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ABSTRACT 

 

 The ways in which common hair care products, such as conditioner, deposit 

onto hair and change hair properties are of interest in beauty care science, since these 

properties are closely tied to product performance.  In this thesis, a variety of studies 

are conducted to advance the current characterization of human hair.  Tapping mode 

atomic force microscopy (AFM) is used to generate surface height maps of hair, 

which are then compared to maps generated using contact mode AFM.  Contact mode 

has been used in the past and has the potential of damaging small surface features, 

while tapping mode does not.  The frequency spectra of both data sets are also 

compared.  This comparison is made to determine the most appropriate method for 

imaging compliant biological samples that may be subject to damage from interaction 

with the AFM tip during contact mode.  Additionally, force calibration mode of AFM 

is used to obtain the local conditioner thickness distribution and adhesive force 

mapping of various hair surfaces. The conditioner thickness is extracted by measuring 

the forces on the AFM tip as it approaches, contacts, and pushes through the 

conditioner layer.  Because the interaction of hair with skin is one of the most 

common in the real world, and clean skin is hydrophobic, a Si3N4 tip is coated with Z-

TETRAOL to create a hydrophobic tip to measure friction and adhesion.  These 

values are compared with those measured with the more common, hydrophilic tips. 
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 To further the study on the effect of contact angle, the wettability of human 

hair is studied by using the Wilhelmy balance method to measure dynamic contact 

angle of hair with water.  The method uses a microbalance to measure the force 

exerted on a single fiber when it is immersed into the wetting liquid of interest.  This 

measured force is related to the wetting force of the liquid on the fiber, and the 

dynamic contact angle can be calculated.  Hair samples were measured dry, and then 

also allowed to soak in water before being measured to determine if a wet 

environment affects the wetting properties of the hair surface.  Additionally, hairs 

from subjects of different ethnicities are measured and compared.  Further, the 

mechanisms driving a significant directionality dependence are studied and discussed.  

The results are also used to explain tribological properties found in previous studies. 

 The final property of interest in this thesis is the surface potential of human 

hair.  Surface charge of hair has a significant effect on manageability, feel, and 

appearance.  For this reason, controlling charge buildup to improve these factors is an 

important issue in the commercial hair care industry.  In this portion of the thesis the 

surface potential of human hair is measured using the Kelvin Probe method with an 

atomic force microscope (AFM).  In the first part of this study, samples are mounted 

in conductive silver paint, and a DC voltage is applied through the sample puck.  The 

surface potential is then measured as the applied voltage is changed.  In the second 

part of the study, physical wear and triboelectric charging are investigated with the 

Kelvin probe technique.  Physical wear has been shown to cause surface potential 

change in conductors and semiconductors, and it is of interest whether or not physical 

wear alone can cause a surface potential change on hair and other insulating materials. 
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It is known that interaction of hair with dissimilar materials, such as plastic combs, 

hands, and latex balloons, creates a charge on hair, and determining the mechanisms 

of this phenomenon is the purpose of this study.  A variety of samples are worn with a 

diamond tip to investigate the effect of physical wear on surface potential.  

Additionally, hair samples are rubbed with latex to study the effect of triboelectric 

charging on the microscale.  The surface potential is measured both prior to and after 

rubbing to observe how the surface charge changes. 

 Caucasian virgin (undamaged), chemically damaged, and mechanically damaged 

hair samples are studied to determine the effect of damaging treatments on surface 

charge properties. Samples treated with PDMS silicone conditioner as well as those 

treated with an amino silicone conditioner are also studied in some cases to determine 

the effect of conditioner treatment.  Finally, hair samples from subjects of varying 

ethnicities are used to examine any differences in properties due to ethnicity.
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CHAPTER 1 

INTRODUCTION 

 
 
 The desire for products that improve the look and feel of hair has created a 

huge industry for hair care. The ways in which common hair care products, such as 

conditioner, deposit onto and change hair properties are of interest in beauty care 

science, since these properties are closely tied to product performance. Conditioner is 

one hair care product which is very commonly used by consumers. Conditioner thinly 

coats hair and can cause drastic changes in the surface properties of hair. The layer of 

conditioner creates a softer, smoother feel for the consumer and provides a protective 

coating on the hair surface for prevention of future damage. Conditioner consists of a 

gel network chassis (cationic surfactant, fatty alcohols and water) for superior wet 

feel and a combination of conditioning actives (silicones, fatty alcohols and cationic 

surfactant) for superior dry feel.  Cationic surfactants are critical to the forming of the 

lamellar gel network in conditioner, and also act as a lubricant and static control agent, 

since their positive charge aids in counteracting the negative charge of the hair fibers. 

The cationic surfactants in the conditioners used in this study are quaternary amine-

based surfactants.  They have a low energy alkyl chain on one end of the molecule 

and relatively higher energy cationic group on the other.  Fatty alcohols are used to 

lubricate and moisturize the hair surface, along with forming the gel network. Among 
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all the components of conditioner, silicones are the main source of lubrication for dry 

hair.   

Fig. 1.1 shows the schematic structure of a human hair fiber and its various 

cellular structures (Feughelman, 1997; Morioka, 2005; Robbins, 1994; Zviak, 1986). 

Hair fiber (about 50-100 μm in diameter) consists of cuticle and cortex cells which 

run longitudinally along hair fiber. The cortex takes up the majority of hair fiber 

composition and the cuticle is the outermost region that protects the cortex. The 

cuticle consists of flat overlapping cells (scales). The cuticle cells are attached at the 

root end and they point forward toward the tip end of hair fiber, like tiles on a roof. 

Each cuticle cell is approximately 0.3 to 0.5 μm thick and the visible length of each 

cuticle cell is approximately 5 to 10 μm. The cuticle in human hair is generally 5 to 

10 scales thick.  
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Figure 1.1 (a) Schematic structure of human hair.[Robbins, 1994] ; (b) Schematic of 
outermost surface of hair showing 18-MEA location [Negri and Cornell, 1993]. 

 

Each cuticle cell consists of various sublamellar layers: the A-layer, the 

exocuticle, the endocuticle, and the cell membrane complex.  The cell membrane 

complex consists of a protein matrix and a lipid layer; see Fig. 1.1(b). The lipid layer 

consists of fatty acids, primarily 18-methyleicosanoic acid (18-MEA), which strongly 
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contributes to the hydrophobicity and lubricity of virgin hair.  This fatty acid is intact 

in virgin hair, but is removed during chemical treatment, causing a slightly 

hydrophilic and less lubricious surface for chemically damaged hair (Kamath et al., 

1978; Negri and Cornell, 1993; Molina et al., 2001; LaTorre and Bhushan, 2006a; 

LaTorre and Bhushan, 2006b; Lodge and Bhushan, 2006a; Lodge and Bhushan, 

2006b).  This is also the case for mechanically damaged hair, where the mechanical 

damage physically removes the top, hydrophobic layer of the hair.   

Previous studies have reported mechanical and tribological properties of hair 

using atomic force microscopy (AFM) in so called contact mode using a Si3N4 tip 

(LaTorre and Bhushan, 2005a; LaTorre and Bhushan, 2005b).  In this method the tip 

is in full contact with the hair sample and a constant normal load between tip and 

sample is maintained.  This causes a significant lateral force to exist between tip and 

sample, and creates the potential for damage to the sample.  Hair, like other biological 

samples in general, is rather compliant (Wei et al., 2005), and therefore tapping mode 

AFM is investigated as a more appropriate method for surface height imaging.  In this 

method, the AFM tip lightly taps the sample surface at a constant amplitude to gather 

information on the height of the sample surface.  In general, it is a much less 

destructive method, and results in a negligible lateral force between tip and sample.   

Table 1.1 shows contact angles for various hairs, human skin, Si3N4, and Z-

TETRAOL coating, and shows that Si3N4 is hydrophilic (contact angle ~ 35º) 

(LaTorre et al., 2006; Tao and Bhushan, 2006).  This allows the possibility of  
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significant meniscus force contributions to friction and adhesion when using a Si3N4 

tip in contact mode.  One of the most important interactions in hair care science is 

that between hair and fingers.   

 

 

 Contact angle (°) Surface energy (N/m) 
Human hair  - virgin untreated 
                      
                     - damaged  
                        brown coloring 
                        blond coloring 

103a 

100b 

 
60b 

55b 

0.024a   
0.028b 

 
0.038b 

0.047b 
PDMS (bulk) 105c 0.020d 

Human skin  - forehead 
                     - forearm                
  
                     - finger 

55e 
88e 
84f 
74f 
58g (before soap-
washing) 
104g (after soap-
washing) 

0.043e 

0.038e 
0.029f 
0.024f 
0.027g 
 

Si3N4 film 35b 0.047i  
Z-TETRAOL Coating 97j  

a Molina et al. (2001) 
b LaTorre et al. (2006) 
c Bhushan and Burton (2005) 
d Jalbert et al. (1993) 
e Lerebour et al. (2000) 
f Schott (1971) 
g Ginn et al. (1968) 
i Yanazawa (1984) 
j Tao and Bhushan (2005) 
 

Table 1.1 Contact angle and surface energy of relevant materials associated with 
nanotribological characterization of hair. 

 

This is because shampoo and conditioner are applied with the fingers, and 

achieving a smooth feel when running one’s fingers through one’s hair is a 
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fundamental goal of conditioner.  Untreated finger skin tends to be hydrophilic 

(contact angle ~ 74º) (Schott, 1971), while cleaned finger skin tends to be 

hydrophobic (contact angle ~ 104º) (Ginn et al., 1968).  For this reason, it is of 

interest to measure tribological properties with a hydrophobic tip in addition to the 

measurements previously taken with hydrophilic tips.  To create a hydrophobic Si3N4 

tip, a tip was coated with Z-TETRAOL as described by Tao and Bhushan (2006).  

The tip was dip coated in a Z-TETRAOL solution and baked to create a fully bonded 

Z-TETRAOL layer on the tip surface.  This process raised the contact angle to near 

97º. 

Mapping conditioner thickness gives a clear picture of where conditioner 

deposits on the hair surface.  Understanding how conditioner distributes and behaves 

on the hair surface is a critical insight into the mechanisms behind conditioner’s 

interaction with hair.  To obtain the local conditioner thickness distribution on various 

hair surfaces, force calibration plot measurements using an AFM are conducted. The 

conditioner thickness is extracted by measuring the forces on the AFM tip as it 

approaches, contacts, and pushes through the conditioner layer. 

Both tapping mode and contact mode images are created, and their 

corresponding power spectrum density function plots (PSDFs) are compared.  PSDF 

analysis gives a quantitative description of the size of surface features that are 

captured in both tapping mode and contact mode.  This helps indicate any instances in 

which small surface features are deformed due to interaction with the AFM tip.  

Conditioner thickness and adhesive force maps are also generated using a Si tip.   

