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ABSTRACT 

At the Personal Care Institute of the Philips Research Laboratories in Eindhoven the physical 
process of the creation of a curl in human hair is studied. The possibility of creating a curl can 
be attributed to the fact that the mechanical behaviour of human hair is dependent on time, 
temperature and humidity. In order to improve existing hair stylers and curlers it is necessary 
to gain insight in this complex mechanical behaviour of hair. 

In this report a characterization of the temperature and humidity dependence of the 
viscoelastic behaviour of human hair fibres is presented. For this purpose a experimental set~ 
up was designed to perform relaxation measurements at different temperatures and humidities. 
The measurements were used to investigate the possibility of time~temperature and time
humidity superposition. Subsequently the measurements were superimposed by applying the 
time superposition's, in order to predict the viscoelastic behaviour over an extended time 
scale. Eventually, a phenomenological model, the so-called stretched exponent model was 
used in order to characterize the viscoelastic behaviour. 

The characterization provides a convenient tool to improve the knowledge of the behaviour 
of human hair, that can contribute to the improvement of hairstylers. Considering the curling 
process, the characterization could be used to qualitatively predicted the relaxation behaviour 
during the process. 

v 



1. Introduction 

1. INTRODUCTION 

1.1 BACKGROUNDSOFTHESTUDY 

At the Personal Care Institute of the Philips Research Laboratories Eindhoven amongst other 
things research is done on the physical processes that are of importance to Hair Care products. 
Examples of these processes are the drying of the hair (hairdryers) and the deformation of the 
hair in order to create a curl (hairstylers). The objective of the research is to gather the 
necessary knowledge to improve existing Hair Care products and to generate concepts for new 
ones. A short discussion about the available Hair Care products will follow below. 

A great variety of hairdryers and hairstylers is available [Brochure, Philips]. Hairdryers use 
warm air to accelerate evaporation of moisture from wet hair. As the hair dries, it will 
maintain the way in which it is positioned, making the hairdryer an important and effective 
styling aid. Among the hairdryers there are wide differences in performance. The way in 
which the air is delivered and controlled distinguishes one dryer from the other. (Figure 1-1). 

Figure J -1 Examples of two available hairdryers 

The hairstylers offer the possibility to style the hair different ways. They work by applying 
heat by which the hair becomes pliable. As the hair dries and/or cools, it will maintain the 
shape and position made by the styler. There is also a wide range of stylers available (Figure 
1-2). The tongs for example (Figure 1-2 a) create tight curls by applying a high temperature 
and are used on dry or nearly dry hair. The warm air brushes use heat, humidity and tension to 
create curls and waves, and come in a variety of sorts (Figure 1-2 b). 

The study, that is described in this report, relates to the deformation of hair fibres. In 
particular attention will be paid to the physical process of the creation of a curl in human hair 
by using a hairstyler. 

1 



1. Introduction 

(a) 

Figure 1-2 Examples o/two available hairstylers., a)tong b)warm air brush 

1.2 GENERAL OBJECTIVE 

The possibility to create a curl in human hair with a hairstyler is based on the fact that the 
mechanical behaviour of hair is viscoelastic. The extension caused by a given force, or the 
stress resulting from a given strain in the hair fibre, depends, apart from the magnitude of the 
force or strain, on the time during which the force or the strain has been present. The 
viscoelastic properties of a hair fibre in their tum depend on the temperature and the humidity. 

When a curl is being made with a hairstyler the hair is given a strain under certain process 
conditions. These conditions include temperature, regain and the time during which the strain 
will be applied. These process conditions can be varied and the quality of curls made with a 
hairstyler depends on these conditions. 
The general objective of this study can be formulated as the determination of the influence of 
temperature, humidity and process time on the quality of curls made in hair with a hairstyler. 

The approach that was chosen to achieve this objective will be described in the following 
section. 

1.3 SURVEY OF THE STUDY 

To reach the goal described in the previous chapter a experimental set-up was designed to 
perform relaxation measurements at different temperatures and humidities. The measurements 
were used to investigate the possibility of time-temperature and time-humidity superposition. 
By applying the t-T and t-RH superposition the measurements were superimposed, in order to 
predict the viscoelastic behaviour over an extended time scale. Eventually, a 
phenomenological model, the so-called stretched exponent model [Struik 1978], was used in 
order to characterize the viscoelastic behaviour. 

2 



1. Introduction 

Knowledge of the structure of human hair fibres can contribute to the understanding of the 
mechanical properties of the hair fibres. Chapter 2 gives therefore a description of the 
structure of human hair fibres. Also some mechanical properties in relation to the hair 
structure will be discussed. The viscoelastic properties of hair fibres as also the basic theory of 
viscoelasticity will be described in Chapter 3. Chapter 4 gives the description of the performed 
experiments and the experimental results. Subsequently, these measurements were used to 
investigate the time-temperature and time-humidity superposition of the hair fibres, as will be 
outlined in Chapter 5. In Chapter 6 the general characterization of temperature and humidity 
dependence of the relaxation behaviour of the hair fibres will be presented. The curling 
process was experimentally imitated at two different conditions, as will be described in 
Chapter 7. The characterization of the relaxation behaviour of the hair fibres was used to 
predict the relaxation during the two conditions, to verify the characterization. Finally, 
Chapter 8 gives the conclusions of the present research and some recommendations for future 
work. 

3 



2. Structure and Mechanical properties of Human Hair Fibres 

2. STRUCTURE AND MECHANICAL PROPERTIES OF HUMAN HAIR 
FIBRES 

2.1 INTRODUCTION 

Human hair is a complex tissue consisting of several morphological cQmponents,and each 
component consisting of several different chemical species. It is an integrated system in terms 
of both its structure and its chemical and physical behaviour. The mechanical properties of the 
hair fibre can be explained by its structure. Because of this connection it is appropriate to start 
this report on viscoelastic behaviour of hair fibres with a review of some aspects of their 
structure. At the and of this chapter the stress-strain curve of a hair fibre will be discussed in 
relation to the hair structure. 

2.2 GENERAL MORPHOLOGICAL STRUCTURE 

According to Robbins, a fully formed hair fibre contains two and sometimes three different 
units or structures. At its surface, hair contains a protective coating. This coating consists of 
layers of flat overlapping scale-like structures called the cuticle (Figure 2-1). The cuticle 
layers surround the cortex. Cortical cells contain the fibrous proteins of hair. Thicker hairs 
often contain a third unit consisting of one or more loosely packed porous regions called the 
medulla, located near the centre of the fibre. 

- ........ ~--........ Cuticle 

Cortex 

,-_ .......... _- Medulla 

Figure 2-J. Schematic diagram of a cross section of a human hair fibre 

As much as 90 % of the total weight of human hair originates from the cortex [Robbins, 
1988]. The keratinized cortex cells contain spindle-shaped fibrous structures called 
macrofibrils or macrofilaments (Figure 2-2) that are aligned along the fibre axis. Each 
macrofibril consists of intermediate filaments and the matrix. The intermediate filaments are 
highly organised fibrillar units and the matrix is a less organised structure that surrounds this 
filaments. Although the relative quantities of the matrix to the intermediate filaments vary, 
this ratio in human hair is generally greater than 1.0 [Robbins, 1988]. 

4 
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Cuticle 

Cortex 

Macrofibril 

Intermediate 
filament 

Matrix 

Figure 2-2. Stereogram of a human hair fibre illustrating substructures [Robbins, 1988]. 

2.3 MOLECULAR STRUCTURE 

2.3.1 Keratin 

As was pointed out in the previous section, the cortical cells are keratinized. The protein 
keratin is the principal constituent of hair fibres [Morton, 1993]. Proteins are formed by the 
polymerisation of amino acids giving long chain molecules. There are various sorts of cross
links that can form between neighbouring protein molecules and that are of importance to the 
styling ofthe hair: 

a) The strongest cross-links in hair are formed by the amino acid cystine [Morton, 1993], 
[Robbins, 1988]. The cystine linkage will form a covalent cross-link between adjacent 
chains. Since cystine contains sulphur, the chemical cross-links are often referred to as 
disulphide bonds. Where these disulphide bonds occur, it turns the many chain molecules 
into a single network molecule. 

In some cosmetic treatments of the hair, like permanent waving, the disulphide bonds are 
broken down to alter the shape of the hair permanently. This can be done most easily by 
chemical treatments. 

b) A weak attraction occurs between hydrogen and oxygen. These so called hydrogen bonds 
can also link neighbouring main chains together. 

The bonds play an important part in altering the hair shape temporary, as is done by hair 
curlers or hairstylers. The hydrogen bonds can easily be broken by stretching and wetting 
and/or heating. After deformation in the wet situation and subsequently drying, the 
hydrogen bonds will restore in the new shape. However, wetting the hair again will result 
in a loss of style, since the stronger disulphide bonds will force the hair in its original 
shape. 

c) Since there are both acidic (-) and basic (+) side chains, salt bonds may form between them, 
holding the side chains together by electrovalent forces. Unlike the other two cross-links, 
this cross-link is not of interest in altering the hair shape. It is mentioned however to be 
complete. 

5 



2. Structure and Mechanical properties of Human Hair Fibres 

2.3.2 Molecular Form and Packing in Hair 

X-ray-diffraction photographs show that two quite different crystal structures can occur in 
keratin [Robbins, 1988]. In hair there is a structure known as a-keratin, but, if hair is 
stretched, there is a gradual and reversible transformation to another form known as ~-keratin. 

More detailed chemical studies of keratin indicate that it is composed of a collection of 
different proteins [Morton, 1993]. The two main types are (i) the low sulphur protein, which 
contains relatively simple, crystallizable sections. (ii) the high sulphur protein, which 
contributes the non.:.crystalline regions. Because of the high concentration of cross-linking 
cystine, the non-crystalline material acts as a rather highly cross-linked amorphous polymer, 
in a rubbery state. 

There is strong circumstantial evidence [Robbins, 1988] that the intermediate filaments are 
made of the crystalline, helical, low-sulphur proteins (~6% cystine), whereas the matrix is a 
amorphous, cross-linked, random, high-sulphur protein (-21% cystine). The matrix phase can 
be weakened by the presence of water, while the crystalline regions are virtually inert to 
water. This model of crystalline water-impenetrable fibrils in a rubbery water-penetrable 
matrix is important in understanding the deformation properties of human hair. 

Much of the complexity of hair behaviour, and the effects of temperature, regain and stress, 
is due to (a) the ease of occurrence of the crystal transitions from the a- to the ~-structures , 
and (b) the ease of breakdown the cross-links in amorphous regions and the formation of new 
ones. 

2.4 MECHANICAL PROPERTIES OF HUMAN HAIR 

2.4.1 Stress-Strain Relations 

Because of the shape of human hair, the most studied mechanical properties are their tensile 
properties along the fibre axis [Robbins, 1988]. When a hair fibre is stretched at a constant 
rate, the stress-strain curve shows three distinct regions. The stress-strain curve is 
schematically presented in Figure 2-3. The initial linear portion in which recovery is good is 
called the Hookean region. The second region in which the recovery is incomplete is referred 
to as the yield region. The final region of increasing slope leading to breakage is named the 
post-yield region. The lower curve in Figure 2-3 represents stretching of a hair fibre in water 
and the upper curve represents stretching at 65% RH [Robbins, 1988]. In the Hookean region 
of the stress-strain curves, the stress is linearly related to the strain. The elastic modulus or 
Young's modulus of human hair fibres at 60 % RH and room temperature was found to be 
approximately 4 GPa [Robbins, 1988]. 

An important parameter of the stress-strain curves is the Hookean limit (Figure 2-3, point 
A). This Hookean limit is of particular interest in this study. since this limit determines 
whether the viscoelastic behaviour of the hair fibres during the curling process is linear or 
non-linear. In literature, [Huch, 1971] and [Robbins, 1988], it is suggested that the pullout 
energy of hair at 65% RH is approximately equal to the Hookean limit and considerably less 
than the stress to break. This means that most hair fibres under stress should pull out before 
breaking. In in vivo situations the occurring strains are therefore largely in the Hookean limit. 
From literature [Huck, 1971] and own experiments (Appendix A) it appears that the hair fibres 
remain in the Hookean region at strains < 1 %. 

6 
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c 

c 

stress r 65%RH 

100% RH 

loII----Yield region ----+I .. : Post yield region 

Hookean 
region 

strain ---IiI' 

Figure 2-3. Schematic diagram/or stress-strain curves/or human hair fibres [Robbins. 1988]. 

2.4.2 Structural Effects in Hair Fibres 

The stress-strain curve for human hair fibres shown in the previous section (Figure 2-3) may 
be explained in terms of the structure of the fibres. As mentioned before in section 2.3.2, the 
model of crystalline water-impenetrable fibrils embedded in a rubbery water-penetrable 
matrix contributes to the understanding of the deformation behaviour of human hair (Figure 2-
4). The fibrils are parallel to the fibre axis. 

