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Abstract

The fatigue failure (F/F) test is an important method for evaluating hair strength. In this
study, we evaluate commercial European hair after up to four bleaches. F/F-data were
directly fitted using a two-parameter cumulative Weibull distribution (CWD) function,
described by lifetime index (λ) and shape factor (β). Fibre samples taken from treated tresses
(T) exhibited stable F/F behaviour across multiple treatments, while treated single fibres
(S) showed early breakage if treated more than twice. We attribute this effect mainly to the
liquor ratio during treatment. In this context, we suggest a strategy to estimate a treatment-
related apparent decay constant for λ. The constant for T-samples was determined as
kn = 0.095. This is consistent with DSC results in the literature for the denaturation enthalpy.
This may indicate an important role for intermediate filaments in fatigue failure. To
possibly establish a link with hair breakage during combing, we investigated the properties
of the hazard function for T-samples based on β = 0.92. The model calculations indicate
that early failure risks are low but increase exponentially with repeated bleaches. The
correspondence with the literature results leads to the hypothesis of a relationship between
F/F and combing tests.

Keywords: hair; fatigue failure; bleaching; Weibull analysis; multiple bleach kinetics; liquor
ratio; hazard function

1. Introduction
Bleached hair is a standard material used when assessing the efficacy of ingredients,

formulations and processes to improve hair properties such as strength and to repair
damage [1]. An important tool to support related claims is the fatigue failure (F/F) test on
single hair fibres [2–4].

In a recent F/F-investigation [5], we applied a wide range of constant dynamic strains
(4–30%) to untreated hair. As an alternative to the standard linearisation approach [2–4],
we showed that the direct fit of the cumulative Weibull distribution (CWD) function to the
F/F-data was a consistent analytical approach. For the current investigation, we analysed
the F/F-behaviour of hair that was bleached multiple times, either in the form of single
fibres or as tresses. F/F-tests were carried out at an experimentally feasible, low level of
strain (3.5%) to stay close to practical conditions. The low strain range provided stable
shapes of CWD functions, namely, when using a logarithmic scale for the fatigue cycles [5].
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It is well established that the effects of bleaching depend heavily on the processing
conditions. To evaluate the impact of the bleach-paste-to-hair ratio (liquor ratio) during
the bleaching process, we compared the performance of individually treated fibres, as an
extreme case, to that of hairs taken from tresses after each of the multiple treatments. This
method enabled us to obtain an impression of the principal changes in CWD-function
parameters that may be expected with drastic changes of treatment conditions.

Several authors have suggested or assumed a specific relationship between hair break-
age during mechanical grooming (combing, brushing) and F/F performance e.g., [2,4,6,7].
A recent investigation on machine-based hair combing called this view into question [8].
To further investigate the potential relationship between the test methods, we examined
the hazard functions related to the CWD fits and the changes to these caused by bleaching.
We speculate that the hazard function may be a suitable tool for specifically assessing the
risk of early hair breakage, which can occur during combing and brushing.

2. Experiment
2.1. Materials and Treatments

The study utilised European Natural Hair 7/0 sourced from Kerling International
(Bagnang, Germany). This hair is a blend of untreated hairs from a large number of donors
and is generally accepted as a reference material for European hair. The hair came as a long
(20 cm free hair length), flat tress. Small (1 cm wide) sub-tresses were taken from the master
tress, as required. Due to the nature of the commercial hair, each sub-tress is assumed to
represent a random subsample of the hair fibres in the collective of the master tress.

For preparation, the sub-tresses were gently massaged with a 12.5% solution of SLES
at pH 4.5 for 1 min. The surfactant solution was then rinsed off under tap water for 2 min.
Subsequently, tresses were dried and stored under standard laboratory conditions for at
least 24 h.