This helps generate a better understanding of how conditioner changes surface 
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properties of hair, and what alterations to conditioner composition may improve 

product performance.  Also, coefficient of friction is measured and adhesive force 

maps generated using both coated and uncoated Si3N4 tips.  The location of 

conditioner deposits, effect of location on surface properties, and mechanisms behind 

the deposition and trends observed in the data are all thoroughly discussed. 

Another critical property in hair care science is the contact angle of hair with 

water.  Due to the fact that water is prevalent in the air, and conditioner and other hair 

products are applied in a wet environment, the wetting properties of hair are of 

interest.  It has also been shown that the contact angle of water on an AFM tip 

significantly affects the measured values of friction and adhesion using that tip 

(Lodge and Bhushan, 2006), as does the contact angle of water on the measured 

surface itself.  Similarly, the way in which damage and conditioner treatment affects 

the wetting properties of hair is also important in understanding the tribological 

properties of hair.  However, the size and geometry of a hair fiber make static contact 

angle measurement with a goniometer difficult and unreliable.  For this reason, 

dynamic contact angles are measured using the Wilhelmy balance method (Wilhelmy, 

1863) in which a microbalance is used to measure the wetting force.   This method is 

often used to measure wetting properties of thin fibers (Hoecker and Karger-Kocsis, 

1996).  Ecke et al. (1999) used an atomic force microscope (AFM) to study wetting 

of individual particles.  AFM has also more recently been used to measure the 

dynamic contact angle of carbon nanotubes (Barber et al., 2005).  In addition, the  
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Wilhelmy balance technique has been employed to study hair fibers (Kamath et al. 

1978; Molina et al., 2001), although the effect of conditioner treatment has not been 

previously studied.   

In the Wilhelmy balance method a single fiber is suspended from a 

microbalance.  A beaker of the wetting liquid sits on a stage below the fiber sample to 

be measured.  The liquid moves toward the fiber at a constant velocity (advancing 

mode) until the sample contacts the liquid surface.  The liquid then continues in the 

same direction, submerging the fiber to a specified depth (1 mm in this study), and 

then moves away from the fiber (receding mode) until the fiber is completely out of 

the wetting liquid.  The force exerted on the hair fiber is related to the contact angle 

of the fiber surface. 

The final property of interest in this thesis is the surface potential of hair.  

Electrostatic charge on hair significantly affects look, feel, and manageability.  To 

measure surface potential, Kelvin probe microscopy is employed.  Kelvin probe has 

been used in a variety of applications to measure surface potential.  Because of the 

sensitive nature of silicon to charge buildup and subsequent discharge which can 

damage small silicon parts, surface potential measurement has been of interest in the 

semiconductor industry.  Doping has been used to increase conductivity and ability to 

dissipate charge safely, and thus the Kelvin probe method is useful for studying these 

issues (Schroder, 2006).  The technique has also been used successfully to detect 

wear precursors from wear at very low load using AFM based Kelvin probe methods 

(DeVecchio and Bhushan, 1998; Bhushan and Goldade, 2000a, 2000b).  In these 

studies it has been shown that physical wear, even at the very early stages of wear, 
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creates a significant change in surface potential.  However, the results have only been 

proven for highly conducting samples and it is not clear whether physical wear on 

insulating samples could be responsible for a change in surface charge.  This 

distinction from previous results is critical because human hair is an insulating 

material. 

 Conditioner is known to affect the surface potential characteristics of hair, and 

understanding this behavior on the small scale is of great interest.  Similarly, the way 

in which various damaging treatments affect the measured surface potential of a hair 

will provide a new way to characterize the degree of damage.  Because surface 

potential of human hair is of such interest, Kelvin probe may provide great insight 

into the mechanisms behind electrostatic behavior of hair.  Similar studies have been 

conducted previously, but all measurement of surface potential has been qualitative or 

on the macroscale (Barber and Posner, 1958; Jachowicz et al., 1985; Lunn and Evans, 

1977; Mills et al., 1956).  This thesis seeks to quantify those measurements while 

observing charge distribution on the microscale, and more importantly to detail the 

mechanisms behind surface potential change. 

 It is obvious that during combing and running the hands through one’s hair 

that physical damage is likely to occur.  These actions also tend to create an 

electrostatic charge on the hair, and it is of interest whether or not the physical wear 

and the electrostatic charge are related, or if charge by other mechanism has been 

created, as has been shown in previous studies as mentioned above.  Therefore, the 

effects of physical wear on surface potential for both conducting and insulating 

samples are investigated to clarify the mechanism behind the behavior.  Further, 
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electrostatic charging of hair is studied by charging the hair with latex, a material that 

is known to create a static charge on hair.  The presence of this static charge in the 

real world is a major problem concerning hair manageability, so understanding the 

mechanisms behind charge buildup, and how to control it, is thus a focal point in 

designing effective hair care products such as conditioner.   
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 
 
 

 A commercial AFM system (MultiMode Nanoscope IIIa, Veeco, Santa 

Barbara, CA) was used in ambient conditions (22 ± 1 °C, 50 ± 5 % relative humidity) 

for all AFM measurements, except for those specifically stated to have occurred in 

different humidity conditions.  Contact mode images were taken using Si3N4 probes 

of 30-50 nm tip radius, at a normal load of 4-5 nN.  Tapping mode images were made 

using Si probes with 10 nm tip radius.  The cantilever was oscillated at its resonant 

frequency at an amplitude 90% of the amplitude in free air during imaging.  Figure 

2.1 shows a schematic diagram of the AFM. 

 

Figure 2.1 Schematic diagram of atomic force microscope (AFM). 
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 In contact mode, the tip scans over the sample in full contact with the sample, 

at a constant normal load.  While this allows for measurement of friction and 

adhesive forces, it also introduces the possibility for localized deformation of soft 

samples.  In tapping mode, the tip is oscillated near its resonant frequency, and only 

lightly taps the sample surface.  The control system seeks to maintain constant 

amplitude of these oscillations in this method.  A schematic of these different modes 

is shown in Figure 2.2.   

 

Figure 2.2  Schematic of contact mode and tapping mode AFM operation.  Tip 
remains in full contact throughout scan in contact mode, while in tapping mode the 
tip only lightly taps the sample surface as it scans. 
 
 

As tapping mode taps the surface, the lateral forces between sample and tip are 

reduced to near zero.  This prevents any sample deformation due to the lateral tip 

interaction, and is generally capable of capturing more high frequency data from the 

sample surface (Bhushan et al., 1997).  The contrast between these two operating 

modes is shown in Figure 2.2.  Both microscope modes are employed in this thesis. 
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2.1 Friction, adhesion, and conditioner thickness measurements 

 Friction force was measured based on a method by Bhushan (1999, 2002).  

Coefficient of friction values reported in this study were taken along the length of the 

hair shaft, away from cuticle edges.  Values taken perpendicular to the hair shaft were 

found to display no significant difference to those taken along the length of the shaft.  

Therefore, measurements were made along the length of the shaft due to the greater 

simplicity as a result of the geometry of the hair.  The normal load was varied from 

approximately 4 nN to 40 nN, roughly in increments of 5 nN, and friction force was 

measured at each normal load.  The friction force was plotted as a function of normal 

load, and the average coefficient of friction was taken to be the slope of the line fit to 

this data. 

To measure adhesion, the force calibration plot method was used.  In the force 

calibration plot technique, the AFM tip is brought into contact with the sample by 

extending the piezo vertically (from point A to point E), then retracting the piezo to 

separate the tip from the sample (from point E to point H, then back to point A) as 

shown in Figure 2.3(a). The method is described in detail by Bhushan (1999a, 1999b, 

2002, 2004). 
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 Figure 2.3  (a) A typical force calibration plot for commercial conditioner 
treated (3 cycles) hair.  Snap-in distance, Hs, is a measure of film thickness on sample 
surface. ; (b) Schematic diagrams of the AFM tip, conditioner and hair surface at 
different tip sample separations as labeled in 2.3(a). 
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The force calibration plot allows measurement of the deflection of the 

cantilever as a function of the piezo position at a distinct point on the sample surface. 

Fig. 2.3(a) shows a typical force calibration plot curve for commercial conditioner 

treated hair. From this plot, the conditioner thickness and adhesive force can be 

extracted. The snap-in distance Hs, which is proportional to the real film thickness, is 

the horizontal distance between point B and point D; and the adhesive force Fa (on 

retract curve), which is the force needed to pull the sample away from the tip and is 

the sum of van der Waals force Fvdw mediated by adsorbed water or conditioner layer 

and the meniscus force Fm due to Laplace pressure ( a vdw mF F F= + ), can be calculated 

from the force calibration plot by multiplying the spring constant with the vertical 

distance between point B and point F.  

The meniscus force Fm is given by  

 2 (1 cos )mF Rπ γ θ= +    Eq. 2.1 

where R is the tip radius, γ is the surface tension of the conditioner, and θ is the 

contact angle between the tip and conditioner.  The interaction between tip and 

sample is shown more closely in Figure 2.3(b).  As can be seen from this figure, there 

may be some controversy between whether point B or point C is the more appropriate 

point to measure from.  Point B is the point just before the tip and film layer come in 

contact.  At point C, a meniscus bridge has formed between tip and sample, and they 

are already in contact.  Because the depth at which the tip has already penetrated into 

the film layer at point C is not known, point B is used in this work.  It is obvious that 

point B will overestimate the film thickness.  From this study it is determined that the 

film thickness is overestimated approximately 1-2 nm.   
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Consequently, by taking a force calibration plot at discrete sampling intervals 

over an entire scan area, conditioner thickness, and adhesive force maps can be 

created to display the distribution and variation over the surface. In this study, the 

force curves were collected at the same maximum cantilever deflection (relative 

trigger mode), at each point at 64 × 64 array (total 4096 measurement points) with 

each force curve sampled at 64 points over a scan area of 2 × 2 μm2 for all hair 

samples. A custom program coded in Matlab was used to calculate and display 

conditioner thickness and adhesive force maps. 

 Friction force was measured with a Si3N4 tip on a flexible cantilever of spring 

constant 0.06 N/m to minimize damage to the sample.  Adhesive force maps taken 

with the Si3N4 tip were done with a cantilever of stiffness 0.58 N/m.  This cantilever 

was chosen because large adhesive forces were expected, and the more flexible 

cantilever was unable to measure forces this high.  Conditioner thickness 

measurements were made with FESP (force modulation etched Si probe) tips (100 nm 

radius1, spring constant of 5 N/m), using the force calibration plot technique (“force-

volume mode” of the nanoscope software).  It should be noted that adhesive force 

maps were created using both the aforementioned Si tip during conditioner thickness 

measurement and the aforementioned Si3N4 tip.  These different tips were chosen for 

the reasons described above, as well as to aid in comparison with results reported 

from previous studies.  The results of this study show that using a different type of tip 

results in different adhesive forces as measured.  This is due to the difference in  

                                                 
1 Si tip radius is initially 10-20 nm.  Because Si is brittle, when engaged in contact mode, tip will break 
and dull significantly.  Radius measured after measurement was found to be near 100 nm. 
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material and geometry of the tips.  It should be understood that the adhesive force 

results from two different types of tip should not be compared with one another, and 

should only be compared with results obtained using the same type of tip. 