In wet hair, the matrix behaves as a rubbery polymer with a low modulus. However, in dry 
fibres, the matrix will be more densely linked by hydrogen bonds. It has been pointed out 
[Morton, 1993], [Feughelman, 1959] that dry keratin fibres are almost isotropic in mechanical 
properties, which indicates that the matrix in dry conditions is as stiff as the fibrils. 

Figure 2-4 Two-Phase fibril-matrix model o/human hair [Morton, 1993]. 
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2. Structure and Mechanical properties of Human Hair Fibres 

If a force is applied in the Hookean region of the stress-strain curve, extension will occur and 
two structural effects will appear [Morton, 1993]. The first is a slight stretching of the 
molecules themselves and the second is a straining of the hydrogen-bond cross-links between 
them. The magnitude of the distortion of the molecules and cross-links will be proportional to 
the applied force, so that the stress-strain curve will be linear. On removal of the force, the 
molecules and the cross-links will return to their original position, and recovery will be 
complete. When the applied force gets larger, some of the most highly strained cross-links in 
the amorphous region will break because they can not support the force applied to them. This 
permits a much greater straightening of the molecules, which happens· in the yield region. 
Throughout the yield and post-yield regions, the helical a-keratin in the crystalline fibrils 
transforms to J3-keratin with extended chains. Consequently, extension becomes much easier. 
Eventually the molecules will not be able to bear the increasing force and consequently the 
hair fibre will break. 

Also stress relaxation in the Hookean region can be explained by the structure [Morton, 
1993]. When a hair fibre is held extended at a fixed length, the continued and spontaneous 
breakage and reforming of hydrogen-bond cross-links relieves the internal stresses in the 
molecular assembly and thus leads to the lowering of the tension. When extension is removed, 
at first recovery wi]] be incomplete, since hydrogen bonds have re-formed in new positions 
and are thus tending to stabilise the deformed state. However opposite internal stresses in the 
disulphide bonds will force the hydrogen bonds in their original state (Figure 2-5). 

aH = internal stress in as internal stress in 
hydrogen bonds disu\phide bonds 

r external stress 

as 

hydrogen 
S S bonds 

disulphide 
H H -- bonds 

.. 

1 ~ 

(a) (b) (c) (d) (e) 

Figure 2-5 Schematic illustration of stress relaxation followed by recovery in terms of hydrogen and disulphide 
bonds according to Morton [Morton, 1993}, (a) Initial configuration; (b) Extended configuration (both bonds 
are stretched); (c) Extended configuration after some time (hydrogen bonds relaxed); (d) Configuration after 
releasing the extension ( bonds are stretched reverse); (e) Complete recovery after some time (Initial 
configuration, hydrogen bonds relaxed). 
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3. VISCOELASTIC BEHAVIOUR OF HUMAN HAIR DURING THE 
CURLING PROCESS 

3.1 INTRODUCTION 

To detennine the influence of temperature, regain and process time on the quality of curls 
made in hair with a hairstyler, it is necessary to understand what happens during the curling 
process. As was pointed out in the first chapter, the possibility to create a curl in human hair 
with a hairstyler is based on the fact that the mechanical behaviour of hair is viscoelastic. In 
section 3.2 it will be shown that during the curling process, the viscoelastic behaviour remains 
in the Hookean region. In section 3.3 linear viscoelasticity will be accounted for. By using a 
mechanical model representing linear viscoelasticity, the curling process was considered in 
tenns of stresses and strains. The results that help to understand the curling process are also 
presented in section 3.3. In section 3.4 the approach that can be used to characterize the 
viscoelastic behaviour of the hair fibres is introduced. Finally, in section 3.5 the experimental 
approach will be presented. 

3.2 DEFORMATION HISTORY 

The defonnation during the curling process will be evaluated below, in order to detennine 
whether the occurring strains remain in the Hookean region. If this appears to be the case the 
hair fibres can be approached as linear viscoelastic fibres. 

During the curling process human hair is given a certain defonnation by winding a strand of 
hair around a hairstyler, which causes a bending strain under certain conditions (temperature 
and humidity). When an existing hairstyler with the smallest radius is considered, this bending 
strain will be at its maximum. The smallest radius that was found among the Philips 
hairstylers was a radius R of 6.25 mm. 

Exclusively Caucasian hair will be considered in this study. The cross-sectional shape of the 
Caucasian hair is slightly oval, with an average maximum diameter D} of 64 micron and an 
average minimum diameter D2 of 47 micron. When a hair fibre is being wound around a 
hairstylers it will bend along its longest axis. 

Consider a hair fibre of length 1o, bent to a radius of curvature R of the hairstylers without 
being pre-stressed (Figure 3-1). The outer layers of the hair fibre will be extended and its inner 
layers compressed, but a plane in the centre, known as the neutral plane, will be unchanged in 
length. So suppose the length 10 of the fibre is (2n*(R+Di2», the neutral plane of the fibre 
then exactly fits around the hairstylers. The maximum strain will be present in the outer layers 
of the hair fibre and the changed length I} of these layers will be (2n*(R+D2». The maximum 
bending strain (extension) can now be defined as: 

Given D2 47/-lm and R = 6.25 mm it follows that the maximum strain Emax equals 0.4%. It 
is obvious that the bending strain on the inside of the bend (compression) is negative and 
equals -0.4%. 

9 
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D,=64Ilm 

hair fibre 

curling iron 

neutral plane 

471lm 

Cross-section 

Figure 3-1. Bending of a hair fibre during the curling process 

The appearing bending strain in a hair fibre during the curling process lies at least within the 
range [-0.4%,0.4%] if a hairstyler is used with a radius of 6.25 mm or more. As was pointed 
out in the previous chapter a hair fibre remains in the Hookean region at tensile strains < 1 %. 
The bending stress is also linearly related to the bending strain up to a strain of at least 1 % 
[Morton, 1993], [Scott, 1978]. It can be concluded that the behaviour of hair fibres during the 
curling process is linear viscoelastic. In the next section the theory of linear vicoelasticity will 
be briefly discussed. 

3.3 LINEAR VISCOELASTICITY 

3.3.1 Viscoelastic functious 

Viscoelastic materials display mechanical properties that are depending on the temperature, 
the regain or moisture content (if the material can contain moisture) and the experimentally 
chosen time scale. Consequently the stress resulting from a given strain, or the strain resulting 
from a given stress, in a hair fibre depends on the time during which the strain has been 
present. A convenient property of linear viscoelastic behaviour is that each loading step makes 
an independent contribution to the final deformation. The total deformation can therefore be 
obtained by the addition of all the contributions. 

This principle was already proposed in 1876 by Boltzmann [Ward, 1993] and is therefore 
referred to as the Boltzmann principle. A generalized form of the constitutive equations for 
linear viscoelastic materials was obtain by applying the Boltzmann superposition principle to 
simple extensions. The equations can be expressed in the following integral forms: 

t . 

(J (I) = J E(I I') S(I')dl' (3.1) 

-00 

t . 

s(l) = JD(I-II)(J(tl)dt' . (3.2) 

10 



3. Viscoelastic Behaviour of Human hair during The Curling Process 

where cr and E are the stress and the strain and cr and E are the time derivatives of 
respectively the stress and the strain. E(t) is defined as the relaxation modulus for simple 
extensions and D(t) is the so called creep compliance. The viscoelastic functions E(t) and D(t} 
are unique for the material under specified conditions. Knowledge of one of the functions 
completely determines the viscoelastic behaviour of the material under specified conditions. 
The functions E(t} and D(t) are related through the equations [Ferry, 1970]: 

t 

J E(t')D(t - t')dt'= t 
o 
t 

J D(t') E(t - t')dt' = t 
o 

(3.3) 

(3.4) 

These convolution integrals can be evaluated by numerical methods, that are available to 
calculate one viscoelastic function from the other [Ferry, 1970], [Tervoort, 1996]. 

3.3.2 Three Element Model 

To increase the understanding of the curling process a mechanical three element model can be 
used to describe both stress relaxation and creep of the linear viscoelastic hair fibres during 
the curling process. The three element model that is used for this purpose is known as the 
Standard Linear Solid (SLS) [Ward, 1993]. It consists of a spring parallel to a Maxwell 
element (Figure 3-2). 

Instead of the integral form presented in the previous section, the stress-strain relation of the 
SLS-model can be given by one differential equation: 

(3.5) 

Figure 3-2 Standard Linear Solid 

In this relation cr represents the stress, E the strain, 11 the viscosity of the dashpot and Ea and 
Em the spring constants. (Ea+Em) represents the modulus at short times and Ea the modulus at 
long times. The parameter 'fR is referred to as the relaxation time. The speed of stress 
relaxation is determined by the relaxation time 'fR. By solving the differential equation for a 
step in the strain E it is possible to calculate the stress relaxation response. 

11 
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The response can be transformed in the integral equation 3.1 [Oomens, 1993]: 
t . 

art) = JE(t-t')f.(t')dt' 
-00 

where the relaxation modulus E(t), 

E(t) = Ea + Eme -(tIT: R) (3.6) 

According to the SLS-model the time t equals 'tR if (l-e-1)xIOO%.=. (}3% of the total stress 
relaxation has occurred. One should bear in mind that for materials like human hair, the 
exponential stress relaxation described by one relaxation time 'tR will not be adequate. 
However, to give a first impression of what happens in terms of stress and strain during the 
curling process, the SLS-model is suitable, all the more because the responses can be 
determined analytically. 

The first step in the curling process consists of applying a deformation by winding a strand 
of hair around a curling iron, causing a strain 8set (Figure 3-3). This step will be referred to as 
the setting of the hair. After a certain setting time, !get, the applied deformation will be released 
and the external stress will be zero (Figure 3-3). The part of the curling process as from the 
time that the stress equals zero will be called recovery. During the setting the strain is known, 
namely 8seb which will be smaller than 1 % as was pointed out in the previous section, and 
during the recovery the stress is known (0' = 0 N/m\ Using those two boundary conditions it 
is possible to solve the differential equation that describes the behaviour of the SLS. 
Calculation yields the stress and strain development during the curling process. This stress and 
strain development is illustrated in Figure 3-3 for two different hypothetical setting conditions 
(T, RH). The reason for the two different setting conditions is to show the effect of 
temperature and humidity on the curling process, as will be explained below. 

During the setting of the hair stress relaxation occurs at a certain process temperature and 
relative humidity. As will be discussed in more detail in the course of this report, the speed of 
relaxation is dependent on temperature and humidity. As is illustrated in Figure 3-3, at 
ambient conditions (To, RHo) stress relaxation will occur slower then at a high temperature 
and humidity (Th' Rhh) [Ward, 1993]. An other effect of viscoelasticity is that the hair seems 
to remember a certain loading history (like an applied strain) for a certain period of time 
[Ward, 1993]. Considering the curling process, this memory reveals by the time that is needed 
to recover after the setting. The recovery, erCt), will be at ambient conditions (To, RHo). 

Suppose the setting of the hair happens within tset seconds at ambient conditions (To, RHo). 
During the following recovery (To, RHo) the hair fibre will remember the relaxation during the 
setting for some time tp In other words, complete recovery will take place in tr seconds, as can 
be seen in Figure 3-3. lfthe setting of the hair happens at a high temperature and humidity 
(Th' Rhh), the hair will reach a greater amount of relaxation within !get than at To and RHo 
(Figure 3-3). The material, which is at ambient conditions after t5et> remembers the greater 
amount of relaxation, but not the higher temperature and humidity. The material 'thinks' 
therefore that the relaxation during setting took place at ambient conditions and that it took 
more time then !get seconds to reach the greater amount of relaxation. Therefore it will also 
take more time then tr to reach complete recovery (Figure 3-3). 
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Figure 3-3 Schematic representation of the stress- and strain development during the curling process described by 
the SLS for two different setting conditions 

It can be concluded that the dependency of the relaxation speed of the hair on the 
temperature and humidity and the memory of the hair fibres offers the possibility of the 
creating of a curl that does not immediately recover. 
Finally it should be mentioned that the real curling process is simplified by the assumption of 
instantaneous change of the condition at tset. Especially the moisture content of hair fibres will 
need some time to equilibrate with the ambient humidity [Morton, 1993], [Crowford, 1981]. 
However, to increase the understanding of the possibility of the creation of a curl, this 
simplification is justified. 

3.4 VISCOELASTIC CHARACTERIZATION OF HUMAN HAIR 

As was pointed out in the previous section, the SLS-model can only give an approach of the 
real relaxation and recovery behaviour of human hair. For real materials like human hair, a 
plain exponential response determined by one relaxation time tR will not be adequate [Ward, 
1993]. In order to characterize real viscoelastic behaviour a continuous relaxation spectrum 
for the relaxation modulus E(t) [Ferry, 1970J can be introduced: 

00 

E(t) = Eoo + JH{t)e-th dInT: (3.7) 

-00 

13 



3. Viscoelastic Behaviour of Human hair during The Curling Process 

A continuous relaxation time spectrum H(t) is now defined where H(t)dlm, gives the 
contribution to stress relaxation associated with relaxation times between 1m and Im+dlm. 

