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Abstract 

At the Personal Care Institute of the Philips Research 
Laboratorles Eindhoven, amongst other things, the physical 
behaviour of human hair fibres is studied in order to optimise 
existing Philips hair stylers and curlers. The possibility of curling 
hair is attributed to the fàct that the mechanical properties of"nair 
fibres depend on time, temperature and humidity. Therefore, these 
properties and their dependenee have to be investigated. 

In this study the dependenee of the viscoelastic behaviour of 
human hair fibres on temperature and humidity is characterised in a 
bending geometry. An experimentalset-up was selected and used to 
perform relaxation measurements at different humidities and, to a 
smaller extend, at different temperatures. These measurements were 
fitted using a so-called stretched exponent equation. The temperature 
and humidity dependenee was incorporated by applying time
temperature and time-humidity superposition. Also, an influence on 
the absolute level of the E-modulus was found as a function of 
different humidities. This could be modelled using a general 
characterisation of the behaviour of human hair fibres. 

The general characterisation is used to predict the course of 
the level of set in a human hair fibre after curling. The predicted 
course appeared to agree reasonably well with experimentally 
determined values. 
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Chapter 1: Introduetion 

At the Personal Care Institute ofthe Philips Research Laboratorles Eindhoven, 
amongst other things, research is done on mechanical properties of human hairs. The 
objective of this research is to understand the behaviour of human hairs in order to 
improve existing hairstylers and hairdryers. 

Both dryers and stylers apply heat to wet hair. Where hairdryers only blow 
warm air to accelerate the evaporation process, hairstylers force the hair into a desired 
shape after which heat is applied. Experience has leamed that both wetting and 
heating hair makes it easier to deform. Preceding studies have demonstrated that 
human hair shows mechanical behaviour that can he described as viscoelastic 
[Maenhout, '96], [Kluijs, '98]. 

During curling, a hair fibre is forced into a desired shape. In this situation the 
stresses within the fibre will decrease in time. This is called stress-relaxation. When 
the hair fibre is released it will partially spring back under influence of the remaining 
internat stresses. However, a part of the deformation will remain present: the curl. 
The magnitude of this remaining deformation, the so-called 'level of set', depends on 
the time during which the forced deformation bas been applied. After release the hair 
fibre will eventually return to its original shape under the influence of internat 
stresses. Then recovery is complete. Therefore, to set a curl that will remain present 
as long as possible, the hair fibre bas to reach equilibrium during its forced 
deformation. This way the remaining internat stresses will he minimised and the level 
of set will he maximised. 

Under normal conditions, it will take a long time to reach the equilibrium 
modulus. However, the time-dependent behaviour of human hair, on its turn, depends 
on the temperature and the relative humidity of the environment. By applying high 
temperatures and/or humidities the time to reach equilibrium can he shortened. 
Therefore, this temperature- and humidity-dependence of the behaviour of hair fibres 
bas to he investigated. This was previously done by Maenhout (1996) by applying 
tensite relaxation-tests. At that time, Maenhout used relative force instead of the E
modulus itself, because there was no possibility to measure the hair-diameter. 
Looking at the results, some of the derived parameters that were used in the model 
showed considerably great variety. Yet, it was shown that the relaxation rate was 
influenced by both temperature and humidity. However, also a humidity-dependence 
on the E-modulus was found, which was opposite to the expectations. The E-modulus 
seemed to increase at higher humidities, while it would he expected that it would 
decrease under the influence of the relative humidity. Another study by De Kluijs 
(1998) also found an influence of humidity and temperature on the relaxation rate. 
However, no humidity-dependence on the E-modulus was found. This investigation 
can therefore he seen as a continuation of these two investigations. · 

During this investigation a bending test was chosen to measure the behaviour 
of single hair fibres. This was done, firstly, because during curling hairs also are 
being bent. Secondly, comparison between results of this survey and the results of 
Maenhout might demonstrate whether or not there is a difference between the 
behaviour of human hair during bending tests and during tensite tests at the small 
deformations considered. This is described in chapter 5. It also describes the results 
of the bending tests, which were performed at different temperatures as well as 
different humidities. The derived relationships were used to predict the level of set 
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after forcing a wet hair fibre into a curl for a certain period of time. This is described 
in chapter 6. Finally, in chapter 7 conclusions are drawn concerning a general 
characterisation. 

To gain more insight in the mechanisms that are responsible for the previously 
mentioned behaviour of single hair fibres, their structure is described in chapter 2. 
Next, chapter 3 describes both the mechanical properties and the viscoelastic 
behaviour of human hair fibres. 
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Chapter 2: Properties of human hair fibres 

§2.1: Structure of human hair fibres 

2.1.1: Morphological structure 

A human hair fibre consists of several different structures, as can be seen in 
figure 1. [Feughelman,'97]. The main three structures are the cuticle, the cortex and 
the medulla, ofwhich the latter is however not always present. 

! 
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Figure 1: &hematic representation ofthe structure of a human hair fibre 

The cutiele is the outer layer of the hair and exists of ±0.5 JJ.m thick scales, which 
overlap each other. This overlap results in a total covering of6-10 scales in thickness. 
The scales are held together by a thin layer of intercellular cement. 

The cortex is the main shaft of the fibre. It is mechanically the most important 
component of the hair fibre. The cortex is made up of keratinized cortical cells, which 
contain macrofibrils. These macrofibrils are spindle-shaped fibrous structures and are 
aligned along the fibre axis. Each macrofibril is made up of microfibrils, which are 
held together by a cystine-rich matrix. The mierotibrits are oriented parallel to the 
axis of the hair fibre, while the matrix is a less organised structure. The mierotibrits 
represent approximately 50-60% by mass of the cortex materiaL 

The medulla is not always present in a hair fibre. It is often found in thicker 
hairs. It consists of one or more loosely packed porous regions and is located near the 
centre ofthe fibre. It may be continuous, discontinuous or fragmented, and physically 
it just represents the presence of empty space within the fibre. 
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2.1.2: Molecular structure 

As mentioned in the previous section, the mechanically most important 
component of hair fibres is the cortex, which exists of keratinized cortical cells. 
Keratin fibres consist of long, covalently bonded molecular ebains held together by a 
variety ofbonding. In order to understand the mechanica! behaviour of a human hair 
under ditTering conditions of temperature, time and plasticisation (e.g. in water, 
aleoho Is, formic acid) it is necessary to-discuss these honds first [F eughelman, '97]: 

~===~· The strongest honds are covalent bonds. which are formed by the amino acid 
cystine. Covalent cross-links are formed between adjacent ebains of cystine. 
These cross-links are often referred to as disulphide honds, because they are 
formed between two sulphur atoms. Disulphide honds turn the many chain 
molecules into a single network molecule, which hardens the cortical cells 
considerably. 