 

2.2   Dynamic contact angle measurements 

To measure dynamic contact angle, the Wilhelmy balance method was used.  

In the Wilhelmy balance method a single fiber is suspended from a microbalance, 

shown in Fig. 2.4.   

 

Figure 2.4  Schematic diagram of Wilhelmy balance technique measurement setup, 
and zoomed view of sample mounting. 

 

A beaker of the wetting liquid sits on a stage below the fiber sample to be 

measured.  The liquid moves toward the fiber at a constant velocity (advancing mode) 

until the sample contacts the liquid surface.  The liquid then continues in the same 
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direction, submerging the fiber to a specified depth (1 mm in this study), and then 

moves away from the fiber (receding mode) until the fiber is completely out of the 

wetting liquid.  The force exerted on the hair fiber is related to the contact angle of 

the fiber surface by the following equation: 

F = γPcosθ + W - ρgyA     Eq. 2.2 

 F = measured force 

 γ = surface tension of wetting liquid 

 P = wetted perimeter of fiber at liquid/air interface 

 θ = contact angle of fiber surface 

 W = weight of fiber 

 ρ = density of wetting liquid 

 y = immersion depth 

 A = cross sectional area of fiber 

  

The first term in Eq. 2.2 is the wetting force acting on the fiber, the second is the 

weight of the fiber, and the third represents the buoyancy force on the fiber.  The 

weight of the fiber is tared prior to measurement, and the buoyancy is neglected as it 

is several orders of magnitude smaller than the measured force.  With the preceding 

assumptions, the relation reduces to: 

F = γPcosθ      Eq. 2.2(a) 

A Cahn DCA-322 Dynamic Contact Angle Analyzer was used in this study.  

This device employs a microbalance to measure the wetting force as described above 

and shown in Figure 2.4.  Tests were carried out in a 50-60% relative humidity and 22 
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+ 1 ºC environment.  Samples were exposed to this environment for a minimum of 30 

minutes prior to measurement to allow them to equilibrate.  All water contact angle 

measurements were taken using deionized water.   

 As previously mentioned, the force measured by the microbalance is related to 

the contact angle of the sample surface by Eq. 2.2(a).  However, this relation makes 

assumptions which must be discussed.  The fiber is assumed to be normal to the 

liquid surface, but due to the natural curl of most hairs, mounting the hair exactly 

normal to the liquid surface is nearly impossible.  An off-normal fiber has the effect 

of producing a larger actual wetted perimeter than one calculated using the nominal 

diameter of the hair.  To deal with this issue, the wetting perimeter is measured by 

employing the same technique with a liquid of known contact angle.  In this study, 

octane was used, as it is believed to completely wet the solid surface due to its low 

surface tension and apolarity, and thus a contact angle of zero is assumed.  The octane 

used in this study was reagent grade (95% pure, minimum) octane supplied by Fisher 

Scientific.  This technique is employed with a similar liquid, decane, by Molina7 et al.  

Error analysis indicates that even if these liquids do not have a contact angle of zero, 

the error that results is acceptable.  The largest error would arise for measured contact 

angle closest to 45º.  For this study, this corresponds to an angle of around 70º, with a 

cosine of 0.342.  If the actual contact angle of this sample with octane is 30º, the 

actual contact angle with water is 66.7º, giving slightly less than 5% error in the 

calculated contact angle.  The other extreme found in this study, 103º (contact angle 

of virgin hair with water), gives an error of only 2% for the conditions stated above.  

This error is considered acceptable and thus measuring perimeter by immersion in 
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octane is used throughout this portion of the research.  With the only unknown left in 

Eq. 2.2(a) being the wetted perimeter, this value can be calculated.  In this study hair 

fibers were tested in water first, then in octane to obtain perimeter data.  It should be 

noted that it is also possible that an off-normal fiber will flex during immersion 

bringing it normal to the liquid surface, thus negating any issues that arise with an 

off-normal fiber. Though this behavior was not monitored and can not be confirmed, 

the use of octane to measure perimeter and the possibility of fiber flexure make off-

normal effects negligible. 

 Similarly, if the force is large enough to cause the hair fiber to buckle, an off-

normal effect will exist.  Only hydrophobic fibers will have this problem as the 

wetting force will be compressive, whereas it is tensile for hydrophilic fibers. The use 

of octane to alleviate this issue is not sufficient since the buckling in water does not 

necessarily imply buckling in octane, thus the wetted perimeter measured in octane 

would be different than in water.  Therefore the experiment was designed to ensure 

buckling did not occur.  The buckling issue is analyzed by using the Euler buckling 

equation13: 

Pcr = π2EI/Le
2     Eq. 2.3 

    Pcr = critical buckling load 

    E = tensile elastic modulus of hair fiber 

    I = area moment of inertia of circular cross section 

    Le = unsupported length of hair 

To design the experiment so buckling does not occur, a maximum unsupported fiber 

length was calculated.  The modulus of elasticity used was 3 GPa, which is a 
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conservative estimate based on the 3.89 GPa reported by Robbins3.  The maximum 

compressive force measured in this study was approximately 4 μN.  Finally, a 

conservative fiber radius of 15 μm was used to calculate the moment of inertia, as this 

is the minimum radius observed.  Using these values the critical unsupported fiber 

length at which buckling would occur is approximately 17 mm.  To prevent buckling 

and to obtain the straightest fiber possible, an unsupported length of 5 mm or less was 

used.    

 Additionally, significant hysteresis is observed for the advancing and receding 

modes.  Fig. 2.5 shows a typical force plot for virgin hair.   

 

 Figure 2.5  A typical force curve for virgin hair showing advancing and 
receding regions. 
 

 It should be noted that a negative value of force indicates an upward 

(compressive) force on the fiber, indicating the fiber is hydrophobic.  A positive force 

indicates a downward (tensile) force on the fiber, indicating it is hydrophilic.  The 

hysteresis is quite obvious here as the advancing mode shows a much lower force 

than does the receding mode.  The reason for this is shown in the cartoon of Fig. 2.6.  
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 Figure 2.6  Schematic of liquid/hair interaction during measurement process.  
Advancing direction correlates to contact angle values of the hair surface away from 
the scale edge.  Receding direction correlates to values that are heavily influenced by 
scale edge contributions.  Receding direction also influenced by liquid properties 
(Lam, 2001). 
   

 During advancing mode, the wetted perimeter is that of the general surface of 

the cuticle scales, away from the scale edges.  During receding mode, the opposite is 

true, and the wetted perimeter tends to exist at the scale edges.  Due to the fact that 

the scale edges are more prone to mechanical damage from handling, they are more 

likely to have the hydrophobic top layer removed exposing the hydrophilic 

underlayers.  Likewise, the scale edge surfaces are very far from normal to the liquid 

surface, often times they are almost parallel, whereas the hair surface away from the 

edges is very close to normal.  Because the fiber surface must be normal to the liquid 

surface to employ the Wilhelmy technique, measurements which are heavily 

influenced by the scale edges are not accurate and are therefore not used in this study.  

Similar arguments for this hysteresis are given by Kamath5 et al. and Molina7 et al.  

Additionally, a study by Lam14 et al. suggests that receding contact angles are 
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influenced by wetting liquid properties, and are not a function of the solid surface 

alone.  For these reasons, only advancing contact angles are used as they more 

accurately reflect the wetting properties of the hair surface.   

 The following values for surface tension were used15: 

γwater = 72.2 dyne/cm 

γoctane = 22.0 dyne/cm 

 

2.3 Surface potential measurements 

 All surface potential measurements were taken with a MultiMode atomic 

force microscope equipped with Extender Electronics module (Veeco Instruments).  

The Extender allows for surface potential measurements to be taken.  Surface 

potential measurement is conducted using a two pass method.  In the first pass, 

surface topography is measured using the standard AFM tapping mode.  In the second 

pass, the tip is scanned over the previously measured topography at a specified 

distance above the surface.  In this study that distance is 10 nm.  A schematic of both 

passes is shown in Fig. 2.7.   
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 Figure 2.7  Schematic of first pass of Kelvin probe technique measuring 
surface height [Bhushan and Goldade, 2000a], and second pass measuring surface 
potential [Bhushan and Goldade, 2000a]. 
 

 In the second pass the piezo normally oscillating the tip in tapping mode is 

turned off.  Instead an oscillating voltage is applied directly to the conducting tip 

which generates an oscillating electrostatic force.  The oscillating force has amplitude 

described by the following equation: 

F = dC/dz vdc vac     Eq. 2.4 

  dC/dz – vertical derivative of tip-sample capacitance 

  vdc – dc voltage difference between tip and sample 

  vac – amplitude of oscillating voltage applied to tip 

 

To measure the surface potential, a dc voltage is applied to the tip until vdc is equal to 

zero, giving zero oscillating force amplitude.  Thus the surface potential at that point 

will equal the dc voltage applied to the tip to give zero oscillating force amplitude.  In 
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this study Veeco probes MESP (Co/Cr coated Si) and SCM-PIT (Pt/Ir coated silicon) 

were used as the probe must be conductive to employ the Kelvin method.  MESP tips 

were used for experiments employing the external voltage source and SCM-PIT were 

used for wear and latex rubbing experiments.  Kelvin probe parameters were 

optimized using the scheme presented by Jacobs et al. (1998). To do this, an external 

function generator was used to apply a square wave to the sample.  Jumper settings on 

the microscope to apply external voltage are shown in Fig. 2.8.  These settings were 

used for optimization and for applied potential experiments.   

 

 Figure 2.8  Jumper configuration and resulting electrical circuit setup during 
optimization procedure [Jacobs et al., 1999](courtesy of Veeco Instruments Inc., 
Support Note 231, Revision E). GND – ground; OSC – oscillating signal applied to 
tip; DC – DC bias applied to tip. 
 

 Wear and triboelectric charging experiments were conducted with jumper 

settings as shown in Fig. 2.9. 
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 Figure 2.9  Jumper configuration during surface potential measurement for 
wear and triboelectric charging data. 
 

 Kelvin probe measurements are affected by a variety of parameters.  

Physically it is the contact potential difference between tip and sample that is being 

measured.  This is the difference in work function between the tip and sample.  Thus 

any change in work function will be apparent in the surface potential image as 

measured with Kelvin probe microscopy.  Physical or chemical differences between 

local surface structures and temperature variations along a surface are some of the 

more common parameters influencing the measurement.  In dielectrics, trapped 

charges will also play a role as will chemical or physical variations along the surface.  