Using a Generalized Maxwell model is an other possibility to describe the relaxation 
behaviour of linear viscoelastic materials [Ferry, 1970]. This is a mechanical model which 
uses a discrete relaxation time spectrum. 

To determine the relaxation modulus over an extended time scale, the principle of time
temperature equivalence can be used. In section 3.4.1 this principle of time-temperature 
equivalence will be introduced as also the possibility of time-humidity equivalence. In section 
3.4.2 a model will be introduced that enables the description of the relaxation modulus by a 
simple mathematical equation. 

3.4.1 Temperature and Humidity Dependence of the Viscoelastic Behaviour 

Unfortunately it is not possible to obtain a complete range of measuring times from a single 
experimental technique to evaluate the whole relaxation spectrum at a single temperature 
[Ward, 1993]. A solution for this problem is provided by the principle of time-temperature 
superposition. This principle implies that the relaxation times of all relaxation mechanisms 
decrease by the same horizontal shift factor aTo as the temperature increases. This shift 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 a reference temperature To. The 
time-temperature superposition is schematically illustrated in Figure 3-4 

E(t) \ 
'. 

\ 
log[aTiT)] \ 

\ ) 

\T 
.. ~ .... _ .... - - - - - -'-----

log time 

Figure 3-4 Schematic illustration of time-temperature superposition 

Ferry [Ferry, 1970] suggested that the time-temperature principle holds when the shape of 
adjacent curves match exactly. The same value of the shift factor aTo then superimposes all 
viscoelastic functions. Furthermore it appears from literature [Ward, 1993], [Govaert, 1990] 
that the Arrhenius equation is often used to evaluate the temperature dependence of the shift 
factor aTo. The Arrhenius equation is defined as 

AH( 1 logaTo(T) =- -
R TO 

(3.8) 

where Mf rel'resents the activation energy [J], and R is the universal gas constant 
(=8.134[Jmor KiD. This equation represents the molecular interpretation of the time
temperature superposition as is explained in [Ward, 1993]. 
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3. Viscoelastic Behaviour of Human hair during The Curling Process 

If the time-temperature principle holds, it provides a convenient tool to evaluate the 
relaxation modulus at times outside the experimentally available time scale by performing 
experiments at different temperatures. 

A change in humidity seems to have the same effect on the relaxation spectrum of a moisture 
containing material as a change in temperature [Wortmann, 1985], [Feughelman, 1971]. 
Therefore a time-humidity superposition principle might be defined in the same way as the 
time-temperature superposition. If this principle holds it can also be utilised to evaluate the 
relaxation modulus at an extended time scale. This could be done by performing experiments 
at different humidities. 

3.4.2 Modelling 

In order to specify a constitutive equation enabling description of the viscoelastic behaviour of 
fibres like human hair, a continuous relaxation spectrum for the relaxation modulus E(I) was 
already introduced (eq. 3.7). It was demonstrated [Struik, 1978] that E(t) can also be described 
by the so called stretched exponent equation (\11(1) in combination with a initial- and 
equilibrium modulus (Eo and Eoo), namely, 

E(t) = (EO Eoo)'V (t) + Eoo 

'V (t) = e -u::r , (3.9) 

If the modulus corresponding to a certain material is considered, eq. 3.9 is an approximate 
function of eq. 3.7. The advantage of eq. 3.9 is that it offers the opportunity of specifying 
relaxation behaviour by only 4 parameters, namely Eo, Eoo, t and m. The initial modulus Eo 
represents the theoretical modulus at the time t=0 and the equilibrium modulus Eoo can be 
interpreted as the theoretical modulus at the time t=oo.The parameter t can be interpreted as 
the average relaxation time and m represents a constant that depends on the spread of the 
relaxation times. 

Finally, it must be mentioned that the constitutive equation 3.1 describes the behaviour of a 
viscoelastic material at a constant temperature. Extension to other temperatures and 
temperature transients can be realised by modifying eq. 3.1 [Govaert, 1990] to: 

t . 

cr(t) = [E(<I> -<1>') £ (t')dt' (3.10) 

-00 

where Q) is defined as the reduced time, 
t t' 

<I> = [aTo(T). dt"; <1>'= [aTo(T)· dt" (3.11 ) 

o 0 
If the time-humidity superposition principle implies that the relaxation times of all relaxation 
mechanisms decrease by the same horizontal shift factor aRHo as the humidity increases, the 
reduced time can be defined as: 

t t' 

Q) = [aTo(T)·aRHo(RH).dt"; <1>'= [aTo(T)·aRHo(RH).dt" (3.12) 

o 0 
Eq. 3.12 applies under the condition that both the shift factors aTo and aRHo are independent 
of respectively the humidity and the temperature. 
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3. Viscoelastic Behaviour of Human hair during The Curling Process 

3.5 EXPERIMENTAL APPROACH 

From the previous sections it is obvious that stress relaxation and recovery of human hair 
fibres in the Hookean region are very important phenomena in' the curling process. 
Furthermore, these phenomena are dependent on temperature and relative humidity. Therefore 
it seems convenient to start this study of the curling process by determining the stress 
relaxation behaviour in the Hookean region under different temperatures and relative 
humidities. 

Stress relaxation can be determined using different deformation modes. During the curling 
process the hair fibres will be bent, causing extension on the outside of the bend and 
compression on the inside. It would seem logical to perform bending-stress relaxation 
measurements. However, the experimental problems are threefold: the manipulation of fine 
hair fibres at radii of curvature; the measurement of small moments; and the maintenance of a 
uniform curvature in the specimen. 

Furthermore it has been shown [Morton, 1993], [Scott, 1978] that, although hair fibres are 
anisotropic materials which are nonuniform in cross-sectional shape, it seems that the bending 
and tensile moduli are approximately the same. Thus, tensile measurements on unaltered hair 
fibres can be used, to an extent, to estimate bending strengths. 

Because of the above mentioned facts it was decided to determine the tensile stress 
relaxation of unaltered hair fibres in the Hookean region at different temperatures and 
humidities. Within the framework of this study it will be assumed that the tensile 
measurements give a good first impression of the viscoelastic behaviour of human hair fibres 
during the curling process. The relaxation measurements that were performed will be 
presented and discussed in the next chapter. 
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4. Relaxation Experiments 

4. RELAXATION EXPERIMENTS 

In order to perform relaxation measurements on human hair fibres at different temperatures 
and humidities, a experimental set-up had to be designed and constructed. This set-up will be 
presented in section 4.1. In section 4.2 the way in which the experiments were performed will 
be described and finally, in section 4.3, the results of the experiments will be presented and 
discussed. 

4.1 EXPERIMENTAL SET-UP 

The experimental set-up should be able to impose a strain on a hair fibre, after which the 
decrease of force as a function of time (stress relaxation) can be measured and stored in a file. 
Furthermore it must be possible to measure the stress relaxation under variable conditions 
(temperature and relative humidity). For this purpose an experimental set-up was designed and 
constructed as shown in Figure 4-1. The set-up consist of a so-called tensile part to perform 
the tensile tests (Figure 4-1 A), and a measuring part to measure the strains and forces that 
occur during the tensile tests (Figure 4-1 B). A more detailed description of the set-up parts 
will be outlined below. 

climate chamber 

dis lacement transducer 

displacement 
tube 

->hair 
fibre 

A. Tensile part B. Measuring part 

Figure 4-1 Experimental set-up to perform and measure stress relaxation offibres like human hair fibres. 
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The tensile part of the set-up is constructed such, that the stretching of a hair sample itself 
takes placed in a climate chamber (Heraeus, EKK 220). In this climate chamber temperatures 
can be realised from -20°C up to 145°C ± 2°C and the relative humidity can be varied 
between 5% and 95% ± 5%. The equipment of the set-up is located outside the climate 
chamber. 

A hair sample can be fastened between the two clamp as shown in Figure 4-1. By using the 
function generator (Philips, PM 5134) it is possible to generate a certain voltage during a 
certain period of time. This causes the electric motor, which is built inside the 'displacement 
tube', to impose a certain displacement to the lowest clamp inside the climate chrunber. This 
displacement causes a stretching of the mounted hair sample and can be measured by the 
inductive displacement transducer (Philips, PR 9314). 

The operating principle of the displacement transducer is based on the differential 
inductance variations of two coils due to the displacement of a ferromagnetic core [Verduin, 
1991]. The differential inductance variations cause an output voltage of the Wheatstone bridge 
(Phillips, PR 9307) which is proportional to the displacement. The relation between the 
displacement and the output voltage is presented in appendix B. 

When a certain displacement is imposed, the hair is subjected to a certain strain. The force 
needed to maintain this strain will decrease in time due to stress relaxation. It is the force that 
needs to be measured and this can be done by the precision miniature load cell (Sensotec, 
model 34). Resistance variation within the load cell due to a certain force will cause an output 
voltage of the Wheatstone bridge that will be proportional to the force [Verduin, 1991]. The 
relation between the force and the output voltage is also shown in Appendix B. 
The range of both displacement and force that can be measured is dependent on the adjusted 
sensitivity of the measuring range of the Wheatstone bridges. If the sensitivity is raised the 
range or full scale will diminish but the accuracy of the measurements will improve. The 
sensitivity of the bridge for the calibration curve of the load cell (Appendix B) was adjusted 
such that the full scale was 0.25 N. The bridge ofthe displacement transducer was adjusted in 
a way that the full measuring scale was 2.8 mm (Appendix B). Those adjustments appeared to 
be most appropriate for the performed experiments. Thus, unless mentioned otherwise, the 
calibration curves as shown in Appendix B will be used. 

From the calibration curve of the displacement transducer in appendix B, it appears that the 
maximum difference between two separately measured curves was 0.033 mm. This enables 
reproducibility of displacement measurements with an accuracy of ± 0.066 mm. The average 
fibre length used throughout the measurements was about 182 mm, as can be calculated from 
the values given in Table 4-1 in the next section. The accuracy of the strain measurements will 
therefore correspond to ± 0.0004 xl 00 %. 

The three measured calibration curves of the load cell (appendix B) revealed no significant 
differences. The smallest detectable force was therefore equal to the smallest detectable output 
voltage of the Wheatstone bridge (0.01 V) times the slope of the linear relationship with the 
force. The accuracy of a force measurement is equal to the smallest detectable force divided 
by two, i.e. accuracy = ±(0.0Ixslope)/2. For the calibration curve of the load cell shown in 
appendix B with a full scale of 0.25 N this corresponds to an accuracy of the force 
measurements of ±(0.01x0.2389)/2 ± 0.0012 N. 

The decrease of force with time can be stored on file by a Personal Computer (Philips 8086) 
and the AID converter (Tie Pie Engineering, TP5008). In order to store the data conveniently a 
Turbo Pascal program, named RELAX, was written. The listing of this program is shown in 
Appendix C. 

Furthermore a heating element was wounded around the 'feedthrough' that connects the 
inside of the chamber with the outside environment. This was done in order to prevent the 
condensation of moisture at high temperatures and relative humidities on the slightly colder 
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seal between the feedthrough and the environment in the chamber. If this happens water will 
drip on the hair fibre and the measurement will be disturbed. This problem was solved by 
heating the feedthrough by means of the heating element to a temperature of about 5°C higher 
than the temperature in the climate chamber. 

4.2 PERFORMANCE OF EXPERIMENTS 

4.2.1 Hair Samples 

The hair fibres used in the experiments were from a Caucasian person, who had straight hair. 
The experiments were performed on three different fibres of this person. Three samples were 
used in order to get an impression of mutual variations between individual fibres. 

[n order to prevent slippage during testing the three hair samples were glued on a clip on 
both ends (Figure 4-2). When an experiment is performed the sample is clamped between the 
two clamps of the set-up by mounting each clip to the clamps. The bend of the clip makes sure 
that the hair sample doesn't slip between the clamps during the experiments. 

1 
----3» Hair fibre 

Clip 

bend 

Figure 4-2. Hair sample with two clips glued on both ends to prevent slippage during testing 

It needs to be mentioned that the initial lengths of the three hair samples differed. The values 
are presented in Table 4-1. 

Sample 1 Sample 2 Sample 3 
Initial length, 10 [mm] 158.4±0.5 198.7±O.5 1.89.8±O.5 

Table 4-1. Numerical values a/the inittallength and the Haakean slope a/the three hair sample 

In order to make a reliable comparison between measurements of different hair samples, all 
samples have to be in the same condition prior to testing. Therefore a washing procedure was 
used to prepare the samples for each experiment. First the samples were washed with a 1 % 
solution of sodium lauryl sulphate followed by extensive rinsing in deionized water (5-6 
changes of water after soaking for ± 15 min. each time). After the washing procedure the 
samples were left in the deionized water for at least one hour prior to testing. 

Subsequently the fibre was mounted between the two clamps of the set-up and brought to 
equilibrium with the conditions in the climate chamber. From literature, [Morton, 1993] and 
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[Crowford, 1981], it appeared that a single hair fibre reaches equilibrium within one hour. So 
after equilibration for one hour the stress relaxation measurement was started. 

