). During the jump the 

aggregates are displaced from the contact and such collapse was observed 

for MET at all the concentrations above 0.3 cmc. The critical applied force 

required to collapse the aggregate film increases with concentration, 

indicating a build-up of load resistant aggregates (Fig 6.14 (c), (d), (e)).   

The height of the repulsive barrier can be directly correlated with the 

adsorption density and energy of surfactant on the surface.66,74  The fact 

that such a steric barrier is observed in the case of MET and not ET at 0.3 

6. Summary of Research 

 46  

In contrast to the force profile in air and salt solution, the force profile of 

ET and 18-MET behaved differently in surfactant solutions. At 0.3 cmc, a 

long ranged double layer repulsive force was observed for both 

monolayers above 10 nm in the force curves (Fig 6.14 (c)), which arises 

from hydrophobically adsorbed cationic surfactants on both the probe and 

SAM. For ET the forces are consistent with DLVO theory in as much as the 

double layer force is overcome by an attractive interaction at about 10 nm. 

This jump in is longer than would be expected from van der Waals forces 

alone, and probably arises from the fact that the adsorption is patchy on 

both surfaces and that the asymmetry of the charge leads to an attraction 

at short range.72,73  In the case of 18-MET, the force changes linearly up to D 

= 8 nm at 0.3 cmc (Fig 6.14 (c)), once again due to a double layer force 

arising from the adsorbed surfactants. However the curve deviates from 

linearity at D = 8 nm as an additional force component is observed. This 

force component is of steric nature and arises from the barrier to contact 

posed by adsorbed surfactant aggregates.  As the AFM tip presses on the 

adsorbed aggregates trapped between the surfaces they compress 

somewhat (the force barrier is not vertical) and at around 2 nN the 

collapse pressure is reached.   A break in the force curve at this point is 

observed and the surfaces “jump” from about 4 nm into hard wall contact.   

(After the jump, no further deformation was registered, which suggests 

that the tip is in rigid contact with the SAM). During the jump the 

aggregates are displaced from the contact and such collapse was observed 

for MET at all the concentrations above 0.3 cmc. The critical applied force 

required to collapse the aggregate film increases with concentration, 

indicating a build-up of load resistant aggregates (Fig 6.14 (c), (d), (e)).   

The height of the repulsive barrier can be directly correlated with the 

adsorption density and energy of surfactant on the surface.66,74  The fact 

that such a steric barrier is observed in the case of MET and not ET at 0.3 



6. Summary of Research 

 

 47  

cmc indicates that there is a greater tendency for surfactant to adsorb, 

which may be associated with a somewhat larger real hydrophobic surface 

area in the case of the branched thiols. 

 

Above 0.5 cmc, the steric surface force corresponding to compression of 

surface aggregates was observed after double layer repulsion for both 

SAMs. Interestingly however, in the case of ET the critical collapse pressure 

was not observed over the range of applied loads used in figure 6.14.  It 

was observed that the steric barrier could be overcome by ramping to 

higher loads (of the order of 20 nN). This behavior did not appear to 

change at higher concentrations than 0.5 cmc. This indicates that the 

surfactant palisade on the ET surface form a highly load-resistant surface 

aggregates at and above 0.5 cmc. The higher load resistance is considered 

to be due to the better defined packing on the smoother ET surface. 

 

Figure 6.15 shows a friction-load relationship of the two SAMs in air, 

following Amontons’ law (the liniarity also hold true for the friction-load 

relationship in solutions). The very sharp AFM tips result in a very large 

“pressure” (of the order of GPa75) thus relatively low forces were used to 

avoid damaging the surface. The lack of loading hysteresis is a good 

indication that no significant changes to the monolayer occur as a result of 

loading and shearing. The values of the friction coefficients extracted are 

0.07 ± 0.03 for ET and 0.20 ± 0.03 for 18-MET, respectively. Both these 

values are rather low, however their relative magnitude is very different 

with almost threefold higher friction in the case of MET. Ordinarily, 

rougher surfaces display higher friction and this has been clearly 

demonstrated for a series of surfaces of the same chemical composition, 

with varying roughness.45   It has also been demonstrated that liquid-like 
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behaviour leads to higher friction than elastic responses76 and both these 

factors could be responsible for the trend. The presence of the branch 

inhibits packing and its terminal nature necessarily causes an increased 

roughness at the molecular level.   

