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Abstract
Objectives: This investigation focuses, first, on the question to which extent wet 
and dry tensile tests on human hair may be considered as leading to independent 
results. Second, we try to assess the sensitivities of wet and dry- testing to detect 
changes of mechanical properties. Specifically, we were interested in separating 
changes, which were induced by a combination of a chemical (oxidation/bleach) 
and a physical treatment (heat).
Methods: The basis for our study are data for the tensile properties (wet and 
dry) of a set of untreated and bleached hair tresses, which were submitted to the 
same schedule of thermal treatments. As characteristic tensile parameters, we 
chose modulus (E), break extension (BE), and break stress (BS). First, parameters 
were analysed across treatments for the correlations between wet and dry data. 
Second, we applied two- factor analysis of variance to assess the effects of the fac-
tors and their potential interaction.
Results: Correlations for the dry versus wet data show only a weak relation-
ship for E, while coefficients of determination (R2) are quite high for BE and BS. 
Two- factor ANOVA enables to quantify the various contributions to the Total 
Sum- of- Squares for all three parameters. We show that the parameters respond 
quite differently to the chemical and the thermal treatments as well as to testing 
conditions (wet or dry). It is of interest to note that the interaction between the 
chemical and the physical treatment is generally quite weak. For the interpre-
tation of the results, we use the concept of the humidity- dependent as well as 
strain- induced glass transition of the amorphous matrix.
Conclusions: The independence hypothesis for dry and wet tensile measure-
ments only applies for modulus. Overall, we consider modulus (wet) as the best 
tensile measure of fibre damage when assessing chemical and/or physical treat-
ments. Under ambient conditions (dry), break stress is shown to be a feasible 
alternative measure.
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Résumé
Objectifs: Cette expérience porte d’abord sur la question de savoir dans quelle 
mesure les tests de traction humide et sec sur cheveux humains peuvent être con-
sidérés comme conduisant à des résultats indépendants. Deuxièmement, nous 
essayons d’évaluer les sensibilités des tests humides et secs pour détecter les mod-
ifications des propriétés mécaniques. Plus précisément, nous nous sommes inté-
ressés à séparer les changements, qui ont été induits par une combinaison d’un 
produit chimique (oxydation/eau de javel) et d’un traitement physique (chaleur).
Méthodes: Notre étude repose sur les données relatives aux propriétés de trac-
tion (humides et secs) d’un ensemble de tresses capillaires non traitées et dé-
colorées, qui ont été soumises au même programme de traitements thermiques. 
En tant que paramètres de traction caractéristiques, nous avons choisi le modulus 
(E), l’extension de rupture (BE) et le stress de rupture (BS). Tout d’abord, les para-
mètres ont été analysés entre les traitements, pour observer les corrélations entre 
les données humides et secs. Deuxièmement, nous avons appliqué une analyse 
de variance à deux facteurs, pour évaluer les effets des facteurs et leur interaction 
potentielle.
Résultats: Les corrélations entre les données sèches et humides montrent 
uniquement une relation faible pour E, tandis que les coefficients de détermi-
nation (R2) sont assez élevés pour BE et BS. L’analyse ANOVA à deux facteurs 
permet de quantifier les différentes contributions à la somme totale des carrés 
pour les trois paramètres. Nous montrons que les paramètres répondent de façon 
assez différente aux traitements chimiques et thermiques ainsi qu’aux condi-
tions de test (humide ou sec). Il est intéressant de noter que l’interaction entre 
la substance chimique et le traitement physique est généralement assez faible. 
Pour l’interprétation des résultats, nous utilisons la notion de transition vitreuse 
hygro- dépendante ainsi que de la matrice amorphe induite par une contrainte.
Conclusions: L’hypothèse d’indépendance pour les mesures de traction sec et 
humide ne s’applique qu’au module. Dans l’ensemble, nous considérons le mod-
ule (humide) comme la meilleure mesure de traction des dommages des fibres, 
lors de l’évaluation des traitements chimiques et/ou physiques. Dans des condi-
tions ambiantes (sèches), le stress de rupture est une mesure alternative réalisable.