4.2.2 Experiments 

It was decided to perform the relaxation measurements at 3 different humidities, namely 30%, 
60% and 85% RH. At each humidity, measurements were performed at 20, 60 and 100°C 
(Figure 4-3). These conditions were chosen because they largely cover the 'workingspace' of 
the curling process. At each measurement point, measurements were carried out at the three 
hair samples described in the previous section. 

100 

80 

60 
T 1°C] +------+-__ -t----~-·····---t····.····-

40 

• 

20 

0 
0 20 40 60 80 100 

RH [0/0] 

Figure 4-3 Measurement points in the T-RH area. 

• measurement 
point 

From the previous chapter it appeared that the stress or force relaxation behaviour in the 
Hookean region (strain < 1.0 %) is important to the curling process. Therefore a strain smaller 
than 1.0 % had to be imposed to the hair samples to start the measurements. The strain was 
imposed within one second. Subsequently the stress relaxation was measured for 
approximately 7200 seconds (2 hours). Problems of apparatus and environment stability made 
it difficult to extent the measurements beyond this period. 

Furthermore it appeared difficult to impose the same strain to a sample each single 
measurement. This problem was solved by making use of the fact that the hair fibres behave 
as linear viscoelastic solids for strains <1 % (appendix A). 

For a linear viscoelastic solid at a fixed extension the constitutive equation can be written as 
[Ward, 1993], 

cr (t) = E (t) E (4.1) 

where E(t) is defined as the relaxation modulus. This relaxation modulus is a function of time, 
t, and independent of the strain e. Instead of determining the stress cr(t), the force F(t) was 
measured. The reason for doing this is the difficulty of determining the small cross section A 
of the hair fibres. In terms of the force the following equation will apply, 

F(t) = E(t) AE (4.2) 
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From equation 4.2 it follows that for a linear viscoelastic solid, 

F(t) E(t) 
= 

F(tO) E(IO) 
(4.3) 

and is independent of strain, being a function of time only. Therefore it was assumed that the 
relative force F(t)/F(to) obtained at a certain strain less than 1.0 % was the same for all 
extensions up to 1.0 %. 
If it is assumed that the cross section A of a hair fibre remains the same at different 

temperatures and humidities, the relative force equals the relative modulus E(t)/E(tu). 
However, it appears from literature, [Robbins, 1988] and [Feughelman, 1959], that this 
assumption is not valid. The force relaxation measurements will therefore be presented as 
relative force vs. time. An additional advantage of presenting the measurements relatively is 
that geometrical differences among the three samples will be eliminated. The results of the 
three samples can therefore easily be compared. 

Furthermore, the force relaxation measurements will be presented from 10 seconds up to the 
total measuring time. As was pointed out previously, the strain was imposed within I second. 
If it takes At seconds to impose a certain strain to a linear viscoelastic solid, the experimental 
relaxation can be described safely by equation 4.2. as from lOx At seconds on [Smith, 1979]. 
Therefore, according to Smith, the experimental results will satisfy eq. 4.2 as from 10 seconds 
on. 

The relative force is determined by dividing the measured force F(t) of a fibre at a certain T 
and RH by the force at 10 seconds measured at the same fibre, i.e. F(IO), at 20°C and 60% RH 
(average ambient conditions) defined as FJO. The time of 10 seconds is chosen because the 
results of the relaxation experiments will also be presented from 10 seconds on. In this way 
the relative force at 20°C and 60%RH will be 1 at 10 seconds. 

The force FJO was determined by using the linear force-strain relation of the three hair 
samples that were determined at 20°C and 60% RH (Appendix A): 

F]O = E]O As (4A) 

The Hookean slopes EJoA are also tabulated in Table 4-2. 

Sample 1 Sample 2 Sample 3 
1 0 sec.Hookean slope 

EJOA [N] 18.3±1.0 22A±0.9 15.l±OA 

Table 4-2 Estimated values of the Rookean slopes of each sample. 

Suppose a force F(t) of sample n is measured by applying a strain s *. The force FJO can now 
be calculated by mUltiplying the Hookean slope of sample n (EJ(y4)n by the known strain E *: 

Thus the relative force is the measured force relaxation F(t) at any temperature and humidity 
compared to the' 1 0 seconds' force FJO at 20°C and 60% RH. 
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4.3 RESULTS AND DISCUSSION 

The determination of the accuracy of the measured relative force is presented in appendix D. 
The accuracy of the· relative force appeared to be ± 0.057. It should be mentioned however 
that this accuracy applies in the worse case (appendix D). When the measurements are 
interpreted, the accuracy of the relative force should be bared in mind. Also the error that is 
introduced because of the large uncertainty in the applied relative humidity (± 5%, section 4.1) 
should not be forgotten. 

The measurements that were performed to test the reproducibility of the determined relative 
forces are also shown in this appendix D. The figures D.1 through D.6 present two 
measurements of relative force of the same fibre mostly at different strains. The differences 
between two measurements appear to be of the same order as the accuracy of the 
measurements. The results indicate therefore that the values of relative force vs. time are 
reproducible within the accuracy of the measurements. Furthermore it appears from the results 
that they are in accordance with linear viscoelastic behaviour, i.e. the relative force is 
independent of the imposed strain. 
The results of the force relaxation measurements are presented in appendix E as relative force 
vs. time. The figures E.1 through E.18 each show three relaxation curves of the same fibre. If 
the accuracy of the determined relative force is bared in mind, it can be stated that the 
relaxation of the relative forces are approximately the same at the same conditions for each 
fibre. Namely the differences between the measurements of individual fibres at the same 
temperature and humidity are of the same order as the accuracy of the relative force. To what 
extend this statement holds could be determined by improving the accuracy of the relative 
force. 
From Figure E.7 and E.10 it can be seen that the data of the relaxation curves at 20°C and 
85%RH reveal significantly greater deviation than the curves at other conditions. At 20°C and 
85%RH it appeared difficult for the climate chamber to maintain 20°C and 85%RH. The 
relative humidity varied between 70%RH and 95%RH, whereas at the other conditions the 
humidities remained within the specified accuracy of the chamber (±5%). Because of the 
difficulties in remaining 20°C and 85%RH it was decided not to perform measurements at 
these conditions on sample 2 and 3. 

In the next chapter the relaxation curves presented in appendix E will be used to evaluate the 
time-temperature and time-humidity superposition of the hair fibres. 
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5. TIME-TEMPERATURE AND TIME-HUMIDITY SUPERPOSITION 

In chapter 3, section 3.4.1, the principles of time-temperature equivalence were described. 
Also tbe possibility of time-humidity equivalence was discussed. The measured relaxation 
curves of each hair sample at different temperatures and humidities (appendix E) enabled the 
investigation of the applicability of time-temperature (t-T) and time-humidity (t-RH) 
superposition to human hair fibres, as will be described in section 5.1. In section 5.2 the 
results will be discussed. Eventually, the conclusions which could be drawn from the results 
will be presented in section 5.3. 

5.1 RESULTS 

5.1.1 Application of Time-Temperature Superposition. 

The relaxation curves E.1 through E.9, shown in appendix E, were used to apply time
temperature superposition. This could be done by superimposing one curve on a curve at the 
reference temperature To by a horizontal displacement log[aTo(T}). The reference temperature 
To was chosen to be 20°C. Except for samples 2 and 3 at 85%RH the reference temperature 
was chosen to be 60°C. As was already mentioned in chapter 4, no data was available from the 
samples 2 and 3 at 20°C and 85%RH. 

Each of the first 9 figures in Appendix E presents 3 relaxation curves of the same sample at 
3 different temperatures (20, 60 and 100°C) at the same relative humidity (30, 60 or 85%). 
Therefore each figure could be used to composite a master curve by shifting two curves in a 
way that they match with the reference curve at 20°C (or 60°C for the samples 2 and 3 at 
85%RH). In Figure 5-1 it is schematically illustrated how the curves were shifted. The shift 
factors were determined such that the curves matched as good as possible. 

RH = constant 
T2>T1>To 

\ 
\ \ 
.. \ log[aTo(TJ] 

\ \ ) 

F(t)/F 10 
.. \ 

\ log! aTo(T JJ] \ 
, \ . 

\ \ . \ . \ 
\72 \ Tl _ .. - _. - --- - - - - - -'-----

log time 

Figure 5-1 Schematic diagram illustrating the principle of the applied time-temperature superposition 

The changes in time scale (log[aTo(T}J) to compose the master curves for each sample at the 
various relative humidities are presented in Table 5-1. The resulting master curves are given in 
appendix F. 
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T [0C] log[ aTo{T}), log[aTo(TJ), log[ aTo{T}), 
RH=30% RH=60% RH=85% 

Sample 1 
20 0.00 0.00 0.00 
60 1.55 1.20 1.30 
100 2.45 2.60 2.90 

Sample 2 To=60°C 

20 0.00 0.00 -
60 1.35 1.50 0.00 
100 1.8 2.70 2.45 

Sample 3 To=60°C 
20 0.00 0.00 -
60 1.10 1.00 0.00 
100 2.10 2.50 2.45 

Table 5-1 Shift factors 10g[aTiT)] used to superimpose the relaxation curves of the three samples by time
temperature superposition (reference temperature=20°C, for sample 2 and 3 at 85%RH reference 
temperature=60°C) 

Furthermore, the temperature dependence of the shift factors was determined for each 
sample at each relative humidity. These temperature-log[aTo(TJ) relations are also shown in 
appendix F, figure F.4 through F.6. If log[aTo(TJ) was plotted versus the reciprocal of the 
temperature [K], the temperature dependence of log[aTo(TJ) could be fitted properly (average 
r= 0.97 ) by a linear function. In section 5.2 this linear relationship will be discussed. 

5.1.2 Application of Time-humidity Superposition 

The relaxation curves E.I0 through E.18, shown in appendix E, were used to superimpose 
one curve on a curve at the reference humidity RHo. RHo was chosen to be 30%. The shift 
factors were determined in such a way that adjacent curves match as good as possible. The 
best results appeared to be achieved by a horizontal displacement log[aRHo(RH)) and a 
vertical displacement bRHo(RH). Each of the figures E.I0 through E.18 in Appendix E 
presents 3 relaxation curves of the same sample at 3 different humidities (30,60 and 85%) at 
the same temperature (20, 60 or 100°C). Those figures could therefore be used to construct a 
master curve by shifting two curves in a way that they match with the reference curve at 
30%RH. In Figure 5-2 a schematic illustration is presented of how the curves were shifted. 
The curves matched best when two shift factors were used, one horizontal (time shift) and one 
vertical. In section 5.2 those shift factors will be discussed in more detail. 
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Figure 5-2 Schematic diagram illustrating the principle of the superimposing of the relaxation curves at various 
humidities by a horizontal and a vertical shift factor. 

The horizontal time shifts (log[aTo(T)j) and the vertical shift factors (bRHo(RH)) to compose 
the master curves for each sample at the various temperatures are presented in respectively 
Table 5-2 and Table 5-3. The resulting master curves are given in appendix F. 

RH[%] log[aRHo(RH)j, log[aRHo(RH) j, log[aRHo(RH) j, 
T=20°C T=60°C T=100°C 

Sample 1 
30 0.00 0.00 0.00 
60 2.35 2.35 2.30 
85 4.20 4.20 4.40 

Sample 2 
30 0.00 0.00 0.00 
60 1.60 1.70 1.90 
85 - 3.10 3.70 

Sample 3 
30 0.00 0.00 0.00 
60 1.70 1.50 2.00 
85 - 3.70 3.70 

Table 5-2 Horizontal shift factors log aRHo(RH) used to superimpose the relaxation curves of the three samples 
(reforence humidity= 30%RH) 
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RH[%] bRHo(RH), bRHo(RH), bRHo(RH), 
T=20°C T=60°C T=100°C 

Sample 1 
30 0.00 0.00 0.00 
60 -0.20 -0.20 -0.20 
85 -0.25 -0.24 -0.25 

Sample 2 
30 0.00 0.00 0.00 
60 -0.12 -0.11 -0.08 
85 - -0.16 -0.16 

Sample 3 
30 0.00 0.00 0.00 
60 -0.11 -0.08 -0.08 
85 - -0.19 -0.16 

Table 5-3 Vertical shift factors bRHo(RH) used to superimpose the relaxation curves of the three samples 
(reference humidity= 30%RH) 

Finally, the shift factors were plotted vs. the various relative humidities to determine the 
humidity dependence ofthe factors. The results are presented in the figures Go4 through G.9 in 
appendix G. The dependency of the horizontal shift factors on humidity (figure Go4-G.6) 
could be described best with a linear function. The regression coefficient (average r=0.97) 
indicates a good linear relationship for the data. Also for the vertical shift factors a linear 
relationship with the humidity was most suitable (average r=0.90). In section 5.2 these applied 
relationships will be discussed. 

5.2 DISCUSSION 

5.2.1 Time-Temperature Superposition 

The results presented in appendix F show that the relaxation curves at a constant humidity can 
be matched by a single horizontal shift log[aTo(TJ]. Thus, the shape of the relaxation curves is 
not affected by the temperature. This implies that the relaxation times of all relaxation 
mechanisms are changed by the same factor as the temperature is varied and is therefore in 
agreement with time-temperature superposition [Ferry, 1970]. 