Additionally the work function of the tip electrode is an obvious factor, as it is the 

difference in work function that is being measured.  This explains why a measured 

value of 0 V is not often observed when an applied voltage is absent.  A measured 

value near 0 V is only likely in situations where the tip and sample have similar work 

functions.  Because potential difference is what is being measured, any of the  
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aforementioned parameters may also affect the tip and cause similar variations in the 

measured surface potential.  For this reason, tips are changed regularly to avoid using 

tips which have been physically altered due to overuse.   

 Samples were mounted in conductive silver paint in most cases.  In latex 

rubbing experiments, a piece of electrical tape was place on the sample puck, and 

then the sample was mounted in Liquid Paper.  This was done to isolate the sample 

from ground to prevent discharging prior to measurement.  To apply charge, an 

external power supply was connected to the microscope piezo cap through jumpers 

located in the microscope base.  The jumper configuration and resulting electrical 

circuit schematic are shown in Fig. 2.8 as previously discussed.  To produce applied 

potential results, the tip was engaged and an initial scan was made with 1V applied to 

the sample.  At the completion of the scan the voltage was raised to 2V.  At the 

completion of the 2V scan, the external power supply was turned off to collect a 0V 

scan.  This sequence of applied voltages allowed both charging (1V-2V) as well as 

discharging (2V-0V) characteristics to be observed.  

 To check the accuracy of the technique, a sample of gold film on glass was cut 

with a razor blade across the top and through the gold film to the glass.  This created 

two electrically isolated gold pads approximately 40 μm apart.  Leads were connected 

with silver epoxy to each pad and one volt was applied across them.  This is shown in 

Fig. 2.10.  This figure shows that the topography of the gold surfaces is similar on 

both sides, but the surface potential is clearly one volt apart.  A profile of the surface 

potential map is also shown for clarity (the two traces on this figure are trace and 
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retrace paths of a single profile).  This measurement confirmed the validity and 

accuracy of the technique. 

 

 Figure 2.10  AFM images showing isolated gold pads with one volt applied 
across.  Surface potential image and profile clearly show one volt difference is 
measured by Kelvin probe method. 
 

 Several scans were made on a silicon grating with trenches approximately 500 

nm deep to investigate the effect of topography on surface potential measurements.  

500 nm is the average height of a cuticle scale edge on a human hair.  Fig. 2.11 shows 

a scan made perpendicular to the major height change on these features, and a scan 

made parallel to the major height change.  It is obvious from these features that a 

topography effect exists, causing error in the surface potential image.   
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 Figure 2.11  AFM images of silicon calibration grating with tip scanned 
perpendicular to trenches showing topography effect (trench depth is ~500 nm), and 
AFM images of silicon calibration grating with tip scanned  parallel to trenches 
showing absence of topography effect. 
 

The surface potential in the 0º scan of Fig. 2.11 is clearly more negative as the tip 

goes down the feature, and more positive as the tip goes up the feature, as the tip 

moves left to right.  However, the 90º scan of Fig. 2.11 shows very little contrast in 

potential around the edges of the trenches.  This indicates that the potential contrast 

seen in the 0º scan is merely an artifact caused by the topography and is not a real 

surface potential change.  Fig. 2.12 shows a much smaller trench approximately 40 

nm deep.  This figure shows that smaller features do not suffer from the topography 

effect nearly as much.   



 30

 

 Figure 2.12  AFM images of small groove (depth ~40 nm) with tip scanned 
perpendicular to the groove showing less of an effect from topography. 
 

For this reason the contrast in surface potential seen around cuticle scale edges of 

human hair, seen in AFM images presented later in this study,  is ignored as it is 

likely a result of the topography effect discussed here.  This effect of topography on 

measured surface potential is similar to an effect previously reported (Efimov and 

Cohen, 2000). 

 

2.4 Samples 

 In this thesis, chemically damaged as well as virgin(undamaged) samples are 

studied.  Additionally, samples both treated with PDMS (poly(dimethylsiloxane)) 

silicone conditioner and those left untreated are used.  In some cases, virgin samples 

with severe cuticle damaged (mechanically damaged) and chemically damaged 

samples treated with amino silicone conditioner were studied.  All hair samples were 

prepared per Appendix A.  The PDMS silicone conditioner physically attaches to the 

hair surface, and thus remains mobile on the surface.  Because of this, it constantly  
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redistributes and tend to coat the hair unevenly.  Amino silicone conditioner is 

believed to chemically attach to the hair and therefore it coats evenly and remains on 

the hair surface without redistributing. 

 In surface potential studies, a variety of baseline samples were studied.  Single 

crystal aluminum, metal particle (MP) magnetic tape, and bulk PDMS were used.  

The aluminum sample had a mirror polish finish and was cleaned in acetone in an 

ultrasonic bath for 20 min. prior to measurement.  The remaining baseline samples 

were not treated prior to measurement.  All samples were mounted in silver paint 

unless otherwise noted. 
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CHAPTER 3 

RESULTS AND DISCUSSION 
 
 
3.1   Contact mode and tapping mode comparison 

 Initial testing to compare contact mode and tapping mode was done on virgin 

and damaged treated (3 cycles) samples.  These samples were chosen because they 

represent the least altered and the most altered hair samples, respectively.  5 x 5 µm 

images were taken at a scale edge, as well as 2 x 2 µm images away from any scale 

edges.  Additionally, power spectrum density functions (PSDF) were plotted to show 

the frequencies of the captured data.  These images are shown in Fig. 3.1.   
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 Figure 3.1  Surface height maps, and corresponding power spectrum plots for 
virgin and damaged treated (3 cycles) samples.  5 x 5 µm image at scale edge as well 
as 2 x 2 µm image away from scale edge are included.  PSDFs show that tapping 
mode measures more high frequency data than does contact mode, especially for the 
treated sample. 
 

 These images show that obtaining higher resolution image was possible using 

tapping mode.  The PSDFs also show interesting results.  For the 5 x 5 µm images 
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there does not seem to be much difference in the frequency spectrum between contact 

mode and tapping mode.  However, this is not the case for the 2 x 2 µm images.  In 

the case of virgin hair, there is slightly more high frequency information present in 

the tapping mode image than in the contact mode image.  In the damaged treated (3 

cycles) sample, however, there is significantly more high frequency data being 

captured in tapping mode, and this is very obviously shown by the PSDF for this case.  

Because both image sizes use the same number of data points, the 5 x 5 µm images 

have significantly lower resolution that the 2 x 2 µm images, making it difficult to 

distinguish differences in the high frequency information, which is the goal of this 

study.  Therefore, only 2 x 2 µm images away from the scale edge will be considered 

for the remaining 3 samples. 

 Fig. 3.2 shows surface height maps for all samples and their corresponding 

PSDF plots.   
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 Figure 3.2  2 x 2 µm surface height images away from scale edge for all 
samples, measured in both contact mode and tapping mode, and their corresponding 
PSDFs. 
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Sample Contact mode (nm2) Tapping mode (nm2)
Virgin 5.8 9.3
Virgin treated 2.7 5.1
Chemically damaged 6.1 10.3
Chemically damaged treated (1 cycle) 2.5 5.3
Chemically damaged treated (3 cycles) 1.3 42.5

 
Table 3.1 High frequency power (> 10 cycles/um) for 2 x2 µm surface height maps 
away from scale edges 
 

 To compare the frequency data more easily, the power above 10 cycles/µm for 

each sample is tabulated in Table 3.1.  Figure 3.2 and Table 3.1 clearly show that 

more high frequency information is captured with tapping mode than with contact 

mode.  This is due to the fact that contact mode deforms nanoscale features on the 

hair surface, and thus is unable to image these small features.  Tapping mode is less 

destructive by nature, and thus is able to capture these small features, resulting in 

higher frequency data.  It is observed from the data that while every sample shows 

more high frequency data for tapping mode, this outcome is most pronounced for 

treated samples, especially damaged treated (3 cycles), which is believed to have the 

most evenly distributed conditioner layer, and thus gives the highest probability that 

the tip is scanning over conditioner deposits rather than the cuticle surface.  This 

suggests that the high frequency information is an indication of conditioner on the 

hair surface.  A reason for this is that meniscus bridges between the tip and 

conditioner layer may be caused creating surface features on the conditioner layer 

which are as small as the silicon tip itself.  These tiny features could explain the high 

frequency data obtained.  It should be noted that the differences in frequency spectra 
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between different samples in contact mode will not show the same relation as in 

tapping mode.  The conclusion that high frequency data is an indication of 

conditioner presence is only valid with tapping mode data because contact mode will 

cause deformation of the small features leading to the high frequency data.  Therefore, 

as is observed, treated samples will appear smoother (less high frequency data) than 

untreated samples in contact mode, but will exhibit more high frequency data than 

untreated samples in tapping mode. Similarly, features are observed visually on the 

treated samples imaged in tapping mode that are absent on the untreated samples, and 

are never seen in contact mode images.  Again this suggests that what is being 

observed are actual conditioner deposits.  It is then concluded that because of its non-

destructive nature, tapping mode is able to image actual conditioner deposits, making 

it possible to visually observe where conditioner remains on the hair surface.  This is 

in contrast to contact mode, where conditioner deposits are never seen visually in the 

surface height maps.  This is due to the fact that contact mode allows for localized 

plowing of the soft conditioner deposits.  Conditioner deposits are therefore not 

captured in the surface height maps using contact mode.   

 Previous studies have suggested that the majority of conditioner remains near 

the scale edge bases after application8.  These claims have been made based on 

friction and adhesion data showing higher friction and adhesion at the scale edge 

bases.  Due to the fact that tapping mode is able to image conditioner deposits, 

whereas contact mode is not, images were taken at the scale edge bases at a high 

magnification (2 x 2 µm) in tapping mode, as shown in Figure 3.3.   
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 Figure 3.3  Tapping mode surface height images of 2 x 2 µm size at scale 
edge.  Arrows indicate locations of visible conditioner deposits. 
 

 The features previously found on treated samples, and determined to be 

conditioner deposits, are seen in large amounts near the scale edge bases of these 

images.  These areas are shown with arrows in the figure.  The damaged treated (3 

cycles) sample shows a higher presence of conditioner than does the damaged treated 

(1 cycle) sample.  This is expected as it is believed that the sample treated with 3 

cycles of conditioner maintains a thicker conditioner film than does the sample 

treated with only 1 cycle.   
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 While tapping mode gives an indication of conditioner on the hair surface, Si 

is hydrophilic, and therefore may pick up and transfer conditioner as it scans the 

surface.  For this reason it should be understood that conditioner deposits as they 

appear in the surface height maps have likely been altered or moved on the hair 

surface by the tip itself.  However because tapping mode does not alter the 

conditioner deposits by plowing in the lateral direction, it is still capable of imaging 

conditioner deposits whereas contact mode is not.   