INTRODUCTION

Tensile testing of keratin fibres, including human hair, is 
of academic as well as of practical (textile, cosmetic indus-
tries) importance. Concentrating for the current context 
on human hair, tensile tests may in practice be conducted 
either in water (wet) or under ambient, defined, or stan-
dard conditions.1– 10 The choice of conditions may on the 
one hand be a matter of convenience. On the other hand, 

investigators may decide to employ both conditions, as-
suming that sets of data are essentially independent and 
reflect different aspects of hair properties.3, 11

The independence assumption is on the one hand 
plausible in view of the fact that hair is well below its 
glass transition under ambient or standard conditions 
(20°C/65% rh or 22°C/55% rh) and well above the tran-
sition in water.12, 13 On the other hand, there is a pro-
nounced similarity of the shape of the stress/strain 
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curves, as investigated in detail for wool,14 for the whole 
humidity range.

It is interesting to note that we know from conversa-
tions, that most colleagues within the hair cosmetics re-
search community would agree that dry tensile testing has 
a lower sensitivity than wet testing to detect the effects of 
cosmetic treatments and processes (mainly chemical and 
thermal).1– 3, 5, 15, 16 However, the use of dry- testing may be 
justified by the argument that ambient environmental con-
ditions represent the usual conditions of hair in practice. 
Another very practical reason is that an active agent under 
investigation may be rinsed off during testing. Despite this 
ambiguity with respect to tensile testing conditions and in 
view of the wide range of tensile variables,15, 17 we have not 
been able to find a comprehensive investigation to establish 
or dismiss reasons for a preference for one of the conditions.

Tensile data (wet & dry) have been available from a set 
of hair samples from a study on the effects of heating (ther-
mal straightening) on untreated and bleached European 
hair.18, 19 This study was undertaken by the expert work-
ing group ‘Hair Care Products’ of the DGK (Deutsche 
Gesellschaft fuer Wissenschaftliche und Angewandte 
Kosmetik e.V.).

On the basis of common practice1– 3, 6, 8, 10, 11, 15, 20– 22 as 
well as of a recent investigation of the information con-
tent of wet tensile testing,17 we identified three specific 
variables as being especially suited for our investigation. 
These are elastic modulus (E), break extension (BE), and 
break stress (BS).

The current investigation focuses, first, on the question 
to which extend wet and dry tensile tests on human hair 
may be considered as independent for any of the variables. 
Second, we try to assess the sensitivity of the two varia-
tions of tensile testing to detect and possibly discriminate 
between changes of human hair mechanical properties, 
which were induced by a combination of a chemical (oxi-
dation/bleach) and a physical treatment (heat).

For this aim, we use two- factor analysis of variance 
(2F- ANOVA). The method enables to separate the influ-
ences of the chemical and the thermal treatment on the 
tensile parameters (wet and dry) as well as to study poten-
tial interaction effects of the treatments.

With our investigation, we try to contribute to the dis-
cussion of the suitability of wet or dry tensile testing, re-
spectively, to support research and development of hair 
cosmetic products and procedures.

EXPERIMENTAL

Materials and methods

A description of materials and methods for the samples 
used in this investigation have been given before in de-
tail.18, 19 For this reason, we only provide a short summary 
here with a focus on the current context. Further details 
can be found in the Appendix S1.

The study was conducted with 16 commercial, mixed, 
Caucasian hair tresses (19 cm long, 1.5 cm wide, ≈ 2 mm 
thick) from the same hair batch. Half of the tresses were 
subjected twice to a bleach using a commercial product 
(Wella) and practically relevant conditions. This treat-
ment defines the two levels of chemical treatment for 
each tress as either natural/untreated (N) and bleached 
(B), respectively.

Prior to the thermal treatment, the tresses were sub-
jected to a standard wash and brought to a ‘towel- dry’ 
state. Under these conditions, a tress is expected to con-
tain about 60% water. At this stage, each tress was sub-
jected to straightening through the repeated application of 
a commercial straightening iron set to 200 °C. Individual 
treatment times (1.67 s) added up to three total contact 
times, which defined four levels of thermal treatment (0: 
no thermal treatment; 1: 60s; 2: 300 s; 3: 800 s). Two tresses 

T A B L E  1  Summary of basic statistics for the investigated variables for natural/chemically untreated (N) and bleached (B) hair