The shift of the relaxation curves displays a good linear dependency (r=0.97) on the 
reciprocal of the temperature (Figure Fo4-F.6 appendix F). Therefore the temperature 
dependence of the shift factor can be described by the Arrhenius equation [Ward, 1993], 

A H( 1 1) /ogaTo(T)=- ---
R To T 

(5.1) 

where tlll represents the activation energy [J], and R is the universal gas constant 
(=8.134[JmorIK 1

]). As was already pointed out in chapter 3 section 304.1, this equation is 
generally used to evaluate the influence of the temperature on the shift factors log[ aTo(TJ J of 
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glassy polymers [Ward, 1993]. This indicates the similarity between the change of the 
properties of human hair fibres and that of glassy polymers with temperature. 

Furthermore it appears from figure F A through F.6 (appendix F) that the linear function does 
not differ significant for the 3 humidity. Therefore it is assumed that the shift factor 
log[aTo(T)] is a function of the temperature only and is independent of the humidity. One 
exception is observed however, namely in figure F.5 the shift factor of sample 2 at loooe for 
30%RH and 60%RH shows a considerable difference. The exception is probably due to a 
measuring error and can be supported by the experimental data used to compose the master 
curve, show in figure E.2 of appendix E. From this data it appears that there is very little 
difference between the relaxation curve measured at 600 e and 100oe, whereas the difference 
is considerably greater for samples 1 (figure E.l) and 3 (figure E.3). It can probably be 
attributed to a measuring error. 

Finally it can be seen in figure FA through F.6 that the linear relationships of the shift 
factors do not differ significantly among the three samples. The variation of the shift factors of 
the same sample are of the same order as the variation of the shift factors among the different 
samples. Therefore, it will be assumed that the relation between log aTo and T is the same for 
the three hair fibres. 

5.2.2 Time-Humidity Superposition 

From the results presented in appendix 0 it appears that the experimentally determined 
relaxation curves at a constant temperature can be matched most accurate by a horizontal time 
shift log[aRHo(RH)] and a vertical shift factor bRHo(RH). Thus, the shape of the relaxation 
curves is not affected by humidity which means that the relaxation times of all the relaxation 
mechanisms decrease by the same factor as the humidity increases. This indicates the 
similarity between the change of properties of the hair fibres with humidity and with 
temperature in terms of the time scale. 

However, in contrast to temperature, humidity also seems to affect the relaxation curve in 
the vertical direction (bRHo(RH). This implies that not only the relaxation times are affected 
by humidity, but also the absolute values of the theoretical initial modulus Eo and the 
equilibrium modulus Eoo (section 304.2). In terms of relative force this means that the value of 
the theoretical initial relative force F rlF10 at t=0 and the equilibrium relative force F ooIFJO at 
t=oo are changed by the same factor as humidity changes. In the coarse of this section first the 
time shift log[ aRHo(RH)] will be discussed, and subsequently the vertical shift factor 
bRHo(RH) will be dealt with. 

• 10g[aRHo(RH)] 
The time shift log[aRHo(RH)] of the relaxation curves indicate a good linear dependency 
(r=0.97) on the relative humidity (figure GA-G.6 appendix 0). These findings are in 
agreement with Wortmann's [Wortmann, 1985] data on relaxation behaviour of wool fibres 
dependent on humidity. It should be kept in mind that the found relationship is 
phenomenological, i.e. the relationship has no theoretical explanation. 

Furthermore it appears from figure GA through 0.6 (appendix G) that the linear function 
does not differ significant for the 3 temperatures. Therefore it is assumed that the shift 
factor log[ aRHo(RH)] is a function of the humidity and is independent of the temperature. 

Finally, the linear relationships of the shift factors do not differ significantly among the 
three samples, as can be seen in figure GA through G.6. The variation of the shift factors of 
the same sample are of the same order as the variation of the shift factors among the 
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different samples. It will be assumed therefore that the linear relationship between log 
aRHo and RH is the same for the three hair fibres. 

• bRHo(RH) 
As was already mentioned above, the vertical shift factor bRHo(RH) is only necessary for 
the application of the time-humidity superposition on hair fibres. The vertical shift factors 
bRHo(RH), illustrated in figure G.7 through G.9 appendix G, of the relaxation curves were 
fitted by a linear relationship with the reciprocal of the relative humidity. The relationship 
with the humidity revealed a regression coefficient (average r=0.90). Again the relationship 
was determined phenomenological, i.e. the relationship is not on the basis of physical 
properties. 

However, the regression coefficient for this linear relation (average r=0.90) indicates not 
such an accurate relation as do the regression coefficients for the linear relations that were 
presented for the two time shifts log[aTo(T)] and log[aRHo(RH)] (r=0.97 for both shifts). 
Besides, if the results with respect to the vertical shift factors (figure G.7-G.9, appendix G) 
are considered more closely, a remarkable phenomenon is observed. The applied shift 
factors bRHo(RH) imply that the initial and equilibrium relative force (F IFlO and Fa/FlO) 
increase with the same factor over the entire time scale as the humidity increases. This can 
also be observed in the schematic illustration of Figure 5-2. This observation cannot be 
explained in terms ofthe structure of the hair fibre, as will be discussed below. 

If the two-phase fibril-matrix model, that was described in section 2.4.2, is considered, 
one should expect the opposite effect of what is observed in the data presented here. The 
matrix in the two phase model is interpreted as a water-penetrable rubbery polymer that 
can be weakened by adsorbed moisture. The fibrils are interpreted as crystalline water
impenetrable and are thus unaffected by moisture. Therefore it would be expected that a 
increase of the relative humidity causes an decrease of the relative forces F IFlO and 
Fa/FlO' Wortmann [Wortmann, 1985] and Feughelman [Feughelman, 1971] did observe 
the expected effects for wool fibres, whereas the opposite effect is observed in the results 
presented in this report. The time still available for this study did not allow to investigate 
the observed phenomenon more closely. 

5.3 CONCLUDING REMARKS 

log[aTo(T)] and log[aRHo(RH)] describe the shift of the relaxation curve on the log-time scale 
with respectively temperature and humidity, compared with a reference state. The suggested 
time shift due to respectively temperature and humidity changes is convenient to predict the 
relaxation behaviour of human hair fibres over a wide range of times. bRHo(RH) describes the 
changes of the relative force with humidity, compared with a reference state. It should be 
considered, that the determined log[ aRHo(RH)] is connected to the determined bRHo(RH). 
The explanation for the observed changes of the relative force with humidity is still unclear. 
The values of log[aRHo(RH)] should therefore be considered with care. 

The time shifts log[aTo(T)] and log[aRHo(RH)] will be utilized to formulate a general 
characterization of the behaviour of the used hair samples. This characterization will be 
presented and discussed in the next chapter. 
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6. CHARACTERIZATION OF THE RELAXATION BEHAVIOUR 

In this chapter the method that was used to formulate a general characterization of the 
relaxation of hair fibres in relation to temperature and humidity will be presented. In section 
6.1 the master curves will be given that predict the relaxation behaviour over an extended time 
scale. The temperature and humidity dependence of the relaxation behaviour can be estimated 
by the general t-T and t-RH superposition, as wi1l also be described in section 6.1. The applied 
phenomenological model (the so-called stretched-exponent model) that was used to describe 
the predicted relaxation behaviour of the hair samples will be presented in section 6.2. Finally, 
in section 6.3, the resulting general characterization will be presented that is of importance to 
the curling process. This chapter will be concluded with the concluding remarks. 

6.1 MASTER CURVES OF THE RELAXATION BEHAVIOUR 

6.1.1 Master curves 

To characterize the relaxation behaviour most accurately, experimental data is needed over a 
time range as wide as possible [Vegt, 1992]. By utilizing the short term experimental data 
(chapter 4) to apply t-T and t-RH superposition (chapter 5), the relaxation behaviour could be 
predicted over a much wider time scale as the exgerimental time scale (7200 sec. = 2 hours). 
The widest time scale that could be reached (101 sec == 320 year!) was attained by applying 
time-humidity superposition to the master curves that were previously composed by time
temperature superposition (appendix F). Also the opposite way was used, namely applying 
time-humidity superposition to the master curves that were previously composed by time
temperature superposition (appendix G). In this way a total of 6 master curves were attained at 
a reference temperature of 20°C and a reference humidity of 30%RH. Thus, of each sample 
two master curves at the same reference conditions were available. Of course these two master 
curves should be the same, because they both predict the relaxation behaviour over a wide 
time scale at the same conditions. The 6 composed master curves are presented in the figures 
H.I through H.6 in appendix H. Also the mathematical fits of the master curves are presented 
in these figures. However, these fits will be reverted to in the next section. 

From the results presented in appendix H it appears that the two master curves of each 
sample are indeed approximately the same, namely the differences that appear are way within 
the spread of the experimental data. This could be expected if the results of chapter 5 are 
considered. The shift factors due to temperature and humidity changes appeared to be 
independent of each other. This implies that they can be used independently of each other as is 
now supported by the identity of the two master curves of each sample composed in the two 
ways described above. 

6.1.2 General Temperature and Humidity Dependence 

As became obvious in Chapter 5, the observed bRHo(RH) could not be explained properly. For 
the sake of simplicity it was decided to leave the vertical shift out of consideration in the 
course of the study. As far as the general characterization is concerned it will therefore be 
assumed that the initial and equilibrium relative force remain the same as the temperature and 
humidity change. This means that the temperature and humidity influence on the relaxation 
curve can be determined by the two horizontal shift factors, namely log[aTo(T)] and 
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log[aRHo(RH)]. However, the values of log[aRHo(RH)] should be considered with care 
(Chapter 5). 

As was concluded in chapter 5, the dependence of these shift factors on temperature 
respectively humidity did not seem to vary significantly among the samples. Therefore it is 
possible to define a general equation that represent the time shift due to temperature, 
respectively humidity. This was done by averaging the relations between the shifts and the 
temperature respectively humidity that were presented in appendix F respectively appendix G 
and yielded the following two general relations for the time shifts: 

1 
log[aTo(T)] =-3216(-)+11 

T 
log[aRHo(RH)] = 0.07 RH-2.07 

where To is 20°C and RHo is 30%. 

(6.1) 

(6.2) 

The two equations are plotted in Figure 6-1, in which the bars in the figures represent the 
standard deviation among the data of the different samples. It can be seen from these plots that 
the average values of the shift factors indeed show very good linear relations (r=1 for both 
time shifts!). 
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Figure 6-1 General relation o/the time shift due to temperature respectively relative humidity (To=20°C and 
RHo=30%RH) 

It can be concluded that the two equations offer the opportunity to describe the time effects 
of the relaxation behaviour of the hair fibres due to temperature respectively humidity 
changes. 
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6.2 MODELLING OF THE RELAXATION BEHAVIOUR. 

6.2.1 Theory 

As was already mentioned in chapter 3 the constitutive equation that can be used to describe 
linear viscoelastic behaviour of viscoelastic solids can be written as: 

t • 

cr(t) = f E(t - t' ) € (t' )dt' (6.3) 
-00 

where cr represents the stress, E the time derivative of the strain and E(I-t,) represents the 
relaxation modulus. 

Furthermore it was demonstrated that the so-called stretched exponent equation (\jJ(I) in 
combination with a initial- and equilibrium modules (Eo and Eoo) seems convenient to describe 
the relaxation modulus E(t) of linear viscoelastic solids, namely, 

E(t) = (EO - Eoo)\jJ (t) + Eoo 

\jI (t) = e -(Kr , (6.4) 

where t can be interpreted as the average relaxation time and m represents a constant that 
depends on the spread of the relaxation times of the relaxation mechanisms. The available 
experimental data are presented as the relative force F(t)/FJO vs. time. It was shown in chapter 
4, section 4.2.2, that if the cross-section of the hair fibres is assumed to be the same 
throughout the experiments, the following relation applies, 

(6.5) 
F(t) E(t) 
--=--

From relation 6.4 and 6.5 it follows that the relaxation of the relative force can be described 
by: 

F(t) = k2\j1 (t) + k1 
FJO 

\jI (I) = e -(Kr 
k j Foo/FJO 
k] Fo/Fw-Foo/FlO 

(6.6) 

where kJ can be interpreted as the equilibrium relative force and k2, as the initial relative force 
minus the eqUilibrium relative force. From now on the eq. 6.6 will be referred to as the 
stretched exponent model. The experimental data could be analyzed by estimating the most 
suitable parameters kj, k], t and m to describe the data by stretched-exponent model. This was 
done in two different manners, as will be described in the following sections. 
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6.2.2 Description of the Relaxation Curves by the Stretched-exponent 

The 4 parameters of equation 6.4 were estimated by the least squares method in order to 
describe the 6 master curves presented in appendix H. The mathematical fits that were 
determined in this way for each sample are also presented in appendix H. The numerical 
values of the parameters that correspond to those fits are presented in Table 6-1 

From the figures H.l through H.6 it appears that the estimated parameters are appropriate to 
fit the data accurately. However, from Table 6-}·· it can be seen that the parameters vary 
significantly. Even among the two curves of the same sample the differences are significant, 
while they should be the same (section 6.1.1). 

kJH k2H t [sec.] m [-] 
Sample 1 
curve 1 0.09 2.0 3745 0.12 
curve 2 0.09 2.2 1396 0.11 

Sample 2 

curve 1 0.10 3.2 6 0.08 
curve 2 0.13 1.9 1400 0.12 

Sample 3 

curve 1 0.12 1.5 8345 0.17 
curve 2 0.12 1.5 9834 0.15 

Table 6-1 The 4 estimated parameters to fit the master curves of the relaxation behaviour of the three hair samples 

The reason for the large variation of especially the estimated parameters k2 and t can be 
explained by the fact that at short times (1 O<t<1 000 sec) few experimental data is presented 
by the master curves. Moreover, at times smaller than 10 seconds, there was no relevant data 
available at all. Therefore kb which is similar to the initial modules Eo, could not be estimated 
accurately. This effect can be illustrated by plotting the 6 equations that are described by the 4 
estimated parameters over a time scale starting at very small times (10.6 sec.), as is illustrated 
in Figure 6-1. Furthermore the value of k2 is of influence on the determined t. Therefore, also 
the estimated t'S that represent the time effects of the viscoelastic behaviour reveal great 
variation. 