 

3.2   Conditioner thickness and adhesive force mapping 

 To help further understand where conditioner deposits on hair surface, 

mapping conditioner thickness is performed.  Figure 3.4(a) shows typical force 

calibration plots (extend direction only) for damaged, damaged treated (1 cycle), and 

damaged treated (3 cycles) samples.  These plots demonstrate the effect a conditioner 

film has on the tip/sample interaction.  Figure 3.4(b) shows force calibration plots for 

a damaged treated (3 cycles) sample both at the scale edge base, and away from the 

scale edge.   
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 Figure 3.4  (a) Typical force calibration plot (extend portion only) showing 
the difference between damaged samples with varying levels of conditioner 
treatment. ; (b) Typical force calibration plot (extend portion only) showing the 
difference for damaged treated (3 cycles) at the scale edge base and away from the 
scale edge.  The attractive forces are believed to be unaffected by the thickness of the 
conditioner layer, and the tip easily passes through the conditioner, lending to the 
similar values of force for both samples. 
 

 It is evident from this figure that the conditioner thickness is much higher at 

the scale edge base than it is on the surface away from the scale edge.  This supports 
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previous claims that the majority of conditioner remains at the scale edge base, as 

discussed earlier.  Similar plots were taken as discrete points, per the explanation in 

section 2.1 of this thesis, to create thickness and adhesion maps, which are shown in 

Figure 3.5.    
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 Figure 3.5  Film thickness and adhesive force maps for all samples.  Maps are 

for areas of 2 x 2 µm size, away from scale edges.  Histograms of thickness 

distribution are also shown. 
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 Virgin hair shows a mean thickness of 1.1 nm, with a very narrow distribution.  

The outermost layer of virgin hair surface is made up of fatty acid, as previously 

discussed2, 3, 5, which makes the hair surface hydrophobic (contact angle is about 

103˚)5.  Due to its hydrophobicity, virgin hair surface is absent of any water film, and 

therefore film thickness on the surface is measured as very low.  Damaged hair, 

however, is slightly hydrophilic due to the removal of the fatty acid layer during 

damaging process (contact angle 50-80˚)5.  Therefore, a continuous water film may be 

present, which explains the slightly higher mean film thickness of 1.8 nm and slightly 

wider distribution.  The results of virgin and damaged samples show a finite thickness 

will be measured even in the absence of conditioner for the reasons stated above.  

However, as previously discussed, it is known that this technique overestimates the 

film thickness.  Based on the results from virgin and damaged samples this 

overestimation is determined to be 1-2 nm.  Virgin treated and damaged treated (1 

cycle) samples are comparable and are measured to have 4.4 nm and 4.6 nm mean 

film thickness, respectively.  Additionally, they have distributions 2-3 times wider 

than the untreated samples.  As was previously suspected damaged treated (3 cycles) 

sample has the highest mean thickness at 5.7 nm with a distribution slightly higher 

than the other treated samples.  Local maxima on the general hair surface away from 

cuticle edges on all treated samples were observed to reach as high as 25 nm (data not 

shown).  The distribution of thickness widens with increased conditioner cycles 

because the conditioner is believed to distribute unevenly on the hair surface.  

Therefore as more conditioner is deposited on the hair surface, the range of 

thicknesses grows.  The adhesive maps show similar trends with untreated samples 
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having low adhesion, and treated samples having higher and increasing with 

additional conditioner applications.  As the amount of conditioner on the hair surface 

increases, the possibility of creating a meniscus bridge between tip and sample 

increases.  When such a meniscus bridge is created, the meniscus force (given by Eq. 

2.1) will dominate the adhesion.  This adhesive mechanism explains the trend of 

higher adhesive force with more conditioner application.  This data is also shown in 

Table 3.2.   

 

Sample Conditioner Thickness (nm) 
Adhesive 
Force (nN) 

Virgin 1.1 + .5 51 + 7
Virgin treated 4.4 + 1.7 86 + 32
Chemically damaged 1.8 + .7 53 + 9
Chemically damaged treated (1 cycle) 4.6 + 1.3 92 + 24
Chemically damaged treated (3 cycles) 5.7 + 1.9 101 + 29

 
Table 3.2 Mean conditioner thickness and adhesive force values 
 

 As previously stated, the majority of conditioner is thought to remain near the 

scale edge bases on the hair surface.  To verify this, thickness maps were created at 

scale edges, as is shown in Figure 3.6.   
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 Figure 3.6  Surface height maps and corresponding film thickness maps for 
damaged samples of varying conditioner treatment.  Thickness maps clearly show 
that conditioner deposits heavily at scale edge base. 
 

 Damaged sample is shown as a baseline, demonstrating that the increase in 

measured thickness at the scale edge base is a real increase in conditioner thickness, 

and not an effect of the scale edge itself.  The thickness maps of damaged treated (1 

cycle) and damaged treated (3 cycles) clearly show a higher film thickness at the edge  
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of the scale, which is shown by comparing the thickness maps to their corresponding 

height maps.  Conditioner thickness at the scale edge base was found to be 30-100 nm 

in depth (data not shown).   

 As previously stated, conditioner may be picked up by the hydrophilic Si tip, 

and consequently transferred on the surface.  However, it is assumed that the amount 

of conditioner picked up by the tip is small, and remains relatively constant 

throughout the measurements.  This being the case, the slight overestimation in film 

thickness due to conditioner remaining on the tip will remain constant, and the 

difference between thickness at the scale edge and that away from the edge remains 

accurate.   

 

3.3   Friction and adhesion measured with hydrophobic tip 

Because the interaction of hair with finger skin is extremely common in the 

real world, measuring friction and adhesion by simulating this interaction is of 

interest.  As previously discussed, uncleaned finger skin tends to be hydrophilic while 

cleaned finger skin tends to be hydrophobic.  For this reason it is of interest to 

measure tribological properties with a hydrophobic tip, in addition to the previous 

work with hydrophilic tips.  Fig. 3.7 shows the adhesive force maps made with the 

coated tip and with an uncoated tip, and the corresponding average adhesive force 

values.  The adhesive force data is summarized in Table 3.3 and also in Fig. 3.8(a).  

Figure 3.8(b) presents a summary of coefficient of friction data measured both with 

an uncoated and a coated tip.   
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 Figure 3.7  Adhesive force maps over 2 x 2 µm area away from scale edges 
taken with coated, hydrophobic Si3N4 tip as well as uncoated Si3N4 tip. 
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  Coefficient of friction Adhesion 
Sample Uncoated Coated Uncoated Coated 
Virgin .03 + .001 .03 + .006 25 + 5 28 + 7 
Virgin treated .03 + .009 .02 + .004 32 + 5 25 + 6 
Chemically damaged .22 + .03 .05 + .004 39 + .5 31 + 9 
Chemically damaged treated 
(1 cycle) .05 + .01 .02 + .001 66 + .7 31 + 6 
Chemically damaged treated 
(3 cycles) .05 + .02 .03 + .006 54 + 33 30 + 7 

Table 3.3 Coefficient of friction and adhesion measured with both coated and 
uncoated tips 
 

 

 Figure 3.8  (a) Comparison of coefficient of friction taken with both coated 
and uncoated tips ; (b) Comparison of adhesive force taken with both coated and 
uncoated tips.  Uncoated tip adhesive force data is taken from LaTorre and Bhushan  
(2005b). 
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The data in Fig. 3.8 shows that there is no obvious trend in friction or 

adhesion as a function of conditioner application when measured with a coated tip.  

This is in strong contrast to the values measured with the uncoated tip.  For uncoated 

tip measurements, friction tends to decrease with conditioner application, and 

adhesive force tends to increase.   

In general there is only a slight decrease in friction, for all but the chemically 

damaged sample, between values measured with a coated tip and those measured with 

an uncoated tip.  This trend, shown in Fig. 3.8(b), can be attributed to the lubricating 

properties of Z-TETRAOL and the variability of human hair.  However, the 

difference in coefficient of friction values for damaged hair is clearly a result of 

meniscus forces being absent in the coated tip scenario.  Because chemically 

damaged hair is hydrophilic11, when measured with a hydrophilic tip meniscus forces 

strongly contribute to the friction.  When measured with a hydrophobic tip, however, 

this large increase in friction force in damaged hair is not observed.  This clearly 

shows the large effect meniscus forces play in the trends observed in friction on the 

nanoscale.  It should be noted that the same trend is not observed in virgin hair 

because virgin hair is slightly hydrophobic, so meniscus forces will not be nearly as 

significant, regardless of tip contact angle.   

Adhesive force results shown in Fig. 3.7 and Fig. 3.8(a) indicate the same 

mechanisms determined from coefficient of friction results.  Again, virgin hair is 

hydrophobic, so the contact angle of the tip will not have a significant effect on the 

results.  However, it is observed that for a hydrophilic uncoated tip, adhesive force 

increases significantly with conditioner application for damaged samples.  This is not 
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the case when measured with a coated tip, as adhesive forces remain relatively 

constant for all samples when measured with the coated tip.  This again suggests that 

meniscus forces contribute significantly to adhesion on the nanoscale.  With the 

addition of conditioner to the damaged hair surface, meniscus bridges between the 

hydrophilic tip and conditioner will form, greatly increasing the force required to pull 

the tip from the surface.  When a hydrophobic tip is used, this is not observed, as is 

expected.   

 

3.4   Dynamic contact angle 

3.4.1   Directionality dependence 

 There are two significant directionality effects using the Wilhelmy balance 

technique.  The first is the contrast between forces measured in the advancing 

direction and those measured in the receding direction.  This issue has been discussed 

in section 2.2, and will not be discussed further here.  The other involves the 

orientation of the hair fiber in the measurement setup.  Caucasian virgin samples were 

measured in both fiber orientations and compared, as shown in Fig. 3.9.   
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 Figure 3.9  Force curves and average advancing contact angle values for 
virgin hair in both against scale (AS) and with scale (WS) orientations.  Contact angle 
value is observed to be lower for the WS direction. 
 

 It is evident here that fibers oriented in the with scale (WS) orientation exhibit 

lower advancing contact angles than those in the against scale (AS) orientation.  The 

reason for this is shown in Figure 3.10.  Here it is shown that for the advancing 

direction, the AS orientation creates a situation in which the liquid does not come in 

contact with the scale edges at the liquid/air interface.  However, for the WS 

orientation, the scale edges are fully wetted at the liquid/air interface as the hair 

pushes through the liquid surface.  Being that the scale edges are far more prone to  
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mechanical damage than the cuticle surface away from the edges, and all hair samples 

will exhibit some degree of mechanical damage which is unavoidable due to handling, 

the scale edges tend to be more hydrophilic than the rest of the hair surface.   

 

 Figure 3.10  Schematic showing mechanism for result shown in Fig. 3.9.  WS 
advancing direction correlates to contact angle values heavily influenced by scale 
edge contributions. 
 

 This being the case, the WS orientation exhibits a lower contact angle than the 

AS orientation because the scale edges are more easily wetted in the WS orientation.  