• A second and weaker type of bond is the hydrogen bond. It exists between two 
atoms X and Y, where X and Y represent nitrogen, oxygen or fluorine atoms, 
which share a hydrogen atom H. This is schematically written as: -X-H···Y- . 
These honds can also link the chain molecules in human hair fibres. However, 
hydrogen honds within a hair fibre can easily be broken by stretching or bending 
in combination with heating and/or wetting. This property is of great importance 
for shaping human hair fibres, as is discussed in more detail further on. 

• A third type of bond occurs under the influence of coulombic interaction. These 
interactions, also known as salt links, result from electrostatic forces acting 
between charged groups of -NH3 + and -eoo· , which exist respectively in basic 
( +) and acidic (-) side chains. However, because salt links are rather weak, they 
are not considered further on. 

• To be complete, two other interactions are mentioned: Van der Waals and 
hydrophobic interactions. Van der Waals interactions exist between molecular 
structures in any material and play a non-specific role in the cohesive binding of 
the ebains of keratin fibres. Because of the relative weakness of these interactions 
they will not be considered any further. Hydrophobic honds have a specialised 
role in the binding of a-helices into double a-helical ropes which form the 
organised structure present in the microfibrils. They reduce the interference of the 
fibrils with water molecules and therefore make them virtually inert to water. 
Although they play an important role in the mechanica! properties of a-keratin 
fibres, hydrophobic honds are nottaken into account separately, because of the 
two-phase model used to describe the behaviour of human hair fibres. This model 
will be described next. 

It has been shown [Robbins,'88] that the microfibrils within a keratin fibre are made 
of crystalline, helical, low-sulphur proteins, which contain about 6% cystine. The 
matrix, on the other hand, has a much higher rate of cystine (about 20%) and consists 
of amorphous, cross-linked, random, high-sulphur proteins. It can easily be weakened 
by the presence of water, while the microfibrils are virtually inert to water. This 
inertia is caused by the, above mentioned, hydrophobic honds. This indicates that a 
human hair fibre can bedescribed by a two-phase model as can be seen infigure 2. 
The first phase consists of a rubbery water-penetrabie matrix (M), while the 
crystalline water-impenetrable microfibrils form the second phase (C). 
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Figure 2: Two-phase model ofan a-keratinfibre [Feughe/man, '97] 

§2.2: Mechanical properties 

Human hair has been referred to as a substrate with only one dimension: 
"length" [Robbins,'88]. This is why the mechanica! properties of hair are mostly 
determined by performing tensile tests [Kluijs, '98]. Usually, the stress-strain 
relationship is determined by elongation of the hair fibre at a fixed rate. This 
relationship is depicted infigure 3. As can heseen the stress-strain curve shows three 

· distinct regions. These regions are usually called the Hookean region (I), the yield
region (II), and the post-yield region (Ill). The first, linear, part of the curve is called 
the Hookean region (I). Within this region all deformations show complete 
recoverability. On molecular level two structural effectscan he distinguished: a slight 
stretching ofthe molecules themselves and straining ofthe hydrogen-bond cross-links 
between them. The magnitude of distortion of the molecules and cross-links is 
proportional to the applied force, hence the linear relationship. An important 
parameter is the Hookean limit (point A infigure 3). This limit determines whether or 
not the deformation remains linear with the applied force. 

In the second region, called the Yield region (II), some of the most highly 
strained cross-links in the amorphous region will break and a much greater 
straightening ofthe molecules is permitted. The helical structure ofkeratin within the 
crystalline fibrils (a-keratin) is stretched until it is completely straightened (J3-
keratin). This explains the less steep course ofthe stress-strain curve. 

In the Post-yield region (Ill), all keratin has been straightened, so that this P
keratin itself is being loaded. Therefore, the course of the curve gets steeper again and 
the stress will increase until the hair fibre breaks. Because during curling the 
maximum strain remains within the Hookean region [Maenhout, '96], the E-modulus 
can he derived from the gradient of the stress-strain curve in that area. 

When hair fibres are elongated at a different rate, the stress-strain relationship 
will also change. This is caused by the viscoelastic properties ~f hair fibres. These 
properties are described in the next chapter. 
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Figure 3: Stress-strain curve and its three regions [Robbins, '88] 
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Chapter 3: Viscoelastic behaviour of human hair 

§3.1: Stress relaxation 
As mentioned in the previous Chapter, hydrogen honds can easily be broken 

by stretching or bending in combination of heating and/or wetting. This is the main 
cause ofthe stress-relaxation occurring within human hair fibres [Morton,'93]. When 
a hair is extended and/or bent within the Hookean region, the continued and 
spontaneous breakage and reforming of hydrogen-bond cross-links relieves the 
internat stresses in the molecular assembly (/igure 4). This leads to the lowering of 
the tension within the hair fibre. When, afterwards, the enforced deformation is 
removed, reformed hydrogen-bonds will prevent the hair fibre from returning to its 
initial shape. However, the opposing internat stresses of the disulphide honds force 
the hydrogen honds in their original state. Again, the continued and spontaneous 
breakage and reforming of hydrogen-bond cross-links relieves the internat stresses, 
until recovery is complete. 

s t--~s 

H •••• H 

l 
(a) (b) (c) 

.. 

(d) 

CJ5 = lntcmal Slrcss in 
disulphide bonels 

(e) 

hydrogcn 
•••• bonels 

disulphide 
- bonels 

Figure 4 [Morton, '93]: Schematic i/lustra/ion of stress relaxa/ion foliowed hy recovery in termsof 
hydrogen and disulphide honds. (a) Initia/ configuration; (b) Extended configuration (both 
bonds are stretched); (c) Extended configuration aftersome time (hydrogen honds relaxed); (dj 
Configuration after releasing the extension (honds are stretched reverse); (e) Complete 
recovery aftersome time (Initia/ configuration, hydrogen honds are relaxed). 