In order to eliminate the great variation of k2 and t it is necessary to have experimental data 
at short times (t<10 sec.). To gain this data the performance of dynamic measurements is 
required [Vegt, 1992]. Unfortunately, the time still available for this study did not allow to 
perform this kind of measurements. Therefore an other approach was chosen and will be 
explained below. 

From Figure 6-1 it can be seen the fits are approximately the same for times greater then 10 
seconds, i.e. the differences that exist between the fits are within the accuracy of the measured 
relative force (±0.OS7). The differences cannot just be attributed to sample variation and it was 
assumed therefore that the relaxation of the relative force of the 3 hair samples is the same for 
each sample. This mutual equivalence of the relative force relaxation among the samples, 
justifies a general model of the relaxation behaviour of the hair type that was used throughout 
the experiments. It was decided therefore to determine an average fit, by taking all the data of 
the 6 master curves together and estimating the most suitable parameters corresponding to 
these data. The results of this general fit are presented in the next section. 
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determined by estimating the 4 parameters of equation 6.4 

6.2.3 General Characterization of the Relaxation by the Stretched-exponent 

The relaxation behaviour was described by taking all the data of the 6 master curves 
presented in section 6.2.2 together and estimating the most suitable parameters corresponding 
to these data. This gave the general master curve presented in Figure 6-2. 
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The mathematical equation (stretched-exponent model) that describes the general master 
curve can be written as, 

( tl)m F(t) - }'[ 
--=k2· e '[ +k1 
FJO 

(6.7) 

where, kJ = 0.11 [-], k2 1.94 [-], t = 1624 [sec.] and m = 0.12[-]. This stretched exponent 
model enables the description of the relaxation behaviour of the hair type that was used 
throughout the experiments over an extended time scale at 20°C and 30%RH. It shOUld be 
bared in mind however, that especially the absolute value of k2 should be considered with care 
because no data was available at very short times. 

6.3 GENERAL CHARACTERIZATION IN RELATION TO TEMPERATURE AND HUMIDITY 

The relaxation behaviour of human hair is of importance to the curling process, because 
during the setting of the hair, the hair manifests relaxation. By making use of the reduced time 
that was already introduced in chapter 3, the general characterization of the relaxation 
behaviour of the hair fibres (section 6.2.3) can be formulated in relation to other temperatures 
and humidities than 20°C and 30%RH. The reduced time can be used to inter-relate the 
equations 6.1, 6.2 and 6.7 by modifying eq. 6.7 to [Govaert, 1990]: 

where the reduced time <f> is, 

F (<f» -(<Ph) m 
--=k2·e '[ +k1 
FJO 

t 

<l> = JaTo(T)·aRHo(RH).dt' , 
o 

where To is 20°C and RHo is 30%. 

(6.8) 

(6.9) 

These equations provide a general characterization of the relaxation behaviour in relation to 
temperature and humidity. If a certain temperature and humidity transient (T(t), RH(t) is 
imposed to a hair fibre, while this fibre is strained, it is possible to predict the corresponding 
relative relaxation at any time t. This can be done by substituting the temperature and 
humidity transient in eq. 6.9 and calculating the reduced time <f> by solving the integral. The 
calculated <f> can subsequently by substituted in eq. 6.8 to calculate the relative relaxation. 

6.4 CONCLUDING REMARKS 

This general characterization in relation to temperature and humidity employs the stretched
exponent model and time-temperature and time-humidity superposition. The characterization 
offers the possibility to predict the relaxation behaviour during the curling process, as will be 
illustrated in the next chapter. It should be reminded that it was assumed that the initial and 
equilibrium relative force remain the same as the temperature and humidity changes. 
Furthermore, the absolute value of k2 should be considered with care because no data was 
available at very short times. 
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7. CHARACTERIZATION OF THE HAIR FIBRES IN REFERENCE TO 
THE CURLING PROCESS. 

In the previous chapter the characterization of the viscoelastic behaviour of the hair samples in 
relation to temperature and humidity was formulated. This characterization provides the 
possibility to predict the relaxation behaviour during the curling process. This will be 
illustrated in this chapter by an comparative experiment that will be described in section 7.1. 
In section 7.2 the characterization will be verified by predicting the experimental results. 
Finally in section 7.3 the concluding remarks will be given. 

7.1 COMPARATIVE EXPERIMENT 

In order to verify the characterization that was presented in the previous chapter, an 
experiment performed by Ackermans [Philips Natlab, 1996] was used. The experiment can be 
interpreted as a simulation of the curling process. The setting was performed by winding a 
strand of hair around a tube with a radius of 2.5 mm, which causes a maximum bending strain 
of 0.95%. The behaviour of the hair is therefore linear viscoelasic (chapter 3). The setting 
conditions were imposed by placing the tube with the hair in the climate chamber. After a 
period of time the hair was released and the level of set was determined by dividing the 
remaining curvature in the hair fibre by the curvature of the tube (Figure 7-1). 

level of set after release = 

curvature curl/curvature tube = 

Figure 7-1 Illustration a/the determination a/the level a/set after the setting procedure 

Two setting conditions were used to compare the level of set after the two settings. The two 
setting conditions will be described below. 

The first setting condition (setting 1) consisted of a temperature of 140°C and a humidity of 
10%RH applied for 1 minute. These conditions are comparable with the conditions that are 
used at existing curling irons. Subsequently the conditions were instantaneous changed to 
21°C and 50%RH. After about 30 minutes the hair was released from the tube. The total 
setting time is thus 31 minutes. 

The second setting condition (setting 2) was imposed by applying 100°C and lOO%RH 
during 2 minutes, after which the conditions were instantaneous changed to 21°C and 50%RH. 
Again the hair was release after about 30 minutes and the total setting time equals 32 minutes. 
For both setting conditions, the level of set that was measured after the release is tabulated in 
Table 7-1. 
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Setting conditions Level of set after release 

140°C and 10%RH for 1 minute 
21°C and 50%RH for 30 minutes 69% 
100°C and 100%RH for 2 minute 
21°C and 50%RH for 30 minutes 77% 

Table 7-1 Results o/the two setting conditions in terms a/the level o/set after release 

These results imply that setting 2 provides a better curl in terms of the level of set than setting 
1. In the next section the developed viscoelastic model (chapter 6) will be used to predict the 
levels of set tabulated above. 

7.2 PREDICTION OF CURL SETTING 

During setting, relaxation will occur. After a period of time a certain amount of the initial 
force in the hair fibre will be relaxed. The remaining force will cause an initial recovery 
resulting in a level of set after release (section 7.1). If a certain relative amount (a%) of 
relaxation has occurred, a% of the set will remain immediately after release. If the amount of 
relaxation can be determined for both setting conditions described in the previous section, also 
the level of set after release can be determined. 

The general characterization that was presented in chapter 6 provides a tool to predict the 
amount of relaxation during the setting: 

where the reduced time <I> is, 
t 

kJ = 0.11 [-] 
k] = 1.94 [-] 
't 1624 [ sec.] 
m = 0.12 [-] 

<I> I aTo (T) . aRH 0 (RH) . dt' 

o 
1 

log[aTo(T)] = -3216 ( T)+ll 

log[aRHo(RH)] = 0.07 RH-2.07 

(7.1) 

(7.2) 

(7.3) 

(7.4) 

It can be seen from these equations that if the transient conditions (T, RH) are known the 
reduced time <I> (eq. 7.2) can be calculated. By substituting the transient temperature and 
humidity in eq. 7.3 and 7.4, the integral can be solved. The reduced time can subsequently be 
substituted in eq. 7.1 to calculate the relative force. As can be seen in eq. 7.2 the initial relative 
force (<I> = 0 sec.) equals (kJ+k] (=2.05»). Ifthe calculated relative force after <I> seconds is 
divided by the initial relative force (kJ+k]) the relative amount of relaxation can be 
determined. As was already mentioned, the relative level of set that remains immediately after 
release equals the relative amount of relaxation. 
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The environmental transient conditions that were imposed at the two settings were 
described in section 7.1. Knowing these conditions enables the determination of the relative 
relaxation's in the way described above. A few assumptions were made regarding the transient 
temperature and humidity. The temperature of the hair fibre was supposed to change 
instantaneously as the ambient temperature was changed. Furthermore, the humidity 
corresponding to the moisture content of the hair was assumed to equilibrate linearly within 
30 minutes with the instantaneous imposed ambient humidity. Finally it is assumed that the 
setting time for both settings equals 30 minutes (1800 seconds). The assumed transient 
conditions of the hair itself, to calculate the reduced time for the both settings (Q)j and Q)2), are 
illustrated in Figure 7-2. 

Setting 1 Setting 2 

o~ i r~~ 
2I oe o~ ii'OOOC 21°e 

RHb::: 100% 

50% RH 50% 

% % 

___ 1_0o_Yo ___ I 

60 1800 time 120 1800 time 

Figure 7-2 Schematic illustration of the temperature and humidity transients of the hair itself used to calculate the 
reduced times for both settings ($ J and $,) 

The calculated reduced times Q) J and Q)2 and the corresponding relative forces are tabulated in 
Table 7-2. Furthermore the calculated level of set that relatively remains after release is 
illustrated in this table for both setting conditions. This level of set should be equal to the 
relative amount of relaxation (Table 7-2). Also the experimentally determined level of set that 
remained after the setting is tabulated. 

Q) F(1800)/F 10 Predicted Experimental 
Environmental setting conditions level of set after level of set 

[sec.] [-] release [%] after release 
[%] 

140°C and 10%RH for 1 minute 1.15xl04 0.66 
(1- 0.66/2.05) 

xl00% = 
21°C and 50%RH for 30 minutes 

68% 69% 

1.46x109 
(1- 0.12/2.05) 

100°C and 100%RH for 2 minute 0.12 xlOO% 
21°C and 50%RH for 30 minutes 

94% 77% 

Table 7-2 Calculated results of the two environmental setting conditions by using the general characterization, 
compared to the experimentally determined levels of set after release. 
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7. Characterization of the Hair Fibres in Reference to the Curling Process. 

If the results in the above table are considered, it can be concluded that the level of set is 
predicted accurately for setting 1. Unfortunately, for setting 2 the predicted level of set after 
release is considerably higher than the experimentally determined level of set. This can be 
attributed to several reasons, as will be discussed below. 

One of the reasons might be the low value for the parameter k} corresponding to the 
equilibrium modulus. The vertical shift factor, used at the time-humidity superposition 
(Chapter 5), might be the cause for the too small value for k/. Furthermore, the tensile 
deformation mode was used to perform the measurements in order to formulate the 
characterization. During the curling process the hair fibres are bend instead of stretched and 
this might be an other reason for the overestimated level of set after release for setting 2. 
Beside possible model errors with respect to the curling process, the setting conditions were 
not accurately known. This might also give rise to the quantitative differences between the 
predicted and measured level of set after release for setting 2. 

Nevertheless, it was predicted that the level of set after release of setting 2 would be higher 
then the level of set after setting 1. This was also observed experimentally. Therefore the 
characterization seems valid to qualitatively predict the relaxation behaviour during the 
setting. 

7.2.1 Development of the Rednced Time 

An interesting property of the presented characterization of the viscoelastic behaviour of hair, 
is that the reduced time 1'1> during relaxation can be calculated as a function of the real time t. 
The development of 1'1> with the real time t demonstrates the speed of the relaxation during 
setting, as will be explained below. 
If eq. 7.2 is considered it can be seen that the reduced time can be calculated as a function of 

time for every temperature or humidity transient. If for example the reduced time <1>} at a 
certain real time tx for a T} and RH1 appears to be much higher than the reduced time 1'1>0 at the 
same actual time Ix for To and RHo, it can be concluded that at T] and RH} more relaxation has 
occurred within Ix then at To and RHo (eq. 7.1). In other words, the speed of the relaxation is 
higher at T] and RH1 then at To and RHo. 