This result is in contrast to that reported by Molina where it was determined there was 

no effect of scale orientation on advancing contact angle.  Molina did report, however, 

that the receding mode was affected in the same manner that was found in the present 

study.  However, the data presented in Fig. 3.9 shows an obvious advancing mode 

force dependence on scale orientation, and the argument given here and shown in Fig. 

3.10 explains this dependence.  It is possible the hair fibers used in this study 

exhibited thicker cuticle scales for any variety of reasons, which would make the 

effect more noticeable.  Thinner cuticle scales would cause less of an effect, perhaps  
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making it unnoticeable, indicating no difference as reported by Molina.  Because the 

AS orientation relates to wetting properties of the scale surface instead of the scale 

edge, all further data is given for fibers in the AS orientation.   

 

3.4.2   Conditioner treated hairs and environmental effect 

 The five samples of interest in this section are Caucasian virgin, virgin treated, 

chemically damaged, chemically damaged treated (1 cycle), and chemically damaged 

treated (3 cycles).  Five samples were measured for each type of hair.  The force plots 

are shown in Figure 3.11.    Average advancing contact angle values are shown in Fig. 

3.12 and Table 3.4. 
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 Figure 3.11  Force curves for five Caucasian samples for both dry and wet 
scenarios. 
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 Figure 3.12  Average advancing contact angle values for five Caucasian 
samples for both dry and wet conditions. 
 

Contact angle (deg.) Sample 
  Dry Soaked 
Virgin 103 + 4 98 + 2 
Virgin treated 88+ 9 92+ 1 
Chemically damaged  70 + 7 70 + 8 
Chemically damaged treated (1 cycle) 79 + 1 84+ 2 
Chemically damaged treated (3 cycles) 77 + 5 72 + 4 
Asian 95 + 4 -- 
African 92 + 11 -- 
Mechanically damaged 80 + 14 -- 
Virgin – with scale (WS) orientation 85 + 10 -- 

 Table 3.4  Summary of average advancing contact angle values 
 

 Virgin hair was measured first, and a value of 103º was obtained.  This agrees 

well with values measured by Molina et al.  It was found that chemically damaged 

hairs exhibit a much lower contact angle than do virgin hairs.  In this study p values 

were used to determine if the variations in contact angle value for different samples 

were statistically significant.  A p value is the probability that significance is found 

where there really is none (p=.05, 5% chance significance is declared where it does 

not exist).  A p value of 0.00005 was found for the difference between virgin and 

chemically damaged hairs.  This is strong evidence that the difference is real, as it 
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indicates only a 0.005% chance that the difference is not real.  This trend is also the 

same as in previous studies16,17.  The reason for this, as mentioned earlier, is that the 

hydrophobic outermost layer of virgin hair, the cell membrane complex, is partially 

removed during damage, exposing hydrophilic underlayers.  A schematic of this 

surface structure is shown in Fig. 1.1.  Additionally, conditioner treatment was found 

to lower the contact angle of virgin hair (p value of 0.0075) and increase the contact 

angle of chemically damaged hair (p value for chemically damaged and chemically 

damaged treated (1 cycle) is 0.024).  These results explain previous findings that 

virgin hair exhibits a lower coefficient of friction than chemically damaged hair8,16,17.  

The p value for the difference between chemically damaged treated (1 cycle) and 

chemically damaged treated (3 cycles) was found to be 0.36.  This indicates multiple 

conditioner applications may not affect the wetting properties of the hair.  Because 

the damaged surface is hydrophilic, meniscus forces may contribute a significant 

portion to the total friction force, whereas this is not the case for the hydrophobic 

virgin hair surface.  For the case of conditioner treated samples two things are altered:  

contact angle of the surface and shearing force required.  For virgin hair, treatment 

reduces the contact angle slightly, but it tends to remain very near 90º, so meniscus 

forces will not likely be significant.  Also, because the virgin hair surface is already 

rather lubricious due to the lipid layer that is present, the addition of conditioner does 

not significantly add to the lubricity of the surface on the nanoscale.  For these 

reasons, the coefficient of friction does not change much in virgin hair with 

conditioner treatment8,16,17.  This, however, is not the case for chemically damaged 

hair.  Addition of conditioner to chemically damaged hair raises the contact angle, so 



 57

less meniscus forces are present.  It also creates a lubricious layer that does not exist 

on damaged hair, since the natural lipid layer has been removed due to the damage.  

The combination of these effects significantly decreases the coefficient of 

friction8,16,17.     

 It is observed that conditioner treatment has opposite effects on virgin and 

damaged hairs.  One explanation for this is that on virgin hair, a low energy surface is 

intact due to the lipid layer present.  Therefore when the conditioner deposits the 

cationic surfactants will orient such that the alkyl chains are toward the hair surface 

and the cationic groups are out.  The higher energy cationic groups cause a decrease 

in contact angle.  However, for chemically damaged hair, the cationic groups will 

tend to orient toward the hair, leaving the alkyl chains away from hair surface, 

causing a decrease in surface energy and an increase in contact angle.  However, the 

chemical interactions just proposed cannot be proven without separating each 

component and testing them individually, which is difficult.  Another possible 

explanation for the effect of conditioner treatment is that if the conditioner material 

dominates the wetting properties of the fiber, treatment will not necessarily increase 

or decrease the surface contact angle, but rather cause a convergence to an angle 

representative of the conditioner used in the treatment.  Therefore, it may be that the 

contact angle of the conditioner material coincidentally lies between that of virgin and 

damaged hair, and with treatment contact angles converge to this value.  In order to 

further understand this converging behavior, chemically damaged hair that was 

treated with a conditioner containing an amino silicone was also measured.  Amino 

silicone conditioner is known to bind to the hair surface and does not redistribute17.  
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This is in contrast to commercial conditioner which is mobile on the hair surface.  

Therefore, amino silicone treated hair will be less affected by immersion in the 

wetting liquid.  The contact angle of the amino silicone treated hair was found to be 

75º + 1º, which is similar to chemically damaged hair treated with commercial 

conditioner.  This suggests that the contact angle of treated hair is indeed 

representative of the wetting properties of the conditioner itself. 

 Additionally, the force plots shown in Figure 3.11 for the dry samples indicate 

the probable location of conditioner deposits.  As previously discussed, the receding 

portion of the force plot is strongly influenced by scale edge contributions, which 

likely have significant hydrophilic regions.  This affects the force plots by giving a 

large hysteresis.  If the scale edges are covered or hidden from proper wetting, 

however, this hysteresis should be smaller as the hydrophilic edges then contribute 

less to the receding force.  It can be observed from Figure 3.11 that the untreated 

samples have significantly greater hysteresis than do the treated samples.  This is an 

indication that the conditioner remains at the scale edge bases, hiding the edges from 

proper wetting.  This agrees well with previous claims8. 

 These hair samples were also soaked in deionized water for 5 minutes, and 

then measured to determine the effect of a wet environment on contact angle.  This 

data is also shown in Fig. 3.11.  The figure shows that the contact angle values after 

the samples had been soaked are nearly identical to those that were measured on dry 

samples.  This suggests that even when subjected to a liquid water environment, the 

wetting properties of hair do not change with time.  That is, after having been 

exposed to liquid water, the water still wets the surface with the same contact angle 
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that it did before the hair was exposed to liquid water.  This also shows that soaking 

for 5 minutes does not remove a significant amount of the conditioner layer on treated 

hairs, as the contact angle does not return to the untreated value after having been 

soaked.  It should be noted that single hair fibers exhibit a high rate of drying and thus 

may be changing during the experiment. 

 

3.4.3   Damage dependence 

 In addition to chemical damage, samples affected with mechanical damage 

were also studied to compare the effects of various types of damaging treatments.  

These mechanically damaged samples were not damaged in a controlled way, but 

were observed under a 100x optical microscope to exhibit severe cuticle damage.  

The results of this experiment are shown in Fig. 3.13.   
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 Figure 3.13  (a) Force curves comparing chemical and mechanical damage 
effects ; (b) Average advancing contact angle comparing chemical and mechanical 
damage effects. 
 

 These results show that chemically damaged hair tends to be more hydrophilic 

than mechanically damaged hair.  However, the mechanical damage occurs primarily 

at the scale edges.  Due to the orientation of the hair fiber (AS), the contributions to 

the contact angle measurement from surface material around the scale edges is very 

low due to the way the fiber interacts with the wetting liquid as it pushes into the 

liquid (shown in Fig. 3.9 and discussed earlier).  Due to the geometry of the hair fiber, 

the majority of the contact at the liquid/air interface is on the general surface of a 

cuticle scale, away from scale edges.  Therefore, even though the mechanical damage 



 61

exposes hydrophilic underlayers, this effect is only observed when the damage 

extends well beyond the scale edge.  In contrast, the chemical damage occurs over 

every part of the hair surface, so its effect is more pronounced using this 

measurement technique.  A method to mechanically damage the hair surface away 

from the scale edges, or a different measurement technique, would have to be used to 

more appropriately compare damaging treatments.   

 

3.4.4   Ethnicity dependence 

 Virgin samples of Caucasian, African, and Asian hair were measured and 

compared.  Results are shown in Fig. 3.14.  No significant difference was found, 

although African and Asian hairs do exhibit a slightly lower contact angle that 

Caucasian hair on average.  Further study would have to be done to investigate 

whether this difference was real or simply a result of the low number of samples 

measured.   
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 Figure 3.14  (a) Force curves showing ethnicity dependence ; (b) Average 
advancing contact angle values showing ethnicity dependence.  No significant 
dependence on ethnicity was found for advancing contact angle values. 
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3.5 Surface potential 

3.5.1   Applied potential 

3.5.1.1 Baseline materials 

 The AFM images in this portion of this thesis are presented in three columns.  

The first is the surface height of the sample and the second is the absolute surface 

potential.  The final column shows the same surface potential data as the second 

column, but the average surface potential (which is presented in the subsequent bar 

charts) is subtracted out and the scale is reduced to show more contrast.  Fig. 3.15 

shows the AFM images for aluminum, MP tape, and PDMS.   
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 Figure 3.15  AFM images of Aluminum, MP Tape, and PDMS. (continued on 

next page) 
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Figure 3.15 (continued) 

 

  
 

 Fig. 3.16 shows the average surface potential for each sample, as well as the 

average surface potential change in both environments.  Error bars represent +/- one 

standard deviation.  Please note that these bar charts are on a different scale than the 

bar charts for hair samples.  From Fig. 3.16 it is evident that the humidity does not 

affect the surface potential of aluminum much, MP tape to a small extent, and 

noticeably in PDMS.  It is believed that this occurs because water vapor in the air is a 

significant contributor to conductivity and surface charge mobility in materials that 

are not very conductive.  This reasoning explains the trend seen here.  From this data  
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we understand the desire to increase conductivity in hair samples.  With increased 

conductivity, a reduced relative humidity does not affect the surface charge nearly as 

much as with lower conductivity. 
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 Figure 3.16  Bar charts showing average surface potential at both 50% and 
10% relative humidity. 
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3.5.1.2 Conditioner treated hair samples 

 Fig. 3.17 shows AFM images for virgin, virgin treated, chemically damaged, 

chemically damaged treated (1 cycle), and chemically damaged treated (3 cycles).  