The above description of the molecular mechanism that causes stress
relaxation ha8 strong similarities with that of a cross-linked polymer. The disulphide 
honds hebave like cross-links, while the hydrogen honds are considered as secondary 
honds. A typical curve ofthe E-modulus of such a material is schematically drawn in 
figure 5. As can be seen in this figure, the E-modulus shows some distinct regions. In 
the first region (I) the E-modulus is that for a glassy solid, while in the third region 
(III) it is that for a rubber-like solid. In both regions the E-modulus is independent of 
time. Between these regions the E-modulus lies between these extremes and is time 
dependent (II). A relaxation time 'tR is defined which lies in the middle of the 
viscoelastic region. 
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Figure 5: A typical course ofthe E-modulus fora cross-linked polymer 

To determine the typical glassy modulus for the hydrogen honds within 
human hair fibres, tensile tests were performed. During these tests Asian hairs of 
different lengtbs were tested in a draw-bench. The ends of each hair were glued 
between two pieces of cardboard in order to give the clamps of the draw-beneb better 
grip. For each length three different hairs were used. The results of these tests are 
depicted in.figure 6. 
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• • • 

3 • • 
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5 10 15 20 25 30 35 40 45 
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Figure 6: E-moduli of Asian hair for dij]èrent /engths 

As can be seen in .ft gure 6 the E-modulus is approximately 4 GPa for samples of 5 
cm. in lengthand longer. Forshorter lengtbstheE-modulus changes. TheE-modulus 
decreases at short lengths, because of slip at the clamps of the draw-bench. Slip 
manifests itself for short lengths, because the change of length of the specimen by 
this slip is then relatively larger. The value of 4 GPa is also found in literature 
[Robbins,'88]. However, also other E-moduli have been found. Generally, the E
modulus lies between 1-5 GPa. 
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§3.2: Description of linear viscoelasticity 

3. 2.1: Vis eoelastic functions 

Human hair fibres show mechanica! properties, which depend on the 
temperature, the regain and moisture-content, as well as the experimentally chosen 
time-scale. Consequently, the stress resulting from a given strain ( or a strain resulting 
from a given stress) depends on the time during which it has been applied. The stress 
can be written directly in terms ofthe relaxation modulus E(t) [Macosco,'93]: 

t • 

a= J E(t- t')s(t')dt' (1) 
-co 

The strain can similarly be written directly in terms of the creep compliance D(t). 
t • 

& = J D(t - t') a(t' )dt' (2) 
-co . . 

In these two equations, a and & are the time derivatives of respectively the stress 
and the strain. D(t) is defined as the creep compliance. The functions E(t) and D(t) 
are unique for a material under specified conditions. 

In figure 5 a typical curve of the E-modulus was given. To describe this 
behaviour a three-element model is introduced (figure 7). This model is usually 
referred to as the "Standard Linear Solid" (SLS) [Ward,'93]. In the SLS, a spring of 
modulus Ea is added in parallel with a Maxwell unit, which consists of a spring and 
dashpot in series. It provides an approximate representation to the observed behaviour 
of polymers in their viscoelastic range. The E-modulus can be derived from: 

t 

E(t) = (Em +EJ*'f.'(t) +Ea; 'f.'(t) = e- rR (3) 

In this equation (Em+Eq} is the initialE-modulus, Ea the equilibrium modulus and TR 

(=TJIEm) the relaxation time. 

1---~ 

Figure 7: Standard Linear Solid 

Unfortunately, a human hair fibre has multiple relaxation mechanisms, which 
all have their own relaxation time. This cannot just be modelled by using a average 
relaxation time, because the SLS shows too little time-dependence. In this model the 
transition from the glassy state to the rubber-like state only takes about one decade of 
time, while it takes much longer for a human hair fibre. Therefore a constant m is 
introduced in equation (3): 
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(4) 
This model is called the stretched exponent model. For m<1 the transition 

from the glassy state to the rubber-like state is slowed down. The influence of m is 
graphically shown in.figure 8. 

----. 
log(t) 

Figure 8: lnjluence ofm on the transitionfrom the glassy to the rubber-like state (m=0.2-l.O [-]) 

This way, a more adequate representation of the time dependenee is given, without 
making the model much more complicated. Maenhout (1996) used this 
characterisation in a preceding study. The results showed good representation of the 
real behaviour of a human hair fibre. 

3.2.2: The Multiple Maxwell model 

Another more adequate representation of the time dependenee can be obtained 
by simulating stress-relaxation by an array of Maxwell-units in parallel with a spring 
of modulus Eoo (figure 9A). The overall relaxation modulus E(t) is then given by: 

N 

E(t)=E«> + LE; *e r, (5) 
i=l 

In this equation, N is the number of Maxwell-units, while E; and 'Ti are respectively 
the E-modulus and the relaxation time of the i-th Maxwell unit. This model is called 
the "Multiple Maxwell model". Figure 9B illustrates how such a system approaches 
reality, with successive units responding as time elapses. 

- total curve 
E(t) ---· individual curves 

Log(t) 
A B 

Figure 9: 11/ustrations ofthe Multiple Maxwell Model 
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Also in a preceding study, De Kluijs (1998) used this type of model for 
modelling the relaxation behaviour of human hair fibres. It was chosen to use three 
Maxwell units. However, this model tumed out to be not adequate enough, because of 
the few Maxwell units. More Maxwell units, however, would increase the number of 
constants that have to be fitted, while this already was a rather large number (7 
constants). Also, the empirica} choice of parameters r; and E; is largely arbitrary. This 
means that, although it would suffice to predict macroscopie behaviour, the set of 
parameters would not be unique and therefore of little value for theoretica} 
interpretation. 

Considering the above descriptions of both the stretched exponent model and 
the multiple Maxwell model, it was chosen to use the first one. The parameters form 
a unique set, while there also are fewer to be derived. 

§3.3: Characterisation of the viscoelastic behaviour 
Previously it was mentioned that temperature and humidity are of great 

influence on the relaxation-rate of human hair fibres. To accelerate the curling 
process a hair fibre should be heated and/or wetted as much as possible during 
setting. The acceleration due to a higher temperature can be described by the 
principle of time-temperature equivalence. In the next section this principle is 
introduced, as well as the possibility of time-humidity equivalence. Afterwards, a 
model will be introduced which takes these principles into account. 

3.3.1: Time-temperature equivalence 

The principle of time-temperature superposition is based on the fact that 
relaxation is accelerated when temperature is increased. It implies that, the 
viscoelastic behaviour at one temperature can be related to that at another temperature 
by a change in time-scale only. This shift of time-scale is quantified by a shift-factor 
aTo(T) . This factor is defined as the horizontal shift along a logarithmic time-scale 
needed to superimpose a curve measured at a temperature T, with a curve measured 
at temperature To, as illustrated in .figure JO. The time-temperature superposition 
principle can be applied if three criteria are satisfied [Ferry,'70] : (1) the shapes of 
adjacent curves have to match exactly, (2) the same values of aTo(T) must superpose 
all the viscoelastic functions and (3) the temperature dependenee of aTo(T) must have 
a reasonable form consistent with experience. On a molecular level, a description of 
the time-temperature superposition is given by the Arrhenius equation [Ward,'93] : 

ln(aT0(T))=- ---M/(1 1) 
R T0 T 

(6) 

where &I represents the activatien ener~ in Joules*mol"1
, and Ris the universa} gas 

constant, which equals 8.134 J*mol"1*K" . This equation is frequently used to define 
the temperature dependenee ofthe shift-factor aTo(T) . 