 

Figure 6.16 shows the variation of the friction coefficient as a function of 

the surfactant concentration.  The general trend is the same for both 

systems.   In 1 mM NaCl solution, the friction coefficient for MET is still 

significantly greater than that of ET. This is once again consistent with the 

greater molecular roughness of the MET SAM.  In the presence of 

surfactants µ is decreased for both SAMS, but the effect is most significant 

for the case of MET. The difference in friction coefficient between MET SAM 

and ET SAM is much smaller in surfactant, reflecting the fact that the 

nature of the plane on which the tip slides, (the surfactant headgroup 

plane) is very similar in the two cases. MET remains systematically slightly 

higher in friction however, reflecting the fact that the aggregates are not 

quite as uniformly assembled on the MET SAM, as suggested by the force 

curve data. The distinct minimum in friction at around 0.5 cmc, earlier 

observed for hair is absent in this case.59 

 

The conventional view of a boundary lubricant is that it provides a barrier 

to solid–solid contact, as well as a well defined sliding plane.  One of the 

factors determining the efficacy of a boundary lubricant is its resistance to 

being squeezed out under load.  There is a very good correlation between 

the force required to squeeze out a layer, and the density of molecules in 

the layer.66 Furthermore, Feiler38 has shown that the friction coefficient for 

surfactant monolayers depends on the density of the adsorbed layers, with 

higher density leading to lower friction.  As seen in the force curve, the 
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surfactant formed more load-resistant aggregates on the ET surface. This 

accounts for the smaller µ of ET at any surfactant concentration.  

 

 

Figure 6.15. Friction – load relationship for ET and 18-MET surfaces measured in air. Filled symbols 
refer to loading and open symbols to unloading. 
 

 

 

Figure 6.16. Change in friction coefficient with surfactant concentration. The logarithmic x-axis is 
broken at low concentration to allow the value in water to be compared 
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6.6  Adhesion measurements on red lobster gastroliths 

Gastroliths have been demineralized to different degree using EDTA 

solution and three different composition of gastroliths were prepared for 

pull-off force measurements to understand the contribution of the 

components; calcium carbonate, chitin and gastroliths proteins.  Figure 

6.17 shows how the morphology varies after varying extraction times in 

the EDTA solution. It depicts, respectively, the SEM images of native, 1 hour 

demineralized (partially demineralized) and 16 hours demineralized 

(heavily demineralized) gastroliths, showing the gradual reduction of the 

mineral components according to demineralization time. 

 

 

 

 

 

Figure 6.17  SEM images of native and after 1 hour, 16 hours demineralization. The native gastrolith 
surface consists of nanosized CaCO3 spherules that cover the chitin-protein fibrils. The partially 
demineralized gastrolith displays a surface where the chitin fibres are clearly visible and the chitin 
fibres are sparsely coated with small mineral particles (shown in arrows). The SEM image of the 
heavily demineralized gastrolith shows that very little of the mineral remains on the chitin fibrils. The 
gradual reduction of the mineral components according to demineralization time was also confirmed 
by atomic composition calculated from the energy dispersion X-ray (EDX) spectrum shown in paper 
V. 
 

Adhesion forces were measured between two different colloidal probes 

and the native, partially demineralized and heavily demineralized 

gastrolith substrates, respectively. This constitutes a matrix of in total six 

probe versus substrate combinations. The two probes used were a micron-

sized particle of heavily demineralized gastrolith and a micron-sized pure 

CaCO3 particle. Figure 6.18 displays the typical pull-off curves between a  
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Figure 6.18  Representative detachment curves obtained in air between a heavily demineralized 
gastrolith probe and three different substrates; A) native gastrolith, B) partially demineralized 
gastrolith and C) heavily demineralized gastrolith.  The lower surface was brought into contact until 
a certain force was reached and then retracted from the probe at a constant speed of 1 µm/s.  A pull-
off force profile was monitored as a function of separation. The maximum applied force was 
controlled by a force trigger mechanism. Identical probes (heavily demineralized gastrolith and 
CaCO3) were used to measure the interaction with the three different substrates to ensure 
comparable contact areas between each of the probes and the substrates. Pull-off forces between a 
clean silica surface and the probes were monitored after each set of force measurements with the 
gastrolith substrates to confirm that no irreversible changes induced by e.g. probe fracture, or 
transferred material to the probe took place.  
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heavily demineralized gastrolith probe and the three gastrolith substrates. 