Again, it should be noted that the contrast seen around cuticle scale edges is likely a 

result of the topography effect described earlier, and will not be discussed further here.  

A key point shown by these images is the existence of areas of trapped charge in the 

low humidity samples.  This is not seen in the samples measured in ambient.  These 

areas of trapped charged are seen as bright areas on the sample, not corresponding to 

a change in topography.  This indicates that water vapor in the air contributes 

significantly to the mobility of surface charges on the hair.  This result has been 

previously reported for macro studies on surface charge of hair (Jachowicz et al., 

1985; Lunn and Evans, 1977; Mills et al., 1956).  Trapped charges are most 

pronounced in the untreated samples.  This suggests that conditioner treatment has a 

similar effect as water vapor.  Even under very low humidity conditions, conditioner 

treatment increases the mobility of surface charges, dissipating trapped charges.  Fig. 

3.18 shows bar charts of the average surface potential.  Error bars indicate +/- one 

standard deviation.  It can be observed in these figures that all samples exhibit very 

similar values in the 50% relative humidity scenario.  This again indicates that the 

water vapor in the air plays a significant role on the surface charge of the hair, and 

also on the mobility of charge.  The charts showing potential change reflect this  
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behavior as well.  For the 50% case it is shown that the potential changes nearly 1V 

for every 1V change in applied potential.  However, this is not the case for the 10% 

relative humidity situation.   
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 Figure 3.17  AFM images showing surface height and surface potential of 

virgin, virgin treated, chemically damaged, chemically damaged treated (1 cycle), and 

chemically damaged treated (3 cycles) hair samples. (continued on next page) 
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Figure 3.17 (continued) 
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Figure 3.17 (continued) 

 

  
 

 In this case, a higher 0-1 V value indicates more charge mobility and the 

ability to dissipate charge, whereas a lower value indicates less charge mobility.  This 

being the case, it is evident that conditioner treatment greatly increases the mobility 

of surface charges.  It is also shown that virgin hair has a better charge mobility and 

can therefore dissipate charge more readily than chemically damaged hair.  This is 

likely due to the lipid layer that is intact in virgin hair, but has been removed in 

damaged hair. 
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 Figure 3.18  Bar charts showing average surface potential and average surface 
potential change at both 50% and 10% relative humidity. 
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 Fig. 3.19 shows AFM images of chemically damaged hair treated with amino 

silicon conditioner.  Here it is observed that the surface of the hair is more or less an 

equipotential surface, similar to the chemically damaged treated (3 cycles) sample .  

This suggests that the amino silicone conditioner coats the surface fully with one 

cycle, where commercial conditioner does not coat fully until several cycles.   

 

 Figure 3.19  AFM images showing surface height and surface potential of 
chemically damaged treated (amino silicone) hair. 
 

 Fig. 3.20 shows this behavior as well.  Amino silicone conditioner shows 

potential change in 10% relative humidity that are almost identical to those measured 

in 50% relative humidity.  This indicates that the conditioner is evenly spread over 

the surface of the hair, which has been previously reported (LaTorre and Bhushan, 

2006b; Lodge and Bhushan, 2006b).  It also indicates that amino silicone conditioner 
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greatly increases charge mobility.  Because commercial conditioner is unevenly 

distributed on the hair surface, the data for the commercially treated samples exhibit 

relatively high standard deviations in most cases.  Consequently, different areas on 

the hair surface may contain vastly different amounts of conditioner on the surface.  

For the amino silicone case, however, different areas of the hair seem to have similar 

amounts of conditioner as evidenced by the lower standard deviation.  The data then 

suggests that amino silicone conditioner is the superior conditioner in terms of charge 

dissipation. 
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 Figure 3.20  Bar charts showing average surface potential and average surface 
potential change at both 50% and 10% relative humidity. 
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3.5.1.3 Damage dependence 

 Fig. 3.21 shows AFM images of mechanically damaged hair.  Here it is 

evident in the 10% relative humidity situation that trapped charges may exist near the 

scale edge.  Because this sample experienced a high degree of cuticle damage, it is 

necessary that the cuticle edge came in contact with some object (comb, hand, etc.) 

that caused the damage.  This interaction generally induces a triboelectric charge due 

to the contact of surfaces with very different electron affinities.  If this is indeed the 

case for these samples, the areas of higher charge seen around the scale edges could 

easily be explained as occurring mechanically by triboelectric charging that happened 

during the creation of the mechanical damage.  However, because these samples were 

not mechanically damaged in a controlled environment, much more work must be 

done on triboelectric effect before drawing definitive conclusions.  It can also be seen 

from Fig. 3.22 that the mechanically damaged sample appears more closely related to 

virgin hair than chemically damaged.  Again, this is because the mechanical damage 

occurs mostly at the scale edges, and the scale edges are neglected in this study due to 

the topography effect discussed earlier. 
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 Figure 3.21  AFM images showing surface height and surface potential of 
mechanically damaged hair. 
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 Figure 3.22  Bar charts showing average surface potential and average surface 
potential change at both 50% and 10% relative humidity. 
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3.5.2   Wear and triboelectric charging 

3.5.2.1 Baseline materials 

 Results of wear tests on baseline samples are shown in Fig. 3.23.  It is clear 

that the low load wear on the conductive aluminum sample, shown in Fig. 3.23(a), 

has a significant effect on the measured surface potential.  Similar results are shown 

in DeVecchio and Bhushan (1998) and Bhushan and Goldade (2000a).  The reason 

for such a change is well understood.  The Kelvin probe method is physically 

measuring the contact potential difference between the tip and the sample.  The 

contact potential difference is the difference in work functions of the tip and sample.  

The local work function is altered in the conducting sample because the physical wear 

alters the Fermi energy level locally, which is the kinetic energy of the most energetic 

electron at absolute zero.  Thermodynamic equilibrium is destroyed by a change in 

Fermi level, and is reestablished in the material by a flow of electrons either to or 

from the worn area.  This flow of electrons reestablishes equilibrium, which is the 

most stable state and will be maintained, but it also creates a change in work function 

due to the local excess or depletion of electrons.  This excess or depletion results in a 

change in the measured surface potential.  It is thus obvious that the migration of 

electrons through the material is critical for creating an area of different potential.   



 81

 

 Figure 3.23  (a) AFM images showing base materials after making one pass 
with diamond tip at approximately 5 μN with sample grounded; (b) AFM image of 
single crystal aluminum after making one pass with diamond tip at 5 μN with sample 
electrically isolated from ground (dotted lines roughly show outline of wear scar on 
surface height map). 
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 This mechanism is further confirmed in the MP tape and PDMS samples in 

Fig. 3.23(a), which show very little surface potential change which correlates with 

physical wear.  The MP tape sample shown a very slight change which is expected 

because the metal particles in the tape are conductive and some migration of electrons 

through the sample may be possible because of this.  However, this is not the case for 

PDMS, where it is clear that there is no correlation between the surface height map 

and the surface potential map.  Electrons are not able to flow in this material, and thus 

no amount of wear will change the measured surface potential.  Finally, the aluminum 

sample was isolated from ground and was again worn and then measured.  It is 

evident that because the electrons in the metal sample are able to migrate, the surface 

potential is clearly affected by the wear.  However, there is no sink for electrons to 

flow to without a ground connection, and the mobility of electrons is thus limited.  

This is shown in Fig. 3.23(b) where while there is a clear surface potential change in 

the area of wear, there are also areas of surface potential change that do not correlate 

to a wear mark.  This is in contrast to the grounded aluminum sample in Fig. 3.23(a) 

which exhibited a more or less equipotential surface away from the wear scar. 

 The baseline materials indicate that a material must be conducting in order for 

physical wear to affect the local surface potential as measured with Kelvin probe 

microscopy.  Further, the conducting sample must be grounded in order for a clear 

distinction to be made, in terms of surface potential, between the area affected by 

physical wear and the area which is not affected.  The mobility of electrons within  
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and through the material is critical to this behavior.  This indicates that physical wear 

is not the mechanism that causes surface potential change in insulating materials, 

such as human hair. 

 

3.5.2.2 Hair samples 

 Fig. 3.24(a) shows AFM images for virgin and virgin treated hair samples.  

Chemically damaged, chemically damaged treated (1 cycle), and chemically damaged 

treated (3 cycles) samples are shown in Fig. 3.24(b).  These images are presented in 

three columns.  The first is the surface height of the sample and the second is the 

absolute surface potential.  The final column shows the same surface potential data as 

the second column, but the average surface potential (which is presented in the 

subsequent bar charts) is subtracted out and the scale is reduced to show more 

contrast.  It should be noted that some samples became highly charged as a result of 

the rubbing, beyond the capability of the microscope (10 V).  These samples were not 

used.  However, it is important to note that all of the samples tested are capable of 

developing high amounts of charge.  A method where the force of contact is more 

accurately controlled may provide better insight into this behavior.  Some samples, 

especially the chemically damaged one, show a significant amount of change in 

surface potential during measurement.  This is illustrated as a higher potential at the 

bottom of the image than at the top, as the measurement was started at the bottom.  

This indicates that the charge dissipates relatively rapidly, and seems to reach a 

constant value by the time the measurement is finished.  The fact that the virgin and 

treated samples seem to have a more constant potential during measurement indicates 
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that these samples dissipate charge faster, and by the time the measurement is taken a 

constant potential is more or less achieved.  The average surface potential change is 

shown in Fig. 3.25.  This bar chart indicates that conditioner treatment greatly reduces 

the amount of charge present on the hair surface.  It also shows that chemical damage 

increases the amount of charge built on the hair surface.   Similar results have been 

reported in previous studies (Lodge and Bhushan, 2006c). 
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Figure 3.24  (a) AFM images of virgin and virgin treated hair samples both before 

and after rubbing with latex (b) Chemically damaged, chemically damaged treated (1 

cycle), and chemically damaged treated (3 cycles) hair samples both before and after 

rubbing with latex. (continued on next page) 
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Figure 3.24 (continued) 

 

  
 . 
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 Figure 3.25  Bar chart of average surface potential change after rubbing with 
latex. 
 

 Fig. 3.26 shows chemically damaged hair that has been treated with a 

conditioner containing amino silicone, which is believed to chemically attach to the 

hair surface.  Very little difference is seen between the amino silicone conditioner and 

the regular PDMS silicone conditioner.  This is likely because the latex rubbing 

occurs over a very large area of the hair, and any difference in conditioner 

distribution is occurring on a much smaller scale.  PDMS silicone conditioner is 

believed to only physically attach to the hair surface, and it remains mobile.  