T>To 
E(t) 

log(t) 
Figure JO: &hematic illustration oftime-temperature superposition 
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It has been demonstrated by Maenhout (1996) that time-temperature 
superposition is applicable to human hair fibres by using tensite tests. During this 
study shift-factors were derived at different temperatures. The relation of these shift
factors with the temperature was found to be linear (figure 11). It has to be shown 
whether or not this relationship is the same for bending tests. 

figure 11 [Maenhout, '96}: relationship between shift-factors and temperafure 

3.3.2: Time-humidity equivalence 

The same study of Maenhout discussed whether or not the principle of time
humidity equivalence could be applied. This principle is based on the fact that a 
change in humidity seems to have the same effect on the relaxation spectrum of 
human hair fibres as a change in temperature [Feughelman,'97; Wortmann,'85], 
according to: 

(7) 
where RH is the relative humidity of the hair fibre and Ct and C2 are constants. During 
the investigations ofMaenhout, as wellas those of De Kluijs (1998), a relationship 
between shift-factors and humidity was found. However, the relationships of both 
investigations differed from another and therefore have to be revised. 

3.3.3: Injluence of humidity on theE-modulus 

Besides an effect on the relaxation spectrum, Maenhout also found a vertical 
shift factor bRH0(RH) . This effect, however, was not in agreement with the 
expectations. E(t) seemed to increase for higher humidities, while a decrease of E(t) 
due to weakening was expected. De Kluijs checked these findings, but did not find a 
significant shift at all. However, the E-modulus is still expected to decrease at higher 
humidities because of experience. 

3.3.4: The constitutive model 

T o describe the viscoelastic behaviour of human hair fibres a constitutive 
model has to be specified. In the previous paragraph it was already mentioned that it 
was decided to use the stretched exponent model to describe E(t) . To extend this 
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model to other temperatures and humidities it was modified according to the reduced 
time principle [Govaert,'90]. This way, the stress crcan be written as: 

a= bRH0 (RH)*{EG * &+ l E('l>-'l>')~(t')dt} (8) 

where bRHo(RH) is the shift-factor that describes the influence ofthe humidity on the 
E-modulus. lP Is defined as the reduced time: 

t r 

<I> = I aT0 (1} * dt" ; <I>'= I a Ta (T) * dt" (9) 
0 0 

Because it is expected that the time-humidity superposition principle acts analogous 
to the time-temperature superposition principle, the reduced time can be defined as: 

t t' 

<I> = I aT0 (T) * aRH 0 (RH)* dt"; <I>'= I aT0 (T) * aRH 0 (RH)* dt" (1 0) 
0 0 

This definition of f/J can be applied under the condition that both shift factors aT0 and 
aRHo are independent of respectively humidity and temperature. Therefore, it is 
assumed that they will not affect each other. 
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Chapter 4: Selecting the experimentalset-up 

As previously mentioned, the main goal of this study is to determine the 
humidity-dependence of E(t) by using a bending test instead of a tensile test as used 
by Maenhout. Although it bas been shown that tensile moduli and bending moduli 
seem approximately the same [Morton,'93; Scott,'78], another, more accurate, 
metbod had to be found. It bas been shown in chapter 3 that the initial modulus of 
human hair fibres at RH = 60 % and T=20 oe is approximately 4 GPa. This can be 
used as an indication for the credibility of the bending tests. 

During the tests two different types of hair were used. These hairs were both 
Asian, but during the investigations they appeared to have different E-moduli. The 
initial moduli ofboth hair-types varied slightly and are given in table 1. 

Hair type lnitial E-modulus 
type A 4-5 GPa 
typeB 1-1.5 GPa 

Table 1: Initia/ E-modulifor dif]èrent hair-types 

To explain the difference between both hair types first the influence ofthe cutiele was 
investigated. It was assumed that, if the cutiele had the same thickness, it would 
affect the E-modulus more for hairs with a smaller diameter. However, there 
appeared to be no significant influence. Secondly it was tried to investigate the 
influence ofthe medulla. As mentioned earlier, the medulla physically just represents 
the presence of empty space within a hair fibre. If a hair fibre bas a larger medulla the 
derived density would be lower. However, the weight of the used hairs was too light 
to measure accurately. Yet, this might be an explanation of the differences between 
both hairs. Another explanation might be that the hairs of type B were treated 
chemically by its owner. 

A comparison was made between different bending tests to determine which 
test should be used. It was decided to try two different bending tests, after which one 
was chosen. These two tests are described in the next paragraphs. 

§4.1: Measuring the E-modulus with the 'one-leg banging fibre test' 

4.1.1: description ofthe 'one-leg hangingjibre test' 

The 'one-leg banging fibre test' is a variant of the 'balanced fibre' metbod 
developed by Scott and Robbins [Scott, '78] to determine the stiffness of fibres (ft gure 
12). This test consists of a fibre hung over a wire hook, while little identical weights 
are attached at each end of the fibre. The distance between the two legs of the fibre d 
is called the 'stiffness index'. Also a stiffness coefficient G was defined: 

Td 2 

G=-
8
-, T=m·g (11) 

where m is the mass of one weight and g is the gravitational constant. The E-modulus 
is derived from: 
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G Td 2 

E=-=-
1 81 

where I is the second moment of area of the fibre. 

d 

Figure 12: Hanging- or balanced flbre test by Scott and Robbins 

(12) 

In case of the 'one-leg hanging fibre test' the sample is clamped horizontally 
at one end, while at the other end a little weight is attached (figure 13). This way no 
identical weights have to be used. The E-modulus now has to be derived from a 
distance d which is half the so called 'stiffness index' . Because d is raised to the 
square in equation (12) this has to be compensated by a factor 22 

= 4. Doing so, the E
modulus can be derived from: 

Td 2 

E=-
21 

where d is the deflection of the specimen. 