The pull-off curve between the heavily demineralized gastrolith probe and 

native gastrolith substrate (Fig 6.18 A) shows a weak contact adhesion but 

a large number of secondary adhesion events and a final detachment of the 

probe and the substrate at a separation of approximately 500 nm. Between 

a separation of 0 and 500 nm the secondary adhesion events occur so 

frequently that the force rarely approaches zero but varies stepwise 

between approximately -2 and -15 nN. The step-wise detachment observed 

here is frequently found for pull-off events between simple polymeric 

surfaces and is a typical fingerprint of the stretching and eventually 

detachment of polymer chains or fibrils that bridge the two surfaces. The 

pull-off curves between the heavily demineralized gastrolith probe and the 

partially demineralized gastrolith substrate (Fig 6.18 B) also display 

secondary adhesion minima. However, there are significantly fewer 

secondary adhesion events for this system compared to the pull-off from 

the native gastrolith substrate with a complete detachment at smaller 

distance.  The pull-off curves between the heavily demineralized gastrolith 

probe and the heavily demineralized gastrolith substrate (Fig 6.18 C) show 

a strong contact adhesion. However, in contrast to the native and partially 

demineralized substrates, the pull-off curve against the heavily 

demineralized substrate does not show any traces of bridging behavior. 

 

To allow more quantitative analysis, a statistical analysis was made with 

approximately 200 pull-off curves collected for each of the three situations 

to extract two important parameters; the rupture distance where a 

complete detachment occurs, and the energy dissipation which is given as 

the integrated value of the pull-off force over the entire detachment 

distance. The results are shown in a histogram form in Figure 6.19. This 
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Figure 6.19 Histograms showing the distribution of rupture distances and energy dissipated in 200 
consecutive pull-off measurements between a heavily demineralized gastrolith probe and native 
gastrolith, partially demineralized gastrolith and heavily demineralized gastrolith substrates, 
respectively.  
 

confirms that the large rupture distance, observed for the interaction 

between the heavily demineralized probe and the native gastrolith 

substrate, decreases with the degree of demineralization the substrate has 

been subjected to. This indicates that the “glue” needed to form a bridge is 

removed and/or deactivated during the demineralization process. Further, 

it is seen that the energy dissipated during the interaction is strongly 
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correlated with the rupture distance but not with the magnitude of the 

contact adhesion. This means that the energy dissipation is large for the 

interaction between the heavily demineralized probe and the native 

gastrolith substrate and low for the interaction between the heavily 

demineralized probe and partially and heavily demineralized gastrolith 

substrates, respectively. This result suggests that the glue in the gastroliths 

significantly enhance the toughness of the interaction with a native 

gastrolith.  

 

The pull-off behaviour between the CaCO3 probe and the three gastrolith 

substrates follows the same trend as in the case of the heavily 

dematerialized gastrolith probe against the same three gastrolith 

substrates. Pull-off curves between CaCO3 and native gastrolith and 

partially demineralized gastrolith, respectively, show similar secondary 

adhesion events with sequential detachments. The pull-off curves for the 

interaction between CaCO3 and heavily demineralized gastrolith display a 

large well-defined contact adhesion but no bridging behaviour. The 

rupture distances and the energy dissipation values measured with the 

CaCO3 probe were perceptibly smaller than in the case of the heavily 

demineralized gastrolith probe. The results are summarized in the table 

6.2. 
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Table 6.2 Summary of the main observations from the pull-off experiments between the six 
combinations of gastrolith and CaCO3 surfaces. The numbers in brackets mean measured values of the 
separation needed for complete detachment and the corresponding amount of dissipated energy. 