The reduced time during the settings (setting 1 and setting 2) described in the previous 
chapter was calculated as a function of the real time t. In Figure 7-3 the calculated 
development of the setting times <1>1 and <1>] are illustrated. 
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Figure 7-3 Reduced time <P as afunction of the real-time tfor the two setting conditions (<PI and <P~ 

If setting 1 is considered, it can be seen from this illustration that the relaxation went fast 
during the first 60 seconds (<1> rises fast with the real time t) due to the high temperature 
(140°C). After the instantaneous decrease at 60 seconds of the temperature to 21°C the speed 
of the relaxation also decreases instantaneous (<1> rises less fast with t). As the real time goes 
by and the moisture content increases (instantaneous increase of humidity at 60 seconds from 
10% to 50%,), the speed of the relaxation increases also (<1> gradually rises faster with t). 

If the development of <1>2 is considered (Figure 7-3) for setting 2 it can be seen that most of 
the relaxation happens during the first 120 seconds real time (<I> rises fast with t). After 120 
seconds both the temperature and humidity dropped, and the speed of the relaxation decreased 
(<1> rises less fast with t). 

If the two developments of the reduced times <1>1 and <1>2 are compared, it can be seen form 
Figure 7-3 that during setting 2 much more relaxation occurred after 1800 seconds real time 
(<I> = 1.49xl09 sec.) then for setting 1 (<I> = 1.15xl04 sec.), as already became clear in the 
previous section. 

7.3 CONCLUDING REMARKS 

The general characterization of the human hair described by the equations 7.1 through 7.4. 
offers a tool to qualitatively predict the relaxation behaviour of the hair fibres during the 
curling process. Besides, the development of reduced time offers the possibility to evaluate the 
speed of relaxation during setting at certain transient conditions. 
It should be kept in mind that the general characterization needs further investigation in 

order to quantitatively predict the curling process more precise. In the next chapter this will be 
discussed in more detail. Besides, suggestions will be given for further research. 
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8 Conclusions and Recommendations 

8. CONCLUSIONS AND RECOMMENDATIONS 

In this report a method to characterize the temperature and humidity dependence of the 
viscoelastic behaviour of human hair was presented. The characterization, employing the so
called stretched exponent model [Struik, 1978] was formulated in order to predict the 
behaviour of hair fibres during the styling of hair, in particular the creation of curls. 

An experimental set-up was designed to perform tensile relaxation measurements at 
different temperatures and humidities. The possibility of time-temperature and time humidity 
superposition [Ferry, 1970] was investigated using the measurements. The relaxation 
behaviour at a constant temperature and humidity was predicted over an extended time scale 
by employing the time-superposition's. Subsequently this behaviour was described by the 
stretched exponent model. To extend the relaxation behaviour to different temperatures and 
humidities, the model was modified by applying the so-called reduced time [Govaert, 1990]. 
This resulted in the general characterization of the temperature and humidity dependence of 
the viscoelastic behaviour of human hair fibres. 

It needs to be mentioned that the characterization was formulated based on tensile 
measurements of three Caucasian hair fibres of the same person. The characterization may 
therefore not be valid to all human hair fibres. The more because it is known [Robbins, 1988], 
[Morton, 1993] that the mechanical behaviour of hair fibres depends on the race, sex and age. 
Furthermore the mechanical behaviour is dependent on the loading history of the fibres 
causing aging [Stroik, 1978], [Xiaoming, 1987]. Also this phenomenon is not considered in 
this research. However the results presented in this report certainly contribute to the insight of 
the mechanical behaviour of human hair. 

8.1 CONCLUSIONS 

The experimental set-up that was designed, provides a convenient instrument to perform 
tensile measurement at several types of fibres (hair but also cotton or nylon) at different 
ambient conditions. The set-up can therefore also be of interest to the iron research, that is 
done at the Philips Research Laboratory in Eindhoven. In this research the same phenomena, 
like relaxation of for example cotton fibres, are of importance. 

The superimposing of relaxation measurements by a horizontal time shift due to temperature 
or humidity changes provides the possibility to predict the relaxation behaviour of human hair 
fibres over an extended time scale. However a change in humidity does not only cause a 
horizontal shift but also a vertical shift. Because no physical explanation could be found for 
this observed phenomenon, this vertical shift should be considered with care. 

The characterization presented here is usable to describe the viscoelastic behaviour of human 
hair. With respect to the curling process, the characterization offers a tool to qualitatively 
predict the relaxation behaviour of the hair fibres during the curling process. Besides, the 
development of the reduced time during the setting offers the possibility to evaluate the speed 
of relaxation during setting at a certain transient condition. Nevertheless, it must be considered 
that the determined parameters of the stretched exponent model should be treated carefully. 
Especially the determined parameter representing the theoretical initial modulus at zero 
seconds revealed great deviation. The parameter presenting the relaxation time depends on 
this parameter, and must therefore also be considered with care. Furthermore, the parameter 
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that represents the theoretical equilibrium modulus at infinite time, might be influenced by the 
applied vertical shift factor mentioned above. 

Generally it can be noted that hair can be regarded as a complex composite fibre and the 
theories to evaluate polymer materials [Struik, Ferry] can be applied to human hair fibres. The 
characterization described in this report was based on these theories and provide a convenient 
tool to increase the knowledge of the linear relaxation behaviour of human hair fibres. 
However the research presented in this report evokes many possibilities for future research. 
Continuation of the research is needed to fully understand the mechanical behaviour of human 
hair. Some suggestions for future research will be given in the next section. 

8.2 RECOMMENDATIONS 

The characterization of the viscoelastic behaviour of hair was formulated on the basis of 
tensile measurements. With respect to the curling process, the hair fibres are bend. It is 
recommended therefore to investigate the differences in relaxation behaviour during tensile 
and bending deformation. 

The observed vertical shift of the relaxation curve due to a change in humidity could not be 
explained in terms of the structure of the hair. Therefore the time-humidity superposition 
needs more investigation. It would be convenient to measure the relaxation curve over a time 
range as great as the time range that was covered by applying the time-superposition's. This 
would enable the verification of the time-humidity superposition. However, the experimental 
set-up that was presented in this report revealed apparatus and environment instabilities after 
about two hours. Besides it would take years to measure over a time scale as great as the time 
scales of the master curves. Nevertheless, an improvement of the apparatus and environment 
stability's might enable measurements during several days. This would come towards a 
possible verification of the time-humidity superposition. Further investigation of the time
humidity superposition can also help to gain more insight in the equilibrium modulus of the 
hair fibres. 

As was concluded above, especially the determined parameter representing the initial 
modulus of the hair fibres must be considered with care, because no experimental data was 
available at short times [0, 10 sec.]. It is therefore suggested to determine the initial modulus 
more precise by performing experiments providing data at short times. For this purpose it can 
be considered to perform dynamic tests at high frequencies [Vegt, 1992]. The data at short 
times can then be used to describe the behaviour at short times more satisfactorily. 

It is not only the relaxation behaviour that is of importance to the curling process but also the 
recovery behaviour which is equivalent to the creep behaviour (superposition principle of 
Boltzmann [Ward, 1993]). If the relaxation behaviour is known, the creep behaviour of a 
viscoelastic solid can be determined by the convolution integrals presented in chapter 3 
section 3.4.2. In order to determine the creep behaviour, the initial force needs to be known 
satisfactory [Ferry, 1970]. It is suggested therefore to investigate this creep behaviour, after 
determining the initial modulus more precisely. 

Finally it is recommended to perform experiments on several hair types to gain insight in the 
mutual differences in the mechanical behaviour. 
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Appendix A 

APPENDIXA. 

DETERMINATION OF THE FORCE-STRAIN CURVE OF THE THREE HAIR SAMPLES. 

The initial part of the force-strain curves of the three hair samples was detennined in order to 
establish up to what strains the hair fibres remain in the Hookean region. In the case of the 
force-strain curve the Hookean slope will be equal to the Young's modulus E times the cross
section of the hair fibres A : 

F= EAE (A. I) 

F represents the force [N] and e is the strain imposed to the fibre. 

Experimental 

The force-strain curves were detennined by using he experimental set-up, described in chapter 
4. to apply a certain strain E to the hair fibres. A strain e was imposed to the hair fibre within 1 
second. Subsequently the force was measured after 10 seconds of relaxation. The reason for 
measuring the force after 10 seconds will be clarified below. By doing this at several 
increasing strains a data set of strains and corresponding forces was generated. The force
strain curves were constructed by representing the data set for each fibre graphically (figures 
A.I through A.3). 

The reason for constructing the force-strain curve in the way described is because of the 
viscoelastic behaviour of the hair samples. The force F and therefore also the modulus E are 
dependent on experimental time t. When the force-strain curve is detennined by extending the 
fibre at a constant rate, the force will relax during this extension. In other words, the force 
corresponding to a strain E1 after 11 seconds stretching, may not be merely compared with a 
force corresponding to strain E2 after t2 seconds of stretching, because of the difference in time 
scale (12-t1)' To make sure the time scales ofthe measured forces are the same at each strain Cj, 

the force was detennined after 10 seconds of relaxation after imposing a certain strain Ej 

within I second. This force FlO is defmed as: 

(A.2) 

With EJOA the 10 seconds Hookean slope. As was already pointed out, the strain was imposed 
within I second. According to Smith [Smith, 1979], the time scales of the forces may be 
assumed to be equal after 10 seconds of relaxation. 
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Appendix A 

Results 

The initial force-strain curves of each hair sample are presented in Figure A.l, A.2, A.3. The 
ten seconds Hookean slope E lOA was determined by fitting the data linearly for strains less 
than 0.9 % using the least square method. Because in literature the Hookean limit is claimed 
to be 1% [2], the 0.9 % strain limit seemed appropriate. It appears from the curves that the 
fibres indeed remain in the Hookean region for strains less than I %. The 95% confidence 
intervals for the estimated Hookean slopes are tabulated in Table A-I. The standard deviation 
among the slopes was determined to be 3.66 [N]. So it can be concluded that EJOA differs 
significantly from one fibre to the other. 

Sample 1 
Hookean slope, ElOA [N] 18.3 ± 1.0 

Table A-I Estimated values of the Hookean slope of each sample. 
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Figure A.l (Sample 1) 
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APPENDIXB. 

CALIBRATION CURVES OF THE LOAD CELL AND THE DISPLACEMENT TRANSDUCER 
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APPENDIXC. 

SOFTW ARE TO STORE EXPERIMENTAL DATA ON FILE 

program relax; 

uses crt, dos; 

var. ij,k,tm,v,nm 
a 
hour,minute,second, 
sec 1 OO,n,p,q,r,s,t, 
ttot,tstap 
dosf,temp,rh,nmet 
pasf 
kracht, verpl, tijdh, 
tijdm, tijds, tijds 100 

begin 
c1rscr; 
writeln; 

: integer; 
: char; 

: word; 
: string; 
: text; 

: array[1..1000] ofreal; 

write(, Hoelang moet de meting duren [uren]: '); 
readln(ttot); 
writeln; 

Appendix C 

writeln; 
p:=IOO 
q:=30 
r:=30 
s:=30 

{de eerste 5 sec wordt er 100 * gemeten} 
{vervolgens wordt er in 1 min. 30* gemeten} 
{l0 min. 30* meten} 

tstap:=15 
t=(((ttot*60)-110)*60) div tstap 
n:=p+q+r+s+t 
repeat 
writeln; 

{100 min. 30* meten} 
{na 100 min. wordt er om de 15 min gemeten} 
{aantal metingen na 100 min.} 
{totaal aantal metingen} 

write(, Bij welke temperatuur wordt gemeten [gr C]: '); 
readln(tm); 

write(, Bij welke vochtigheid wordt gemeten [%J: '); 
readln(v); 
writeC De hoeveelste meting bij deze condities is dit '); 
readln(nm); 
str(tm,temp ); 
str(v,rh); 

str(nm,nmet); {nieuwe file aanmaken} 
dosf:=' c: \tp\reI ax\ T'+tem p+'RH'+rh+'. '+nmet; 
{$I-} 
assign(pasf,dosf); 
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reset(pasf); 
If IoResult=O then 
begin 
writeln; 
writeln(,file bestaat al !!! Druk op <Enter>'); 
read key; 

end; 
cJose(pasf); 
{$I 

until IoResult<>O 
writeln; 
writeln('Metingen worden opgeslagen in file: ',dosf); 
writeln; 
rewrite(pasf); 
writeln(pasf,'Temperatuur:',temp,'gr C RH:',rh,'%'); 
writeln(pasf,' '); 
writeln(pasf,' '); 
writeln(pasf,'met. tijd posltIe kracht'); 
writeln(pasf,' [h:m:s: 1I100s] [volt] [volt]'); 
writeln(pasf,' '); 
cJose(pasf); 
writeln(' '); 