Sample

Ew ± q95% Ed ± q95% BEw ± q95% BEd ± q95% BSw ± q95% BSd ± q95%

GPa GPa % % MPa MPa

N0 1.89 ± 0.05 3.95 ± 0.12 57.5 ± 1.0 46.9 ± 1.1 191 ± 3 229 ± 4

N1 1.82 ± 0.09 3.64 ± 0.10 53.2 ± 0.74 44.9 ± 0.83 175 ± 9 216 ± 5

N2 1.76 ± 0.04 3.73 ± 0.10 52.7 ± 0.59 45.1 ± 0.98 161 ± 3 205 ± 5

N3 1.58 ± 0.04 3.65 ± 0.09 49.1 ± 0.74 44.6 ± 0.96 125 ± 4 190 ± 3

B0 1.63 ± 0.04 4.15 ± 0.10 58.7 ± 1.1 50.3 ± 1.0 167 ± 6 223 ± 3

B1 1.45 ± 0.04 3.53 ± 0.10 60.0 ± 1.1 49.4 ± 0.92 160 ± 4 208 ± 3

B2 1.26 ± 0.04 3.71 ± 0.13 60.5 ± 1.2 51.1 ± 1.1 139 ± 5 192 ± 6

B3 1.02 ± 0.04 3.64 ± 0.11 59.0 ± 0.75 51.7 ± 0.91 114 ± 4 176 ± 3

Note: Numerals indicate the level of thermal treatment for each sample. q95% are the 95% confidence limits. The number of underlying data is 53– 60.
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were produced for each combination of chemical and 
thermal treatment.

Tensile test were conducted on hair fibres, using the 
Fibre Dimensional Analysis Unit Model 765 (FDA765, 
Dia- Stron) and a Miniature Tensile Tester Model 675 
(MTT675, Dia- Stron). The fibres were tested immersed in 
water at approx. 20°C (wet) and under standard room con-
ditions (dry: 20°C, 65% rh). Thirty fibres were tested from 
each hair tress under wet and dry conditions. From each 
successful test, the software (UvWin –  3Phase – Dia- Stron) 
extracts a wide variety of stress, strain, and work- related 
parameters.17

Choice of variables, basic data, and 
statistical analysis

Tensile testing provides a large number of variables, 
which relate to moduli, stresses, various types of work, 
and strains.17 For our investigation, we selected as vari-
ables elastic modulus (E), break extension (BE), and break 
stress (BS). This is in line with the practice of tensile test-
ing of hair3, 15 as well as consistent with the results of our 
recent investigation on the correlations between tensile 
variables (wet).17 The chosen variables are further speci-
fied by subscripts to indicated wet (w) and dry (d) condi-
tions of testing.

As already described elsewhere,17 we checked the 
data distribution for each sample, applying normal- 
probability plots. This approach revealed a small num-
ber of outliers. The final number of data for each tress 
was between 30 and 27. For our analyses, we pooled 
data obtained for pairs of tresses with equal treat-
ments, yielding a maximum of 60 data points for each 
case. Table  1 summarizes the basic results underlying 
this analysis. The notation of the samples follows the 
levels of chemical and thermal treatment, as outlined 
above. On this basis, for example, N0 is untreated hair 
with no thermal treatment, while B3 is bleached hair 
with level 3 (800 s) thermal treatment, respectively (see 
Appendix S1).

We analysed the data by a two- factor analysis of 
variance (2F- ANOVA), using the appropriate tool in 
Statistica23 and the following approach. A first factor, 
Factor 1, refers to the chemical state of a sample. Factor 1 
has two levels (a = 2) for the chemical state of a sample 
(N = natural/chemically untreated, B = bleached). The 
second factor, Factor 2, describes the four levels (times) 
of thermal treatment (b = 4). The results represent a 2 × 4 
‘crossed’ ANOVA design with essentially equal numbers 
of replicas for each cell (sample).24

The measure of the variability within a given set of val-
ues for a chosen variable across all samples is the Total 
Sum of Squares (SST), as given specifically by24:

where i (0, 1) signifies the two levels of chemical and j the 
four levels thermal treatment (0, 1, 2, 3). xijl are all of the in-
dividual data across both factors. x  is the mean for all data.

SST is related to the variance (Var) of a data set accord-
ing to:

 where n is the number of data for a given variable across all 
samples.