 
 

Glazer and Sagi discussed in a recent review77 the function of the soluble 

and insoluble proteins found in gastroliths. The primary soluble gastrolith 

protein, GAP 10, is Ca binding but lacks chitin binding domains. The 

insoluble gastrolith proteins found in Cherax quadricarinatus, GAP 65, GAP 

75, and CqCDA1, are identified as multifunctional with chitin-binding 

domains and probably also other functions. The fact that long-ranged 

secondary adhesion events are observed both when using a heavily 

demineralized gastrolith probe (consisting primarily of chitin) and a CaCO3 

probe suggests that the proteins in the native gastrolith substrate has the 

capability to bind to chitin as well as CaCO3. Although some of the proteins 

remain in the chitin matrix after demineralization, it appears that this 

fraction is either insufficient or deactivated by the EDTA and dehydration 

treatment. We speculate that it is only a tightly bond insoluble proteins (e.g. 

GAP 65 and GAP 75) that remain in the chitin network after 

demineralization while more loosely bound and thus potentially more 

active multifunctional proteins are removed by the EDTA treatment. 
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Analysis of the magnitude of the energy dissipation suggests that the 

organic polymeric material have a slightly stronger preferential interaction 

for chitin compared to CaCO3. The interaction of the proteins with CaCO3 is 

mainly due to electrostatic interactions of negative charged amino acids or 

posttranscriptional modification such as phosphorylation, while 

proteoglycans interaction with the mineral is mainly due to sulphated 

groups of the constituent glycosaminoglycans.78-81 However, the 

interactions of the proteins and proteoglycans with chitin is not only 

electrostatic between their negative charged groups and the positive 

charged groups of chitin, but through specialized chitin-binding domains 

such as RR (Rebers – Riddiford) consensus.82-88 This could explain the 

differential binding between these macromolecules with the mineral phase 

or with chitin. 
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7 Concluding Remarks 
 
Through this work, we have shown that fibre – fibre friction measurement 

using the fibre probe AFM is entirely feasible and possible to apply for 

measurement of other fibres. The strength of this technique is that it allows 

direct correlation of forces present between surfaces with the frictional 

properties.  This technique is already helping researchers to understand 

interactions better among other fibres for example cellulose.  

 

For polyester systems (paper I), it was found that the frictional behavior at 

macro and nano scale was comparable. The non-linear friction-load 

relationship was connected to the large adhesion between polyester fibres. 

The hysteretic behavior on loading and unloading in the friction curve at 

low surfactant concentration clearly demonstrated a removal of the 

boundary lubricants by shear. A concentration above the cmc was required 

to provide a stable boundary lubricant to polyester fibres. 

 

Unlike polyester fibre system, the surface of hair fibre is more complex 

therefore assumptions were necessary to extract physical information 

from the force curves (paper II). However, the results were entirely 

consistent with classical force behavior. In air a long range Coulomb force 

(micron order) dominated the interaction. Surprisingly the interaction was 

attractive which is opposite to the case of fly-away.  DLVO fits allowed us to 

estimate the apparent surface potential of native and bleached hair 

confirming the more polar nature of bleached hair.  The larger friction 

coefficient in water than in air is associated with the change in the elastic 

modulus of hair. Cationic surfactants showed boundary lubricating 

properties as seen in polyester fibre system. However, friction coefficient 
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minima appeared before the concentration was reached to the cmc which 

may be associated with the formation of protein-surfactant aggregates at 

the low concentration or depletion of lipid material by surfactant 

solubilization at higher concentrations. More work is required to 

investigate this mechanism.  If indeed there are protein-surfactant 

aggregates forming, it would be instructive to perform further studies to 

establish why this effect disappears at higher surfactant concentrations, 

and whether if protein is removed as a result – for example by cycling the 

surfactant concentration several times through repeated rinsing after 

exposure to the high concentrations.  If the effect disappears then it would 

be due to removal; if not then the situation is more complex and warrants 

more mechanistic investigation. 

 

On the contrary to macroscopic friction measurements, a clear directional 

effect was not observed for native hair at any sliding angles (paper III). 

Bleached hair on the other hand exhibited the directional effect at most of 

the sliding angles and it is related to the increased surface roughness to 

achieve mechanical interlocking between surfaces. Further, the directional 

effect has sliding angle dependence which will be explained by cuticle-

cuticle interlocking mechanism. These results may help to develop new 

cosmetic products for taming hair or to more realistic computer-animated 

coifs.  