{als file nog niet be staat } 
{ga verder} 

Appendix C 

writeln('Druk op <Enter> voor het starten van de meting'); 
readkey; 
writeln(, '); 
writeln(Temperatuur:',temp,'gr C RH:',rh,'%'); 
writeln(, '); 
writeln(, '); 
writeln('met. tijd posltIe kracht '); 
writeln(, [h:m:s:1I100s] [volt] [volt]'); 

settime(O,O,O,O); 

for i:=l to n do 
Begin 
if(i>l) and (i<=p) then 
delay(49); 

if (i>p) and (i<=(p+q» then 
delay(2000); 

if (i>(p+q» and (i<=(p+q+r» then 
deJay(20000); 

{klok wordt op nul gezet} 

{eerste meetstappen:+1-0.05 sec.} 
{klimaatkast uit} 

{tweede meetstappen:+1-2 sec.} 

{derde meetstappen:+1-20 sec.} 

if (i>(p+q+r+l» and (i<=(p+q+r+s» then {tussen (p+q+r)de en (p+q+r+l)de} 
begin {meetstap wordt de meetdata van de} 

{eeste 3 meetstappen opgeslagen} 

deJay(60000); 
delay( 60000); 
delay(60000); 

C-2 
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delay(20000); 
end; 
if i>(p+q+r+s) then 
begin 
for j:=1 to 15 do 
delay( 60000); 

end; 
port[$309]:=65 ; 
delay(l); 

kracht[i]:=port[$308]/128; 
port[$309]:=0; 
gettime(hour,m inute,second,sec 1 00); 
tijdh[i] :=(hour); 
tijdm[i] :=(minute); 
tijds[i] :=(second); 
tijdsl00[i] :=(secl00); 
port[$309]:=129; 
delay(l ); 

ifport[$308]<=127 then 
begin 
verpl[i] :=port[$308]/128; 
port[$309]:=0 

end 
else 
begin 
verpl[i] :=(port[$3 08]-256)/128; 
port[$309]:=0; 

end; 
if i=(p+q+r) then 
begin 
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{laatste meetstappen:+1-15 min.} 

{open poort 1: krachtopnemer} 
{-I<V<l, poort 1 bovenste bnc-aansluiting} 
{schakelaar naar beneden DC filter} 

{lees poort 1 } 
{sluit poort I} 
{lees de tijd} 

{open poort 2: verpl.opnemer} 
{-I <V<l, poort 2 middelste bnc-aansluiting} 
{schakelaar naar beneden DC filter} 
{waarde poort 2 positief} 

{lees poort 2} 
{sluit poort 2} 

{waarde poort 2 negatief} 

{lees poort 2} 
{sluit poort 2} 

{data van de eerste 3 meetstappen wordt} 
{opgeslagen in file} 



for k:=l to (p+q+r) do 
begin 
append(pasf); 
writeln(pasf,k,' ',tijdh[k]:2:0,':',tijdm[k]:2:0 ,':', 

tijds[k] :2:0,':',tijdsl OO[k] :2:0, 
, ',verpl[k]:8:2,' ',kracht[k]:8:2); 

close(pasf); 
end; 

end; 

Appendix C 

if i>(p+q+r) then 
begin 
append(past); 

{na derde meetstap wordt meetdata} 
{metteen opgeslagen in file} 

writeln(pasf,i,' ',tijdh[i]:2:0,':',tijdm[i]:2:0 ,':', 
tijds[i] :2:0,':' ,tijds 1 OO[i] :2:0, 

',verpl[i]:8:2,' ',kracht[i]:8:2); 
close(pasf); 
end; 
writeln(i,' ',tijdh[i]:2:0,':',tijdm[i]:2:0 ,':', 

tijds[i] :2:0,':',tijds 1 OO[i] :2:0, 

end; 
a:=readkey; 

end. 

',verpl[i]:8:2,' ',kracht[i]:8:2); 
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APPENDIXD. 

ACCURACY AND REPRODUCIBILITY OF THE RELAXATION MEASUREMENTS 

Accuracy 

In chapter 4 the accuracy of the force measurements and the displacement measurements were 
already given: 

F(t)=F'(t)±M'=F'±0.00125 [NJ (0.1) 

8 = (8 '±~8) x 100% = (8'± 0.0004) x 100% (0.2) 

The relaxation measurements are presented as the relative force vs. time. The relative force is 
determined by dividing the measured force F(t) at a certain Tand RH by the force FlO at 20°C 
and 60% RH. This force FlO was determined by using the force-strain relation at small strains, 
i.e. in the linear area, of the three hair samples: 

(0.3) 

In appendix A these linear relations at 20°C and 60% RH were determined for each sample. by 
determining the Hookean slope EIOA. The uncertainty in the determined values for EIOA by 
means of a 95% confidence interval are also presented in appendix A. For the calculation of 
the relative force of a sample the uncertainty of EIOA corresponding to that sample, was left 
out of consideration. The reason for doing this will be explained below. 

The uncertainty of EIOA for a sample causes an error in the determined relative force which is 
the same for every calculated relative force of that sample. In other words, the error caused by 
the uncertainty ofEIOA is a systematic error, whereas F(t} and E are measured for every single 
calculation of the relative force. Therefore the accuracy of the measurements F(t} and E 

determine the accuracy of the relative force. This accuracy will be determined below. 
However, when interpreting the experimental results the systematic error cause by the 
uncertainty of EIOA should be kept in mind. 

Suppose a force F(t) of sample n is measured by applying a strain E· x 100%. The force FlO 
can now be calculated by multiplying Hookean slope of sample n (appendix A) by the known 
strain: 

(0.4) 

The average value of the Hookean slope is 18.59 N. This value is used for (EA}n to estimate 
accuracy of the force FlO: 

(0.5) 
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The accuracy of a measurement M can be calculated by the general equation [12]: 

(D.6) 

(0.7) 

For the relative force F(t)/F(lO) this yields: 

~ F(t) = M(t). _1_ + MJo F(t) 
FlO FlO (FlOi 

(D.8) 

From the force-strain curves (appendix A) it appears that the average force to an extension of 
± 0.8 strain is 0.15 N. To estimate the numerical accuracy of the relative force, the forces F(t) 
and FlO were thereby chosen to be 0.15 N . 

~ F(t) = 10.0012._1-1 + 0.0074 0.15
2 

= 0.008 + 0.049 = 0.057 
FlO 0.15 (0.15) (D.9) 

(0.10) 

It should be mentioned that the accuracy calculated in this way is the worst case accuracy. 
Namely if the force F(t) decreases in time the accuracy will be better (eq. D. IO). 

Reproducibility 

The figures 0.1 through D.6 present the results of the measurements that were performed in 
order to determine the reproducibility of the relaxation measurements. From these results it 
appears that the difference between two measurements lay within the achieved accuracy of the 
relative force. It can be concluded therefore that the measurements reveal good 
reproducibility. 
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APPENDIXE. 

RESULTS OF THE RELAXATION MEASUREMENTS. 

The results of the relaxation measurements are shown on the next pages (Figure E.1. through 
E.18) The measurements are presented as relative force vs. time. Each figure shows three 
relaxation curves of the same fibre, at a constant relative humidity, RH, (or temperature, T) 
and three different temperatures (respectively relative humidities). 
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Relaxation curves of the three hair samples at a constant RH of 30% and various T 
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Figure E.3 
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Relaxation curves of the three hair samples at a constant RH of 60% and various T 
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Relaxation curves of the three hair samples at a constant RH of 85% and various T 
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Relaxation curves of the three hair samples at a constant T of 20 °C and various RH 
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Figure E.12 
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Relaxation curves of the three hair samples at a constant T of 60°C and various RH 
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Relaxation curves of the three hair samples at a constant T of 100°C and various RH 
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APPENDIXF. 

RESULTING MASTER CURVES BY ApPLICATION OF TIME-TEMPERATURE SUPERPOSITION. 

The shift factors log aToCT) used to compose the master curves for each sample at each 
relative humidity are presented in section 5.2 of this report. In this appendix the resulting 
master curves themselves are presented in figure F.l through F.3. In figure FA through F.6 the 
temperature-log aToCT) relations are illustrated for each sample at each relative humidity. 
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Mastercurves of the relative force vs. the logarithm of the time, 
for a reference temperature TO=20oC 
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Figure F.3 
(sample 3) 
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Logarithm of the horizontal shift factors, log aTo(T), . 
for a reference temperature To=200C vs. 
the reciprocal of the temperature T. (Arrhenius plot) 
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APPENDIXG. 

RESULTING MASTER CURVES BY ApPLICATION OF TIME-HUMIDITY SUPERPOSITION 

The master curves for each sample at each temperature (20°, 60° and 100°C) that resulted 
from the applied time-humidity superposition are presented in figure G.l through GJ. In the 
following figures GJ through G.9, the utilised shift factors are plotted vs. the relative 
humidity (again for each sample and at each used temperature). 
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Mastercurves of the relative force vs. the logarithm of the time, 
for a reference humidity RHo=30% 
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Logarithm of the horizontal shift factors, log aRHo(RH), 
for a reference humidity RHo=30% vs. the humidity RH. 
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Vertical shift factors, bRHo(RH), for a reference humidity RHo=30% vs. 
the humidity RH. 

Figure G.7 (sample 1) 

0.1 ~~~~r-~~~r------.r-r-r--'r---~~r---r-,-r-~~ 

0.05 -rt-~~-.th~=-:::I-~j~::--"""";",,,-r---"-----":r--:;====±::::::~I 

.---g -0.05 
Q -0.1 +--------'.+---.;;.:;'--"...:;'--:"i~..,:. 

~ -0.15 ~~c.,.--+----+-----"'---f-,-.;--=----=: 
J:). 

-0.2 
-0.25 · 

-0.3 +=~----+---~~~~---1------~~~--~-=--~~--~~ 

20 30 40 50 60 70 80 90 

RH(%] 

Figure G.8 (sample 2) 

0.1 ~r---r-~----~r-~--=T~----~r-r---,-~r-~r---r-r-

0.05 --r-.....,...,..--:;rl---+~~4r--::-"-----j----::---;;;-t-;=====:::::±::==;~---j 

o +--"------. 

-0 .2 +=--~~+---~~~~---+-------r------~------+-~~~ 

-0.25 -r-:'-6-:....,..,._"--f-------+~,.--+~_+___--~t'_::_--_+-....,..,._:___t_:c_'_'_;;:___i 

-0.3 +-~~~+--~~~~~~_+~~--_r~--~;_~~~+_~~~ 

20 30 40 50 60 70 80 90 

RH[%] 

Figure G.9 (sample 3) 

0.1 ~~~=-'-----~----=--.~r----'----~1r---=r-,---~~ 

0.05 

o +==-~~~~--~~~r--+--~--~-------:-r:---i 

~ -0.05 

o -0.1 

~ -0 .15 +-,....,-::..~-+------:...,.:..:..j..,.....;.....'---+--..,...,-+-'-~-----~r----:7'=--'¢::'--:;;T-:'---j 
-0.2 +--'-~--+--""':""'*"""""",----'~~--+-~"""----+----':::7-+----",,"!;-.:-i 

-0.25 +--~~i-"....-~--+~+~-+-~~~b--"~::-,+:---:i;i-7:--'-j-~ 

-0.3 +-----~+------_____"if____=~__+---'-----'-_'+_-----'--_+_~~-'-"';_-

20 30 40 50 RH (%]60 70 80 90 

G-6 

Appendix G 



Appendix H 

APPENDIXH. 

RESULTING MASTER CURVES BY ApPLICATION OF BOTH TIME-TEMPERATURE AND TIME

HUMIDITY SUPERPOSITION. 

The master curves (To=20°C and RHo=30%) that were composed by applying time-humidity 
superposition to the master curves that were previously composed by time-temperature 
superposition (appendix F.) are presented in the figures H.I, H.3 and H.5. The master curves 
that were composed vice versa, thus by applying time-humidity superposition to the master 
curves that were previously composed by humidity-temperature superposition (appendix;G.), 
are presented in the figures H.2, HA and H.6. The two master curves of each sample, 
composed in the above-mentioned ways, should be the same. Namely, they both rep~esent the 
relaxation curve over an extended period of time at 20°C and 30% RH. The mathematical fits 
of the master curves, described by the estimated parameters kb kb "t and m, are presented in 
figure H.I through H.6. 
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Mastercurves of the relative force vs. the logarithm of the time, 
for a reference temperature To=20°C and a reference humidity RHo=30%. 

Figure H.t (sample 1) 
(RH-superposition applied on mastercurves composed by T-superposition) 
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Figure H.2 (sample 1) 
(T-superposition applied on mastercurves composed by RH-superposition) 
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Figure H.3 . (sample 2) 
(RH-superposition appJiedon mastercurves composed by T-superposition) 
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FigureH.5 .{sample 3} . 
(RH-superpositionapplied onmastercurVescomposed:by T .. superposi~ion) 
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Figure H.6 (samp~e 3) 
(T-superposition applied on mastercurves composed by RH-superposition) 
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