In the treatments involving single fibres, a random selection of hairs (N ≈ 50) was
taken from the tress. The middle part of each of these hair was crimped using the Dia-
Stron Auto-Assembly System AAS 1600 (Dia-Stron, Andover, UK). The crimped fibres
were then placed on a plate holder and bleached for 45 min (pH 9.5) using a standard
commercial bleaching powder and a 9% hydrogen peroxide developer (mixing ratio 1:2)
(Henkel, Hamburg, Germany). Subsequently, the fibres were rinsed under tap water for
2 min and dried under laboratory conditions. After 30 min, the procedure was repeated
according to the intended number of treatments. We acknowledge that the brass crimps
may have affected the oxidation process when treating single hairs. However, in view of
the overall focus of this investigation, the potential effects were not further considered.

Single fibre samples were coded as Sx_y, where S signifies the sample formed by the
fibres for single-hair treatments, x gives the number of bleaches and y is a running number
given to the individual set of fibres tested by F/F (see Supplementary Materials Table S1).

An equivalent bleaching procedure was applied for 1 cm wide tresses, with a liquor-
to-hair ratio of 2:1. After the intended number of treatments, approximately 50 fibres were
taken from a tress at random. These fibres were crimped for F/F-testing. The remaining
tress was subjected to further bleaching, as required. Similar to the S-samples, fibre samples
taken from tresses (T) were coded as Tx_y, analogously to the S-samples (see Supplementary
Materials Table S2). Untreated fibre sets were coded as UT_y, where y identifies a set of
fibres taken from the master tress for testing.

Then, 48 h after each treatment, fibres were placed in the F/F-machine sample cassette
and conditioned in a climate chamber containing the test machine, at 22 ± 2 ◦C and 55 ± 5%
RH for at least 6 h.
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2.2. Test Method

All tests were conducted on a fibre fatigue failure instrument (CYC802, Dia-Stron,
Andover, UK). The machine was positioned in a climate chamber (5533, Ets Inc., Perkasie,
PA, USA) achieving 22 ± 2 ◦C and 55 ± 5% relative humidity. The first analysis of the data,
using the traditional Weibull linearization approach, has been presented previously [9].

Due to the crimping process, fibre length was ≈30 mm. The actual initial length lo for
each fibre is defined as the length at a small load of 2 g. For our experiments, we applied a
cyclic engineering strain setting of 5% (nominal strain, εN). As has been shown [5,9], the
nominal strain εN deviates for each fibre from the achieved strain εA, where the average
deviation depends on the actual experiment. For εN = 5%, we expected a mean achieved
strain of εA ≈ 3.5%. This strain is in a range wherein the shape of the CWD function
becomes largely independent of strain [5]. We confirmed the consistency of the achieved
strain for the current investigation, namely, for S-sets of samples (S1_1, S2_1, S3_1; see
Supplementary Materials Table S1) and found it to be εA = 3.45 ± 0.082%. These results
reflect the overall consistency of our testing process. The cyclic strain was applied to the
fibres at a rate of 40 mm/s, translating into a frequency of ≈30 Hz. As has been consistently
shown [5,10], constancy of F/F-testing conditions, whether for constant strain or constant
stress, is a prerequisite to ensure the reproducibility and comparability of results across
samples. Experiments were conducted up to a maximum of 100k cycles.

Due to factors outside the scope of our current investigations, the number of fibres
tested varied between 20 and 74 (see Supplementary Materials Tables S1 and S2). With the
exception of sample UT_2, all fibres failed before the chosen maximum number of cycles
(100k). Fibres were omitted from the set only if there were clear signs of experimental
problems, such as crimping issues, which are not uncommon in tensile testing, or if there
were technical artefacts related to data collection by the F/F-instrument. No data were
subsequently excluded from the data sets.

2.3. Data Analysis

For reasons outlined previously [5], we directly fitted the cumulative Weibull function
to the data rather than using the standard linearization method. This approach satisfies the
requirements to minimise the deviations of the data points from the theoretical curve and
to ensure that these deviations are normally distributed.