Therefore, rubbing with the finger cot is likely to redistribute the conditioner, 

effectively spreading it evenly over the hair.  However, amino silicone conditioner 

chemically attached to the surface, and distributes evenly to begin with.  Moreover, 

amino silicone conditioner remains evenly distributed due to the chemical attachment.  

A method to rub the hair over a smaller area may provide more insight into this  
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behavior, and may elucidate the effect of conditioner distribution on surface potential 

properties.  However, the amino silicone conditioner still shows a significant decrease 

in charge from the untreated chemically damaged sample.  

 

 Figure 3.26  (a) AFM images of chemically damaged treated (amino) hair 
both before and after rubbing with latex; (b) Bar chart showing average surface 
potential change after rubbing with latex. 

 

 Fig. 3.27 shows mechanically damaged hair samples.  This figure shows results 

more similar to virgin hair than to chemically damaged hair.  This is likely due to the 
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fact that the top lipid layer of hair is not removed and that most of the mechanical 

damage occurs at scale edges.  Chemical damage occurs over the entire surface of the 

hair.  For this reason it is likely that mechanically damaged hair will behave more like 

virgin hair than chemically damaged hair.  Because the rubbing procedure is not strictly 

controlled in terms of location of contact, it is difficult to distinguish a difference 

between the topmost layer of the hair, and the portions which have been mechanically 

damaged.  However, this indifference between these regions (which generally occur on 

the surface away from scale edges, and near scale edges, respectively) may also be due 

to the fact that physical wear does not affect surface potential in insulating samples, as 

discussed previously. 
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 Figure 3.27  (a) AFM images of mechanically damaged hair both before and 
after rubbing with latex; (b) Bar chart showing average surface potential change after 
rubbing with latex. 
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CHAPTER 4 

CONCLUSION 
 
 
 This thesis has presented a variety of results.  New and existing measurement 

techniques have been applied to the science of hair care, and a number of new 

findings have resulted.  Tapping mode was investigated as a method for imaging 

surface height of human hair as an alternative to contact mode, which had been used 

in previous studies.  Additionally, the force calibration plot technique was used to 

map conditioner thickness distribution and adhesive force.  The effect of 

hydrophobicity of the tip was also investigated by coating a silicon nitride tip with Z-

TETRAOL.  The wetting properties of hair were studied further by measuring the 

dynamic contact angle of various hairs by using the Wilhelmy balance method.  

Finally, the surface potential properties of human hair and other materials were 

investigated.  The effect of wear on surface potential was studied and the mechanisms 

behind surface potential change as a result of physical wear were proven and 

discussed.  The electrostatic charge on hair, which is a serious issue in the real world, 

was measured and studied by rubbing hair samples with a latex finger cot.  The 

conclusions from the studies described in this thesis are quite varied, and constitute a 

firm foundation of understanding as well as a significant advancement from previous 

literature on the subject. 
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 Tapping mode was found to be a much less destructive method for surface 

height imaging than contact mode.  In general tapping mode is able to capture more 

high frequency information that contact mode due to its non-destructive nature.  

Additionally, tapping mode is capable of imaging actual conditioner deposits.  

Therefore, tapping mode is determined to be the more appropriate method for 

imaging all hair samples, and soft biological samples in general.   

 The snap-in distance Hs, derived from a force calibration plot, provides an 

accurate estimate of conditioner thickness on the hair surface.  Hs is an overestimate 

of actual film thickness by 1-2 nm, but retains the correct trends.  PDMS silicone 

conditioner unevenly distributes on the hair surface.  Thickness increases with 

number of cycles of treatment, and the mean thickness varies from 4-6 nm, with local 

maxima approaching 25 nm in some instances.  In additions to these findings, it was 

also found that the majority of conditioner that remains on hair after application 

deposits near the scale edge base.  Here thicknesses up to 100 nm were found.  

 Coefficient of friction and adhesive force were measured with a Z-TETRAOL 

coated, hydrophobic AFM tip, and compared to values measured with an uncoated, 

hydrophilic tip.  The results showed that meniscus forces contribute significantly to 

friction for hydrophilic surfaces, such as chemically damaged hair.  Results also 

showed that the driving mechanism behind the increase in adhesive force with 

conditioner application is meniscus forces.  This is a significant result due to the fact 

that the majority of earlier studies had used uncoated tips, and thus were affected by 

the meniscus force contribution. 
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 The dynamic contact angle measurements of hair were obtained using the 

Wilhelmy balance technique, which was found to be a powerful tool in analyzing the 

wetting properties of thin fibers such as human hair.  To study the contact angle of the 

surface of human hair away from cuticle scale edges where mechanical damage may 

alter results, the advancing direction using the against scale orientation is the most 

appropriate.  Virgin hair was found to be hydrophobic as a result of the outer lipid 

layer coating its surface.  Hair that has been damaged chemically or mechanically was 

found to be hydrophilic as a result of this outermost layer being at least partially 

removed during the damaging process.  Conditioner treatment was found to lower the 

contact angle of virgin hair, and raise the contact angle of damaged hair.  This effect 

of conditioner on the contact angle of the hair surface was found to explain the drastic 

drop in friction of damaged hair after conditioner treatment.  The drop in friction is 

explained by a significant reduction in meniscus force contributions as a result of the 

increased contact angle of the hair surface.  Finally, the large hysteresis values found 

in untreated samples is in contrast with the smaller hysteresis for treated samples.  

This indicates the presence of conditioner at the cuticle scale edge bases, which 

agrees with previous claims. 

 Kelvin probe microscopy was applied to human hair, and was found to be a 

powerful tool when used to study electrostatic properties of hair on the nano/micro 

scale.  The technique is accurate and sensitive enough to visibly show areas of surface 

potential contrast on the hair surface.  This was determined to be a result of physical 

or chemical differences on the surface, or locations of trapped charges.  Relative 

humidity was found to play a significant role in the behavior of surface charges on 
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hair.  A low relative humidity decreases charge mobility thereby increasing the 

likelihood of charges becoming trapped on the surface.  In general, conditioner 

treatment increases charge mobility on the hair surface allowing easier charge 

dissipation regardless of the relative humidity.  Amino silicone conditioner was found 

to coat the hair surface uniformly and provide higher charge mobility and less 

likelihood of trapped charges than the commercial conditioner studied.  This is true 

even in low humidity conditions.  This is the case because amino silicone conditioner 

chemically attaches to the hair surface, and thus provides a consistent, even coat on 

the hair that does not redistribute.  This is in contrast to PDMS silicone conditioner 

which may not cover the entire hair surface, allowing the electrostatic properties of 

the underlying hair surface to dominate.  Chemical damage is known to removes the 

natural lipid layer on virgin hair, and this was found to greatly decrease charge 

mobility on the surface.  Therefore chemically damaged hair is more likely to develop 

and retain charge.   

 Because physical contact with other materials results in electrostatic charging 

of hair in the real world, physical wear was investigated as it relates to surface 

potential change.  Physical wear is known to cause surface potential change in 

conducting materials due to the ability of electrons to flow through the material and 

establish thermodynamic equilibrium proceeding physical wear, and this was shown 

again in this thesis.  However, because of the inability of electrons to flow through 

insulating materials, physical wear does not cause a change in surface potential in 

these materials.  For this reason, physical wear alone can not cause an electrostatic 

charge on human hair because hair is non-conductive.  Electrostatic charge on hair is 
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caused by introducing charges when a dissimilar material with a different electron 

affinity, such as latex, comes in contact with the hair.  The resulting electrostatic 

charge can dissipate rapidly.  The natural lipid layer on virgin hair and conditioner 

treatment may increase the rate of dissipation.  Untreated chemically damaged hair, 

which has no lipid layer, seems to retain charge the longest.  Finally, it was found that 

conditioner treatment significantly decreases the charge built on the hair surface by 

rubbing with a latex finger cot.  This is true for both PDMS silicone conditioner as 

well as amino silicone conditioner. 
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APPENDIX A.  SHAMPOO AND CONDITIONER TREATMENT 
PROCEDURE 

 

This appendix section outlines the steps involved in washing hair switches 

with shampoo and and/or conditioner. 

• Shampoo treatments 

Shampoo treatments consisted of applying a commercial shampoo evenly 

down a hair switch with a syringe. Hair was lathered for 30 seconds, rinsed with tap 

water for 30 seconds, then repeated. The amount of shampoo used for each hair 

switch was 0.1 cm3 shampoo per gram of hair. Switches were hanged to dry in an 

environmentally controlled laboratory, and then wrapped in aluminum foil. 

• Conditioner treatments 

A commercial conditioner was applied 0.1cm3 of conditioner per gram of hair.  

The conditioner was applied in a downward direction (scalp to tip) thoroughly 

throughout hair switch for 30 seconds, and then allowed to sit on hair for another 30 

seconds. The switch was then rinsed thoroughly for 30 seconds. Switches were 

hanged to dry in an environmentally controlled laboratory, and then wrapped in 

aluminum foil. 
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APPENDIX B. CONDITIONER THICKNESS APPROXIMATION 

 

 We consider a cylindrical hair fiber of diameter D = 50 μm (radius R = 25 μm). 

For conditioner thickness calculations, the following assumptions are made: (1) hair 

and the material being added have the same density, (2) coating of material is uniform 

on the hair surface, (3) the cross-sectional area of a hair fiber remains constant along 

the longitudinal axis of the fiber (i.e. from root to tip); the hair fiber is perfectly 

cylindrical (circular cross-section), and (4) the deposited conditioner remains bonded 

to the cuticle surface (no absorption into the cuticle layer). 

 The cross-sectional area of an untreated hair fiber is initially calculated. By 

adding a specified amount of conditioner, this area will increase and cause the radius 

of the hair treated fiber to increase. This increase in the radius of the treated hair will 

be equivalent to the thickness of the conditioner layer. The original cross-sectional 

area Ac of hair fiber is 

( )22 225 1963.4954cA R m mπ π μ μ= = =  

 Adding 200 ppm material to the surface (which is comparable to the amount 

that commercial conditioners typically deposit) will cause an increase in volume (for 

a unit fiber length) by 200 ppm, or by 0.0002. Thus, the cross -sectional area Ac, 

conditioner of the treated hair will increase by the same amount to 
2

, 1.0002 1963.888c conditioner cA A mμ= =  

 which results in a new radius Rconditioner,  

, 25.0025c conditioner
conditioner

A
R mμ

π
= =  

Therefore, subtracting the original radius from the radius after treatment increases the 

thickness of the hair by 0.0025 microns, or 2.5 nm. 
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 It is important to note that the approximation of the conditioner thickness as 

2.5 nm was determined for a particular hair diameter and material deposition amount 

(with the hair and material having equal densities). Although these are generally 

realistic approximations, hair diameter often varies by a factor of 2 and the deposition 

level can vary up to an order of magnitude. The conditioner layer has been shown to 

be non-uniform as well. Thus, actual conditioner thickness can deviate significantly 

from this number. 