I 
1-y 
i 

I 

ld 

Figure 13: one-leg hangingflbre test 

(13) 

Instead of assuming a circular cross-section, like Scott and Robbins, the cross
sectien of the hair was described as an oval one. Therefore, the minimum- and 
maximum diameter of the hair were measured using a Zimmer OHG diameter 
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monitor (type 460 A/2). Considering the fact that the hair usually bends about its 
minor axis, the second moment of area I was calculated from: 

[- 1f. 3 • (14) -4 rmin rmax 

A photograph of the actual testing device is shown infigure 14. It consists of 
a clamp to hold the sample, which can be rotated. The sample is put in the clamp 
vertically, after which the clamp is rotated counter clockwise, until it reaches a 
horizontal position. A second hair hangs vertically from the end of the clamp to 
determine the reference position. Measuring is done with the use of two rulers, at a 
distance far enough from the clamps to assume that the sample hangs vertically. The 
first ruler is placed at 1 em. behind the sample, while the second ruler is placed at 10 
em. in front of the sample (figure 14). When the eye is moved to the left, until the 
front ruler has moved 1 0 mm compared to the sample, the back ruler will have moved 
1 mm. to the right This way, by looking at the hair over the two rulers, one can 
determine the excitation of the sample with an accuracy ofO.l mm. 

Measuring the excitation can be done more accurately by taking pictures and 
measuring this excitation (stiffuess index) afterwards from these pictures, but at this 
stage of checking the feasibility of the test this was not considered to be necessary. 

Figure 14: The experimental set-up 

4.1.2: Investigation of the reproducibility 

To investigate the reproducibility of the measurements, three tests were done 
with the same sample at the same temperature and humidity. This sample was an 
Asian hair of type A. After measuring both minimum and maximum diameter, a 
sample of 20 em. was put into water for one hour. Next, the sample was hung 
vertically for two hours to acclimatise as well as to straighten it. Then, the experiment 
was performed. The results are given infigure 15. 
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Figure 15: reproducibility ofE(t) with 'one-leg hangingfibre test' 

As can be seen in .figure 15, the experiment reproduces well. A possible 
explanation for the mutual ditTerences between the measurements at a certain time, is 
the orientation of the clamp, which could be not perfectly horizontaL 

4.1.3: lnfluence ofthe sample's own weight 

Because a hair normally bends under its own weight, it had to be investigated 
if this phenomenon had an effect on the derived E-modulus. Therefore, the E
modulus after one hour of toading (E60) was determined for three samples, using four 
different weights for each sample. It would be expected that, if the own weight of the 
hair has an influence, the derived value of E6o would decrease for low weights, where 
the fibre its weight is not anymore neglectable with respect to T. This is caused by the 
extra bending ofthe sample under its own weight. The results are shown in.figure 16. 
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Figure 16: injluence ofthe own weight ofthe sample on E60 
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Figure 16 shows that there is no significant decrease of E60 for low weights. 
Therefore, it seems that there is no significant influence of the own weight of the 
sample on the measured excitation, as far as the weights that were used are 
concerned. 

§4.2: Measuring the E-modulus with the 'three-point bending test' 

4.2.1: Description of the tthree-point bending test'. 

The three-point bending test is a bending test that is normally used for 
determining the bending strength of a simple beam. However, it also can be used for 
hairs. The modulus of elasticity of hair may be measured by supporting the sample at 
either end and finding the load that results from the enforced deformation at the 
centre. This was done by modifying a Perkin-Elmer TGS-2 Thermogravimetric 
System. Usually, the Thermogravimetric System is used to record the weight loss or 
weight gain of a sample as it is subjected to a precisely controlled temperature 
environment The analyser unit is in fact a highly sensitive balance. To compensate 
the difference between the weights at each side of the balance a servomotor is used. 
The amount of current needed is a measure of the weight on the beam. 

A B 

Figrqe 17: The experimental set-up for the three-point bending test: 
A - The balance of the TGS-2 
B - The sample holder with a hair-sample 

To use this system for the three-point bending test it had to be adapted (figure 
17A). On the sample-side of the balance a device was attached, which could support a 
hair sample at both ends and which could translate vertically (figure 17B). The hook 
that usually holds the sample dish was now used to deform the sample at the centre. 
On the other side of the balance a weight was hung on the hook. By lowering the 
supported ends over a known distance, the sample was bent. The recorder of the 
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system showed the difference in weight, which could be converted into applied force. 
Because a corrected balance is used for recording the load, it virtually behaves like a 
load cell with an infinite stiffness. 

The modulus of elasticity was derived from the acquired data. Por a 
rectangular sample the modulus of elasticity in bending Eb is given by [Davis, '85]: 

where: 

while: 

/3 AF 
Eb = 4bh3 . ilö (15) 

AF= load increment as measured from preload 
ilö = deflection increment at midspan as measured from preload 
I = span length 
b = width ofthe sample 
h = height ofthe sample 

1 
-bh3 = I = second moment of area. 
12 

(16) 

As mentioned earlier, the second moment of area I for a fibre with an oval cross
sectionis given by equation (14). This changes equation (15) into: 

where: 

/3 AF 
Eb= (17) 

12*n-*r . 3 *r ilö mm max 

rmin =minimum radius ofthe hair-sample 
rmax =maximum radius ofthe hair-sample 

4.2.2: Investigation ofthe reproducibility 

Just like the one-leg banging fibre test, three tests were done with the same 
sample at the same temperature and humidity to investigate the reproducibility of the 
measurements. This sample was an Asian hair of type B and was 15 mrn. in length. 
One end of the sample was marked on the upper side so each experiment it could be 
placed in exactly the same way. Also in this case, the sample was put into water for 
one hour after which the sample was hung straight during acclimatisation for two 
hours. Then, the experiment was performed. The results are given in figure 18. 
Lookiltg at ft gure 18 one can see that the data show good reproducibility. The mutual 
differences can possibly be caused by fluctuations of both temperature and humidity 
as well as errors in reading the deflection. 

-19-



5 

o~~~~~~~~~~~~~~~~~~~ 

10° 101 102 105 104 

time(s] 

Figure 18: reproducibility ofE(t) with the 'three-point bending test '. 