The fraction of SST associated with the variability of 
the data for the individual samples –  that is for the hairs 
taken from tress pairs N0 to B3 for testing –  is described by 
the error- SS as:

The fraction of SST specifically attributed to Factor 1 
(SS1: chemical treatment) is given by:

 xi is the mean across all samples for a given level of Factor 1. 
b is the number of levels for Factor 2 (b = 4).

The sum of squares attributed to Factor 2 (SS2: thermal 
treatment) is accordingly given by:

xj is the mean across all samples for a given level of 
Factor 2. a is the number of levels for Factor 1 (a = 2).

The sum of the various contributions to SST may leave 
a rest SS1x2, which is attributed to the interaction of the 
Factors 1 and 2 as:

In summary, we have:

(1)SST =

1
∑

i=0

3
∑

j=0

n
∑

l=1

(

xijl − x
)

(2)Var = SST ∕(n − 1)

(3)SSE =

1
∑

i=0

3
∑

j=0

[

n
∑

l=1

(

xijl−xij
)2

]

(4)SS1 = b n

1
∑

i=0

(

xi−x
)2

(5)SS2 = a n

3
∑

j=0

(

xj−x
)2

(6)SS1x2 = SSE − SS1 − SS2

(7)SST = SS1 + SS2 + SS1x2 + SSE
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For the variables, the various components of SST, are 
determined and assessed for their statistical significance 
on the 95% level on the basis of their specific degrees of 
freedom.24 The various SS- components are reported as 
fractions (%) of SST (see Table 3).

All calculations and graphs were done using Excel 
(2016, Microsoft) and Statistica.23

RESULTS

Correlations wet vs dry

As first part of the investigation, we consider the inde-
pendence hypothesis for wet and dry- testing across all 
chemically and thermally treated samples. For this, we as-
sess the correlations between the variable means for each 
wet/dry- pair. Figure  1a,b graphically summarize the re-
sults of the regression process for modulus (E) and break 
extension (BE), as examples. For Figure  1a,b, these two 

F I G U R E  1  (a): Plot of means for moduli (●) for dry (Ed) versus 
wet (Ew) testing for natural and bleached hair. The linear regression 
line (− − - ) is given. The related generic regression equation 
together with the coefficient of determination (R2) are inset. (b): As 
(a), but for break extension (BE ). For further details, see Table 2

T A B L E  2  Parameter values of the regression equations, 
when plotting variable means (n = 8) for dry vs wet testing (see 
Figure 1a,b)

Variable ic ± SE; p sl ± SE; p R2

E, GPa 3.36 ± 0.45; 0.001 0.24 ± 0.29; 0.43 0.106

BE, % 11.1 ± 7.2; 0.17 0.66 ± 0.13; 0.002 0.812

BS, MPa 99 ± 11; <0.001 0.69 ± 0.071; <0.001 0.940

Note: For each variable, the p- value is given to quantify the statistical 
significance level. Values, which are significant on the 95%- level are marked 
(italics).
Abbreviations: ic, intercept.; R2, coefficient of determination; SE, standard 
error; sl, slope of the regression line.

T A B L E  3  Summary of the various sum- of- squares (SS) 
components for the three chosen variables (wet and dry), according 
to Equations 1– 7

Variable SST, %
SS1, 
%

SS2, 
%

SS1 × 2, 
%

SSE, 
%

Ew, GPa 50.78 41 26 3 30

Ed, GPa 91.01 1 16 2 82

BEw, % 12.3*103 38 8 10 44

BEd, % 9.60*103 33 1 2 64

BSw, MPa 428*103 9 55 1 35

BSd, MPa 236*103 5 48 1 47

Note: SST is the total sum- of- squares. SS1 and SS2 relate to the chemical 
(Factor 1) and the thermal treatment (Factor 2), respectively. SS1 × 2 gives 
the interaction component. SSE is the unexplained (error) component of the 
sum- of- squares. Values for SS1, SS2, SS1 × 2, and SSE are given as percentages 
of SST. The number of data for each variable is around 450 across all 
samples. Significant SS- components (95%- level) are marked (italics).