 

It would be interesting to investigate how conditioning agents, such as 

cationic polymers and oils, impacts on the lubrication using the fibre probe 

technique. Further, what if micron size particles are deposited on hair to 

fill in the gap of the cuticles? Does the friction loop look more flat? Does it 

impact on the directional effect?  For hair volume and style retaintion, the 

7. Concluding Remarks 

 58  

minima appeared before the concentration was reached to the cmc which 

may be associated with the formation of protein-surfactant aggregates at 

the low concentration or depletion of lipid material by surfactant 

solubilization at higher concentrations. More work is required to 

investigate this mechanism.  If indeed there are protein-surfactant 

aggregates forming, it would be instructive to perform further studies to 

establish why this effect disappears at higher surfactant concentrations, 

and whether if protein is removed as a result – for example by cycling the 

surfactant concentration several times through repeated rinsing after 

exposure to the high concentrations.  If the effect disappears then it would 

be due to removal; if not then the situation is more complex and warrants 

more mechanistic investigation. 

 

On the contrary to macroscopic friction measurements, a clear directional 

effect was not observed for native hair at any sliding angles (paper III). 

Bleached hair on the other hand exhibited the directional effect at most of 

the sliding angles and it is related to the increased surface roughness to 

achieve mechanical interlocking between surfaces. Further, the directional 

effect has sliding angle dependence which will be explained by cuticle-

cuticle interlocking mechanism. These results may help to develop new 

cosmetic products for taming hair or to more realistic computer-animated 

coifs.  

 

It would be interesting to investigate how conditioning agents, such as 

cationic polymers and oils, impacts on the lubrication using the fibre probe 

technique. Further, what if micron size particles are deposited on hair to 

fill in the gap of the cuticles? Does the friction loop look more flat? Does it 

impact on the directional effect?  For hair volume and style retaintion, the 



7. Concluding Remarks 

 

 59  

static friction also has to be considered. To achieve, a development of the 

analytical method would be required.  

 

In paper IV, it has been shown that the presence of the methyl branch on 

lipids has a significant impact on the properties of SAMs formed from such 

molecules. XPS measurement confirmed the lower density of 18-MET SAM 

due to the steric hindrance on the packing caused by the methyl branch. As 

a result terminal gauche defects were likely to be induced in 18-MET, 

leading to a larger surface energy and roughness. The implied surface 

energy, suggesting that indeed the nature of the fatty acids on hair do affect 

the adhesive properties. The difference in surface roughness and surface 

energy alters friction as well as shape/density of surfactant aggregates 

adsorbed on each surfaces; on rougher 18-MET SAM, the surfactant 

renders difficult to form load-resistant surface aggregates. This is reflected 

in lubricating property of the surfactant in such a way that friction 

coefficient of ET SAM was higher than that of 18-MET at any surfactant 

concentrations.  

 

In paper V, the adhesive interactions of gastroliths of different 

compositions were investigated by determining the pull-off behaviour 

against a heavily demineralised gastrolith probe and a CaCO3 probe in air. 

The three gastrolith substrates – a native, a partially demineralised and a 

heavily demineralised gastrolith substrate were produced by a stepwise 

demineralisation process by which the amount of CaCO3 and organic 

polymeric material was reduced. The interaction between both the heavily 

demineralized gastrolith probe and the CaCO3 probe and the native 

gastrolith substrate is shown to be significantly strengthened by sacrificial 

bonds between chitin fibres and between chitin fibres and CaCO3. The 

bonds are formed by the organic polymeric material that exist in the native 
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polymeric material was reduced. The interaction between both the heavily 

demineralized gastrolith probe and the CaCO3 probe and the native 

gastrolith substrate is shown to be significantly strengthened by sacrificial 

bonds between chitin fibres and between chitin fibres and CaCO3. The 

bonds are formed by the organic polymeric material that exist in the native 
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gastroliths which by sequential detachment is able to dissipate large 

amount of energy and prevent complete detachment of fractured material. 

The organic material, probably gastrolith proteins, responsible for the 

sacrificial bonds is multifunctional with an ability to bind to both chitin and 

calcium carbonate. Further, a comparison between the results obtained 

with the heavily demineralised gastrolith probe and the CaCO3  probe 

provides evidence, that the organic polymeric material binds slightly 

stronger to the chitin fibres than to CaCO3. This method can be used as a 

tool to identify effective polymers for increasing a mechanical strength of 

biominerals. For example it may help to improve the mechanical toughness 

of bone and teeth, if the biomineralization is made possible.  
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