§4.3: Comparison between both bending tests 
To determine whether the described bending tests obtain comparable results 

both tests were performed on the same hair. This was a hair of type B. First the one
leg hanging fibre test was performed on a conditioned hair. Secondly, a sample was 
made from the first 15 mm. ofthe hair near the clamp, which had been bent mostly. 
On this sample the three-point bending test was performed, after new conditioning. 
The results ofboth tests are shown in.figure 19. This figure shows that both tests give 
comparable results. The ditTerenee between both measurements can be explained by 
the geometry of the used hair, which never is exactly straight. Especially for the one
leg hanging fibre test, little curvature of the hair influences the measured distance 
between the sample and the reference wire and, consequently, the derived E-modulus. 
This influence is much less for the three-point bending test. Secondly, hairs do not 
have a constant cross-section over their length. Therefore, initially the hair might not 
bend about its minor axis over its whole length. This might explain the ditTerences 
between both tests within the first 10 minutes 

The one-leg hanging fibre test appeared to be less accurate than the three
point bending test, because of the above-mentioned influence of curvature. Also, 
airflow caused the hair to swing considerably. Third, the sensitivity was relatively 
course, although this might be solved by taking pictures and measuring the stiffness 
index afterwards from these pictures, as mentioned earlier. The three-point bending 
test proved to be considerably more sensitive and easy in use. Therefore, the three
point bending test was chosen to be used in further investigation. 
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Figure 19: Results ofboth bending-tests perfomred on the same hair 
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Chapter 5: Results 

After the bending test had been selected, experiments had to be done at 
different humidities for different samples. Therefore, two samples were selected. 
Each experiment was carried out three times to check the reproducibility. To reach 
the required humidities, the whole experimental set-up was placed in a elimate room. 
An exeeption to-this-was the relative humidity of 2 %. This humidity was achieved by 
placing the sample and its holder in a plastic bag, while blowing dry nitrogen through 
it at a low rate. The temperature was kept constant at 20°C. The results of these 
experiments are described in the next paragraph. 

To check the time-temperature shift, as determined by Maenhout (1996), for 
one hair the experiment at RH = 60 % was repeated for T = 30°C. This is a relatively 
small difference, but it was the maximum temperature the elimate room could 
reproduce. 

§5.1: Humidity dependenee 

5.1.1: Results for varlation of humidity 

For bath hairs tests were performed at different humidities. These ~airs were 
of type B. For hair #1, experiments were performed at relative humidities of 60, 80 
and 99 %, while hair #2 was tested at 2, 60 and 80 %. The results are depicted in 
figure 20A&B . 
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Figure 20: measurements at different humiditiesfor both hairs 

As can be seen in these pictures, E(t) clearly decreases at higher humidities. 
Secondly, the measurements show good reproducibility except for hair #2, of which 
the curves at RH = 80 % show a rather big mutual difference. This might be caused 
by the placement of the hair. If the hair is not placed with its minimum diameter in a 
vertical plane the derived value of E(t) will be slightly higher. Another possibility is a 
slight displacement of the displacement transducer during application of the 
excitation. 
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Predicting the fluther course of the individual curves was done by fitting the 
data to the model that was derived in Chapter 3, using the least square method 
[Oomens,'93]. The results of these predictions can be found infigure 21, while the 
parameters of each curve are presented in table 2. Because m did not . appear to vary 
significantly, it was chosen to consider it as a constant with a value of 0.4. The 
predictions for hair # 1 showed clearly that their equilibrium moduli are 
approximately the same. The predictions for hair #2 showed greater variation, 
because of the shorter measuring time. This made it more difficult to predict the 
course accurately. However, fitting all data, measured at the same humidity, showed a 
better result for RH = 60 % and RH = 80 %. The data, measured at RH = 2 %, could 
not be fitted, because of the slow rate of relaxation. The derived . equilibrium moduli 
were approximately the same. It is therefore assumed that, for all humidities, the 
equilibrium modulus remains the same. This implies that the vertical shift-factor for 
change of humidity is not proportional with E, but with E-Eoo. 

A : hair#J B: hair#2 

Figure 21: fitled curves for the data ofboth hairs 

Hair RH[%] kt [GPa] k2 [GPa] 't [s] m [-] 
hair #1 60 0.53 0.44 4582 0.4 

60 0.61 0.38 6717 0.4 
60 0.55 0.47 4457 0.4 
80 0.35 0.46 2149 0.4 
80 0.44 0.43 4121 0.4 
80 0.39 0.44 2732 0.4 
99 0.18 0.46 1548 0.4 
99 0.18 0.41 1689 0.4 

hair #2 60 0.34 0.39 5073 0.4 
80 0.28 0.43 3715 0.4 

Tab/e 2: derived parameters of the fitled curves 

The above conclusion is supported by the molecular relaxation mechanism of 
human hair fibres as discussed in chapter 3. This mechanism was already compared 
with that of a cross-linked polymer. The disulphide honds can be seen as cross-links, 
while the hydrogen honds are secondary honds. It was explained that the hydrogen 
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honds could easily be broken during heating andlor wetting, while the disulphide 
honds remained intact. In case of a cross-linked polymer one would say that only the 
secondary honds are influenced by the humidity andlor the temperature, not the 
network. In the extreme case that all hydrogen honds are broken the E-modulus 
would reach its equilibrium modulus immediately, because its relaxation is not 
delayed by the hydrogen honds. In the other extreme case, when all hydrogen honds 
remain intact, the E-modulus will remain at its initial level, because no relaxation will 
occur. In all other cases, the equilibrium modulus will be reached aftersome period 
of time. Therefore, the humîdîty onty influences the rate of relaxation and the 
magnitude of the initial modulus. 

5.1.2: Application of time-humidity superposition 

In chapter 3 a mathematica} model was introduced descrihing the time
humidity superposition principle. This principle was applied to the measurements by 
superimposing the curves at different humidities on the average curve at the reference 
state of RH= 60% by a horizontal displacement log(aRHo(RH)), as wellas a vertical 
proportionality bRHo(RH). The latter is nota shift but a proportionality, because it 
only affects the difference between Eo and Ew, following the conclusion that Eao is 
constant. Figure 22 illustrates both the time-shift and the vertical proportionality due 
to humidity. 

E(t) 

bRHo(RH) 

\ 
\ 

RH>RHo 

, ___________________ ......_ __ _ 

log(t) 

Figure 22: Schematic i/lustra/ion ofthe injluence ofhumidity 

From the average shifts, the curves for the reference state (T = 20 oe and RH 
= 0 %) were derived. After this, new shift-factors were derived, which were basedon 
this reference state. These shift factors are presented in.ftgure 23. 
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Figure 23: Shift-factors ofboth hairs in relation to the humidity 
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From figure 23 it can he concluded that the shift-factors depend linearly on the 
relative humidity. This linear dependenee can he described by: 

log(aRH0 (RH)) = 0.22 *RH (18) 

Also the vertical proportionality was related to the reference state. The vertical 
proportionality-factors appeared not to he the same for both hairs, even if the two 
models were normalised round their initial value of E(t) at the reference state. This is 
probably caused by the value of the equilibrium moduli of both hairs in relation to 
their initial value, which differ significantly from each other. After subtracting their 
equilibrium moduli and subsequently normalising round the resulting initial value ( = 
ErrEw =kJ), the data of corresponding conditions appeared to he much more similar. 
For all data of both hairs at the same conditions new proportionality-factors were 
derived. These factors showed a good linearity with the relative humidity, as depicted 
infigure 24. 
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Figure 24: proportiona/ity-factors in re/ation to the humidity 

lnfigure 24, kJ is the ditTerenee between Eo and Eoo- It can he concluded that also the 
proportionality-factors depend linearly on the relative humidity. This linear 
dependenee can he described by 

bRH0 (RH) = 1-0.79* RH (19} 

These relationships are different from those observed by Maenhout (1996} 
and De Kluijs (1998}, but those relationships were already doubted in the conclusions 
of those studies. 