F I G U R E  2  Fractions of the total sum- of- squares (SST) for the 
three pairs of variables, as associated with the two factors and their 
interaction (see Equation 7 and Table 3). The arrows mark those 
two contributions, which are not significant on the 95%- level
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variables were specifically chosen, since they have been 
shown to be independent in the wet state. Break stress 
(BS), in contrast, was found to be a combination of E-  and 
BE-  properties.17 Data sets for E, BE, and BS were analysed 
by linear regression, for which the parameters are sum-
marized in Table 2.

2- Factor ANOVA

Table 3 summarises the results of the 2F- ANOVA for all 
three variables.

DISCUSSION

The independence hypothesis

For the modulus, the analysis confirms that wet and dry 
measurements are not really correlated (see Figure 1a and 
Table  2). Means across all samples (see Table  1) for Ew 
(1.55 GPa) and Ed (3.75 GPa) differ by a factor of somewhat 
larger than two. Values for the thermally untreated sam-
ples (see Table 1) are in good agreement with literature 
values. This includes the drop of modulus with bleaching 
(compared with natural hair) when wet and its increase 
when dry.1, 2, 5, 11, 15, 25

The main components of the microscopic structure of 
human hair are an outer protective layer (cuticle) and a 
fibre core (cortex). The cortex is essentially a fibre/ma-
trix composite, comprising partly α- helical intermediate 
filaments (IF) embedded in amorphous IF- associated 
material. The difference between wet and dry values for 
modulus is attributed to the low contribution of the matrix 
in the wet compared with a much larger effect in the dry/
conditioned state.3, 15, 26 Under wet condition, the modu-
lus is about 2 GPa (Table S1), in agreement with values for 
wool.27 For wool, the contributions (wet) of IFs (1.7 GPa) 
and the matrix (0.3 GPa) show a ratio of (5– 6: 1).28 The 
IF contribution (1.7 GPa) to the elastic modulus is inde-
pendent of humidity.27, 29 Under standard conditions, the 
modulus of a hair fibre is about 4 GPa (Table S1). With the 
humidity- independent contribution of the IFs (1.7 GPa), 
this yields 2.3 GPa for the matrix contribution for the cho-
sen experimental conditions, in good agreement with lit-
erature data.26 This represents a much different relation 
between the contributions of IF and matrix contributions 
to fibre modulus (1: 1.3). The strong increase of matrix 
modulus from wet to dry is due to a phase change. The 
matrix is a gel in the wet state and turns into a glass below 
about 80% relative humidity (RH).13, 28

Against this background, in view of Figure 1a and the 
results given in Table 2, modulus measurements are thus 

considered as conforming to the hypothesis that wet and dry- 
testing results are independent (independence hypothesis).

The situation is quite different for break extension (BE) 
were wet and dry measurements are highly correlated 
(R2 = 0.812, see Table 2). For this variable, the indepen-
dence hypothesis is thus not valid. Furthermore, the dif-
ferences between means across all samples for the wet 
(56%) and the dry state (48%) (see Table 1) are quite small 
compared with modulus. BE- results for the untreated hair 
(wet: 58%; dry: 47%) are in good agreement with the liter-
ature data.11 For break stress (BS), the significance of the 
correlation between dry and wet readings increases even 
further (R2 = 0.94). BS- values for the untreated hair show 
little difference (wet: 191 MPa; dry: 229 MPa), in accor-
dance with the literature data.3, 11

We attribute the strong dry vs wet correlations for the 
break variables BE and BS to a much smaller contribution 

F I G U R E  3  (a): Summary of thermal effects on wet modulus 
(Ew) for natural ( ) and bleached ( ) hair. (b): As (a), but for 
dry modulus (Ed). Symbols (arithmetic means), whiskers (95% 
confidence range). The x- axis represents thermal treatment times 
on an ordinal scale, as shown in Figure 3a. The lines do not 
indicate a formal connection between data points, but are rather 
meant as a guide for the eye
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of the matrix in dry state for these parameters compared 
with the dry elastic modulus. For this, we offer the fol-
lowing argument. Upon straining under dry conditions 
beyond the elastic limit of about 2%, the matrix undergoes 
a strain- induced glass transition.30, 31 It turns into a highly 
viscous liquid, which flows upon fibre extension, some-
what similar to wet conditions. The estimated viscosity for 
the matrix (in wool) drops for standard conditions (20°C, 
65% rh) and low strains (<2%) from that for a glassy solid 
(η  =  1019 Pa) to that of a highly viscous fluid at higher 
strains (>2%) (η ≈ 1014– 1015 Pa).30 The strain- induced re-
duced contribution of the matrix to BEd and BSd compared 
with modulus is thus the main factor of the strong dry/
wet- correlations for the two variables. Since the proper-
ties of the IFs are humidity- independent,32 the glass/liq-
uid transition in the matrix explains the similarity of the 
stress/strain curves of keratin fibres across the humidity 
range14, including the humidity- dependent glass transi-
tion.12, 13