§5.2: Temperature dependenee 

5.2.1: Resultsfor variation oftemperature 

After the experiments at variabie humidities, experiments were performed at a 
higher temperature of 30 oe. The relative humidity was kept at 60 %. These 
measurements appeared to he less accurate than the measurements at 20 oe. This was 
probably caused by the measuring-apparatus itself, which could not bear such high 
temperatures without loss of accuracy. Although no ditTerenee could he seen 
graphically, there appeared to he significant ditTerences after fitting all data at one 
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temperature using the least square method. The results of these fits are shown in table 
3. From the derived parameters it can be seen that the values of k1 and k2 remain 
approximately the same, while the relaxation time T is strongly decreased for T=30°C. 
Because both the initial modulus (Eo) and the equilibrium modulus (E.) appeared to 
be approximately the same as at those of 20°C (mutual ditTerenee the mean values of 
3% resp. 4 %), it was concluded that there was no vertical shift ofany kind. 

~ 

Temp. [°C] k1 [GPa] kz [GPa] 't [s] - 1- m [-] 
~ 

20 0.46 0.53 2806 0.4 
30 0.47 0.55 1854 0.4 

Table 3: Derived parameters for different temperatures 

5.2.2: Application of time-temperafure superposition 

In chapter 3, the time-temperature superposition principle was described by 
the derived mathematica! model. From the relaxation times of each individual curve 
at T = 30 oe a horizontal shift-factor log(aTo(T)) was derived in the same way as the 
horizontal shift-factors for humidity dependence. These shift-factors were compared 
with the shift-factors derived by Maenhout (1996). The results are shown infigure 
25. 
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Figure 25: Horizontal shift vs. temperature from both Maenhout (1996) and own 
measurements ( •• • resp. 'o •) 

They show that the derived shift-factors are rather low compared to the relationship 
derived by Maenhout. However, those shift-factors showed a large spread. The 
derived shift-factors still lie within this spread. It is therefore assumed that the 
temperature - time-shift relationship of Maenhout can also be applied to bending. 
This means that this time-shift is described by: 

log(aT0 (T)) = -3216*(~ )+ 11 (20) 
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§5.3: Adapted constitutive model of the relaxation behaviour 

In the previous sections relationships were derived concerning the influence 
of humidity and temperature on the E-modulus and the relaxation rate. The model, as 
described in Chapter 3, had to be adapted, because instead of a vertical shift-factor a 
proportionality-factor was found. The stress can now be described as: 

t • 

u= E<IJ * e + f bRH0 (RH) * E(éP- éP')e(t')dt' . (21) 
-<IJ 

The used hair samples appeared to have different initial moduli. Also, their 
differences between Eo and Eoo (=k1) at the same humidities appeared to be a certain 
part of their initial modulus at the reference state. Therefore, E(t) is described by: 

E<t> =kt *e {:r (22) 
Eo 

Parameter k2 is determined by taking the mean value of Ea:!Eo ofboth hair samples 
and equals 0.31 . Because ofthe division by Eo.rer kt is now derived from: 

kt = (1- 0.31) = 0.69 (23) 
Because no significant variation was found for m the mean value for m was taken: 
m=0.4 . The relaxation time 'tR equals 1.4*105 seconds, following from the derived 
reference curve. The reduced time l/J is given by equation (10). For the sake of 
cleamess, the whole system of equations is described below: 

t • 

a= k2 * E0 *&+ fbRH0 (RH)* E(ct>-ct>')c(t')dt' 

with: 

Here: 

-ao 

kt = 0.69 [-] 

k2 = 0.31 [-] 

-rR=1.4*105 [s] 
m=0.4 [-] 

bRH0 (RH) = 1-0.79* RH 

t 

~= faT0 (D*aRH0 (RH)*dt" 
0 

while: 

log(aT0 (D) = -3216 * (~) + 11 

log(aRH0 (RH)) = 0.22 *RH 
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Chapter 6: Application - prediction of curl setting 
At the end of the previous Chapter a formulation was given to characterise the 

viscoelastic behaviour of human hair fibres, while taking the influences of bath 
temperature and humidity into account. This formulation might be used to predict the 
relaxation behaviour during the curling process as well as the course of the level of 
set after release. The process ofprediction is described in paragraph 6.1. To verify the 
predieted "'ttlues a ettrlirtg experiment -was performed. This expahnent is described in 
paragraph 6.2. 

§6.1: Predicting the level of set using the derived model 

As described previously, relaxation will occur during setting. When, for a 
period of time, a deformation is forcedontoa fibre (the curl) a certain amount ofthis 
deformation will remain present after release. The amount of this set compared to the 
forced deformation is called the level of set after a period of time. The langer a hair 
fibre is forced into a certain shape, the higher this level of set will be. After release, 
however, the level of set will decrease. The newly reached equilibrium between the 
internat farces of disulphide honds and hydragen honds does not remain intact, 
because the hydragen honds are braken and reformed constantly, as described in 
chapter 2. Therefore, the hair fibre will return to its initia!, straight, shape. 

By calculating the amount of relaxation, using the derived formulation, it is 
possible to predict the level of set after release. Also, it is possible to predict the 
course of the level of set. The general characterisation that was formulated is given 
on page 21. lf, for these equations, the transient conditions are known it is possible to 
calculate the level of set after release. This will be discussed below. 

The level of set of a human hair fibre is determined by the remaining level of 
set at time t: 

set= &(t) 
&(0) 

(24) 

It is possible to calculate the course of the level of set. During setting the stress cr(t) 
relaxes, while after release the total stress equals zero. The release-step can beseen as 
an addition of a new stress-contri bution CTvirtualtJ, which is opposite to the stress 
resulting from the forced deformation. This results in a total stress Utor(t) which 
equals 0 after release. This is illustrated infigure 26. 
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Figure 26: Jllustration ofthe course ofthe stress during setandrelease 
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To add this second stress-contribution every step in time the stress, defined by 
equation (1), has to be calculated. To solve this problem numerically equation (1) has 
to be discretised. The virtual stress at time t is then given by: 

n • 

avirlrlal (t) =~X {E(t- t'(i)) + E(t- t'(i -1))}* s(t') * dt' 
i=l 

(25) 
while the strain rate is determined by the stress resulting from the forced deformation: 

• a(t') 
s(t')- (26) 

- X{E(t'(i) -t'(O))+ E(t'(i -1) -t'(O))}*dt' 

For every point of time the remaining strain becomes: 

&(t) = &(0) + ~ { ~(t(i)) * (t(i)- t(i -1))} (27) 

where &(0) is the initial strain, just before the forced strain was removed. The level of 
set is now given by: 

set= s(t) 
&(0) 

(28) 

Todetermine the reduced time (]J, as derived from equation (10), the drying
rate of the human hair fibre has to be known. It was assumed that this rate was linear 
in time and that the hair would reach equilibrium with the environmental conditions 
after one hour. The calculated reduced time is used as the setting time for a hair in the 
reference state (T=20°C; RH=60%). The level of set of the experiment described in 
the next paragraph was derived using these equations. 

§6.2: Experimental validation 

For verifying the predicted values an experiment was carried out. During this 
experiment a single hair fibre was curled, after which the level of set was foliowed in 
time. Curling the hair fibre was done by windingit around a tube with a radius of2.5 
mm. A groove determined the thread of the curl, which was set to 0.25 mm. This 
way, the maximum strain on the outside of the fibre (0.95 %) remained within the 
Hookean region Therefore, the fibre its behaviour should be linear viscoelastic. The 
tube with the fibre around it was placed in water for 5 minutes, after which it was 
acclimatised for one hour in air, where the relative humidity was 60 %. The 
temperature was kept constant at T=20 °C. 

After acclimatisation the hair fibre was hung vertically and pictures were 
taken at different times during one hour. From these pictures the radius of the curl 
and its thread were measured. From this the curvature K ofthe fibre was derived by: 

R 
K=----

R2 S 2 

+--
4n-2 

(29) 

where R represents the radius of the curl and S represents the thread of the curl. The 
level of set was determined by the quotient of the curvature at time t and the initial 
curvature: 

set= K(t) 
K(O) 
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The experiment was carried out for six different hairs. The results are depicted in 
figure 27. 
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Figure 27: Measured set and predicted set versus time 

In this figure, at t=O, the forced deformation is removed and the initiallevel of set is 
instantly reached. Because the time-steps that are taken during the calculation are 1 
minute, this jump shows itself in ft gure 2 7 after one minute. After r-:o, the measured 
level of set proves to be about 5% lower than the predicted level of set. However, the 
rate of set-loss seems to be approximately the same. This can partially be explained 
by looking at the way that the experiment was performed. Because the curled hair 
fibre is hung vertically, the thread of the curl is influenced by the hair its own weight. 
Therefore, the derived actual radius of the hair fibre is larger than in an unloaded 
situation. This means that the set, as calculated by equation (29), is lower than the 
theoretica! set. 

Secondly, the hair fibres will notdry at a fixed rate. They will start to dry at a 
higher rate and end at a much lower rate. This means that (jj will have a lower value, 
which will express itself in a lower level of set. 
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Chapter 7: Conclusions and recommendations 

During this study the method for characterisation of temperature and humidity 
dependenee of the viscoelastic behaviour of human hair fibres, according to 
Maenhout (1996) was reviewed. The characterisation, applying the stretched 
exponent model, was unaltered. The description of time-humidity was paid most 
attention to, because of the unexpected observed relationship between vertical shift 
and humidity. Third, it was examined whether the time-shift relationships with both 
temperature and humidity for bending tests were the same as for tensile tests. 

A bending test was chosen after comparison with other bending tests. The 
experimental set-up was tested on reproducibility, after which measurements were 
done at different humidities and, to a smaller extent, at different temperatures. To 
describe the behaviour at these conditions the stretched exponent model was used. To 
convert the relaxation behaviour from one condition to another the reduced time 
principle was applied. The humidity - time-shift relationship, as derived by 
Maenhout, was checked as well as the temperature - time-shift relationship. Also, the 
influence ofhumidity on the absolute value ofthe E-modulus was investigated. 

§7.1: Conclusions 

First it can be concluded that it is possible to derive the course of the E
modulus of human hair ti bres during relaxation, by using bending tests. It is a more 
realistic approach of curling and deviations are smaller than those of the tensite-test 
used in preceding studies by Maenhout and De .Kluijs. This might fora great deal be 
attributed to the elimate chamber they used, because it produced a very fast airflow 
which caused a considerable disturbance. The use of a corrected balance during the 
bending tests provides very low deviations from the real load. 

The superposition principle seems to be applicable for both time-temperature 
and time-humidity equivalence. However, the relationships between humidity and 
shift-factors that were found differ from those derived 'by Maenhout (1996), both 
horizontally and vertically. The newly derived relationships are in accordance with 
the molecular theory, which considerably enlarges their credibility. However, more 
tests on different hair samples should be done to confirm this theory, as well as to 
derive these relationships with better accuracy. 

The general characterisation that was derived can be used to describe the 
viscoelastic behaviour of hu man hair fibres. From the comparison between measured 
set and theoretica} set it can he concluded that the derived characterisation provides a 
tooi to predict the level of set during curling. However, it has to be mentioned that 
some parameters that are used in the stretched exponent equation show considerable 
spread. Especially the relaxation time shows great deviation. 

Above conclusions show clearly that, although the used characterisation 
shows reasonable results, still some questions are open for further research. 
Therefore, some suggestions are given in the next paragraph. 
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§7.2: Recommendations 

The used experimental set-up could only be used in elimate chambers, 
because of its size. Also, the set-up appeared to be less accurate at higher temperature 
and/or humidity. To be able to do measurements at low humidities and/or high 
temperatures a little chamber should be built around the sample holder. By flushing 
this chamber at a low rate with air of known temperature and humidity other, more 
extreme, combinations can be reached. 

It was assumed that the relationship between temperature and time-shift could 
bedescribed as derived by Maenhout (1996). However, during this study the derived 
time-shifts appeared to be reasonably low compared to this relationship. Therefore, 
measurements should be done at higher temperatures to verify this assumption. 

The equilibrium moduli for different hair samples appeared to differ 
considerably relative to their initial moduli. Further investigation should determine 
whether or not this parameter could be considered as a constant. It is recommended to 
let some measurements last for maybe a few days to determine the equilibrium 
modulus more precise. 

To verify the set-predietien model measurements should be done using 
different temperature-humidity combinations. If the model, either adjusted or not, 
appears to predict the set well enough, experiments can be performed on different 
hair types to investigate their mutual differences. 
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