Two- Factor ANOVA

Figure 2 summarizes the relative contributions to SST for 
the three variables (wet and dry) as detailed in Table 3.

Most contributions to SST are significant. The two ex-
ceptions, as marked in Figure 2 are the effect of the chem-
ical treatment (Factor 1) on the dry modulus (Ed) and the 
interaction SS- component for dry break stress (BSd).

Figure 3a,b summarize the results for the moduli (see 
Table 1) in detail.

For wet conditions, the moduli for natural are consis-
tently higher than for bleached hair. This is in line with 
expectations.1, 5, 21 Prior to the thermal treatment, the dif-
ference is 14% and increases to 35% with the thermal treat-
ment. Accordingly, the effect of the chemical treatment 
(bleach) on Ew is quite high (SS1  =  41%) (see Table  3). 
The effect of the thermal treatment is smaller (SS2 = 26%) 
and comparable to the error component (SSE = 30). This 
shows that Ew is more sensitive to the chemical than to the 

F I G U R E  4  (a) Break extension (%) for wet conditions (BEw) 
for natural ( ) and bleached ( ) hair as it changes with the levels 
of thermal treatment (Factor 2). (b) as (a), but for dry conditions 
(BEd). For further specifics, see Figure 3

F I G U R E  5  Break stress for wet conditions (BSw) for natural 
( ) and bleached ( ) hair as it changes with the levels of thermal 
treatment (Factor 2). (b) as (a), but for dry conditions (BSd). For 
further specifics, see Figure 3
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thermal treatment. The interaction component is small 
(SS1 × 2  =  3%), but significant. Both curves in Figure  3a 
follow first- order kinetics with thermal treatment time. 
The increasing difference between the curves from 16% 
to 37% with the level of thermal treatment is due to the 
smaller rate constant and thus the higher heat- sensitivity 
of bleached hair.18

The results are quite different for the dry modulus Ed 
(see Figure 3b). For the start material, Ed is numerically 
somewhat higher (5%) for the bleached compared with the 
natural hair.26 The gap between the two curves vanishes 
with the first thermal treatment. Accordingly, the effect of 
the chemical pretreatment turns out to be not significant, 
overall (see Table 3). The thermal treatments show a mod-
erate but significant effect (SS2 = 16%). This is, however, 
small compared with the residual error (SSE = 82%, see 
Table 3). Overall, dry modulus shows only a low sensitiv-
ity towards treatments, in line with observations in the 
literature.15, 21, 22, 33 We attribute this lack of sensitivity to 
the large contribution of the matrix to Ed. The matrix is 
an amorphous, cross- linked glass under these conditions, 
which will be rather insensitive to moderate changes of its 
molecular structure.

Figure  4 summarizes the results for break extension 
(see Table 1), complementing the results of Table 3.

Initial wet break extension (BEw) (see Figure  4a) 
does not change significantly through the bleaching 
treatment. BEw is about 58% for the natural as well as 
the bleached hair sample with a slight tendency towards 
higher values for the latter (see Table 1). Literature data 
would lead to expect a larger difference.11, 15 For the 
untreated hair, BEw decreases with the thermal treat-
ments by 15% along a seemingly similar path as Ew (see 
Figure 3a). This is reflected in similar values for SS1 (see 
Table 3). In contrast, the thermal treatment does have 
no overall effect on the bleached hair (SS2 = 8%). This 
difference in performance explains the overall signifi-
cant effect of bleaching (SS1 = 38%) as well as the mod-
erate interaction effect (SS1 × 2 = 10%). We hypothesize 
that this may be attributed to a specific, antagonistic ef-
fect between bleaching and thermal treatment for break 
extension. This contrast in performance for untreated 
and bleached hair would certainly merit further investi-
gation. Under wet conditions, BEW thus shows satisfac-
tory sensitivity towards the thermal treatment only for 
natural hair. Bleaching appears to suppress the thermal 
effects.

For the dry state, break extension is somewhat 
smaller than for wet conditions for both hair types. 
This we again attribute to the fact that the matrix is 
below its glass transition when dry. However, the effect 
(BEw ≈ 58% vs. BEd ≈ 47– 50%) is rather small compared 
with the effects for Ew versus Ed. We attributed this to 

the strain- induced reduction of matrix viscosity, as dis-
cussed above. Break extension for bleached hair is 7% 
higher than for the untreated hair, in line with literature 
results.11 The overall ANOVA - effect of bleaching is sim-
ilar to that for the wet state (SS1 = 33%). We attribute this 
to increased molecular mobility, namely, in the matrix 
due to broken/oxidized disulphide cross- links. Though 
bleached and natural hair in the dry state show oppo-
site trends with the thermal treatment, the effects of 
thermal treatment are small but significant (SS2 = 1%) 
for both types of samples. The interaction component 
is also small but significant (SS1 × 2  =  2%). Comparing 
Figure  4a,b shows relevant sensitivity of BEd towards 
the chemical treatment, which is only rather limited for 
the thermal treatment.

Figure  5 summarizes the results for break stress wet 
and dry from Table 1.

Results for break stress (see Figure  5) show a strik-
ing qualitative similarity. Their change with thermal 
treatment34 appears to be comparable to that for Ew (see 
Figure 3a). This is in agreement with the underlying strong 
correlation between Ew and BSw for untreated hair.17 BSw 
appears thus as a suitable parameter to assess both the 
chemical as well as the thermal treatment.

For wet (Figure 5a) and dry (Figure 5b), start values 
for natural are consistently higher than for bleached 
hair, though this effect is only small for the dry case.11, 21 
Initial values for dry compared with wet conditions are 
roughly 20% higher. The effects of the thermal treatment 
are 31%– 35% for wet and 21%– 17% for dry conditions. The 
overall low differentiation between wet and dry BS- data, 
compared with modulus, we again attribute to the small 
contribution of the matrix, due to its strain- induced low 
viscosity. In line with these observations, SS2 is compa-
rable for wet (55%) and dry (48%) conditions and much 
larger than SS1 (wet:9%; dry:5%). Interaction effects are 
essentially negligible (see Table 3). Due to the closeness 
of the curves in Figure 5b, BSd appears to be only of lim-
ited value to determine bleaching related effects8 but ap-
pears suitable with respect to thermal damage.

CONCLUSIONS

Regarding the Independence Hypothesis for wet and dry 
tensile testing, the results show that it only applies for 
modulus. In contrast, correlations between dry and wet 
results are highly significant for break extension (BE) and 
stress (BS). We attribute this difference in performance 
to a strongly decreased contribution of the matrix due to 
a strain- induced glass transition. For BE and BS, the as-
sumption of independence between testing conditions is 
thus not supported.
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Parameters show pronounced differences in their re-
sponses towards the chosen chemical (bleach) and physical 
(thermal) treatment as well as towards testing conditions. 
Overall, modulus measurements under wet conditions 
show the best sensitivity towards the chemical (bleach) 
as well as towards the physical (thermal) treatment. Dry 
modulus testing, in contrast, is rather insensitive overall. 
We attribute this to the large contribution of the matrix in 
this case, which shows a low sensitivity towards changes/
damage in its glassy state. Break extension shows a rather 
complex behaviour across samples and testing conditions 
but generally low sensitivity, except when testing un-
treated hair samples under wet conditions. Break stress 
shows very similar behaviour for wet and dry conditions, 
somewhat analogous to wet modulus testing. This obser-
vation is attributed to the underlying correlation between 
Ew and Bw

17 as well as the strain- induced glass/fluid tran-
sition of the matrix at strains beyond the elastic region.30 
If testing under room conditions is preferred, determining 
break stress may thus be the best option to detect changes/
damage of hair due to physical and/or chemical cosmetic 
processes.

In general, we expect these conclusions to be also ap-
plicable for other types of chemical and physical treat-
ments of hair, leading to specific types of modification 
and/or damage.
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