The experiment determined the number of cycles (Ci) at which each fibre i failed.
At each of these points of the experiment, the fraction of broken fibres was calculated
as follows:

Fi = ni/N (1)

so that the fraction of surviving fibres is given as follows:

Si = 1 − ni/N (2)

where ni is the number of broken and N the total number of fibres in a testing set.
The change of Fi with the testing cycles may be modelled using the cumulative Weibull

distribution (CWD) as the failure function F, as follows:

F = 1 − exp[−(C/α)β] (3)

or equivalently with Equation (2), for the survival function S, as follows:

S = exp[−(C/α)β] (4)
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Continuing with the established parameterisation [5], we refer to α as the specific
lifetime and to β as the shape factor.

The Weibull probability density function f underlying Equations (3) and (4) is given
as follows:

f = β/α (C/α)β−1 exp[−(C/α)β] (5)

Given the nature of the CWD function [5], we consider the survival function on the
ln(C)-scale, thus making ln(α) the relevant parameter, referred to as lifetime index (λ). The
direct fit of Equation (4) to the data sets was conducted using suitable software (Excel,
Microsoft, Redmont, WA, USA, 2016; Statistica, V13, Tibco Software Inc., Palo Alto, CA,
USA, 2017) [5].

3. Results
Figure 1A,B summarize survival curves for selected S sets of fibres repeatedly treated

by bleaching. Samples are identified by their specific codes (see Supplementary Materials
Table S1).

Figure 1. Graphical representation of survival data for a specific S set of samples against ln(C).
(A) Untreated (UT_2 •), 1× (S1_3 ▲), and 2× bleached hair (S2_2 ♦). (B) Data for 3× (S3_1 o) and
4× bleached hair (S4_1 ∆). The dashed lines are the fitted curves according to Equation (4) with the
parameter values applying for a specific set of data (see Supplementary Materials Table S1).

The curves for untreated (UT_2) and bleached (S1_3, S2_2) hair follow Weibull curves
of roughly similar shape, systematically shifted to lower ln(C)-values (see Figure 1A).
However, for S3_1 hair, there was a significant change in the F/F-behaviour. The data
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dramatically shifted to lower ln(C)-values and a large number of fibres had already broken
during the first straining cycle [ln(C) = 0; C = 1]. As expected or at least anticipated,
this effect became increasingly pronounced with further bleaching (S4_1, see Figure 1B).
Though fitting of the CWD function is possible for both the S3 and S4 data (see Table S2),
we conclude that the accumulation of failures at C = 1 formally invalidates the results. The
related F/F-parameter values are thus considered for qualitative purposes only.

Supplementary Materials Table S1 summarises the λ- and β-results for all tests on the
S sets of fibres together with their standard errors (SE) and the coefficients of determination
(R2), as a measure of the goodness of fit of Equation (4).

R2 values are in all cases in the range of 0.95 and well above, indicating excellent fits
of the CWD function for all samples UT to S2. As expected [5], residuals are in all cases
normally distributed. Plots of experimental against theoretical values give no indications
of specific early breakage of subsets of fibres. These observations are documented for the
S2_3-set of data in the Supplementary Materials Figure S1. Due to the pronounced early
breakage of fibres (see Figure 1B), the R2 value drops for the S3 (0.890) and even more for
the S4 sample (0.674) (see Table S1).

Data from hair samples from treated tresses T1 to T4 are all well described by
Equation (4) (see Table S2). Typical survival curves are summarised in Figure 2. Though
the individual curve shapes are somewhat different, all fits show strong linear regressions
between theoretical and experimental values. This implies that all data for a sample belong
to a homogeneous set without obvious indications for early breakage. Also, all fits show
normally distributed residuals. This statement is supported by the example of sample
T4_2 in Supplementary Materials Figure S2. Table S2 summarises the results of the fits of
Equation (4) to the T sets of data, analogous to Table S1. The R2 values are all around 0.98
and above.

Figure 2. Graphical representation of survival data from the T-set of samples. Untreated: UT_2 (•),
1× bleached: T1_2 (▲), 2× bleached: T2_2 (♦), 3× bleached: T3_1 (o), 4× bleached: T4_3 (∆). The
dashed lines are the fitted curves according to Equation (4) with the parameter values applying for a
specific set of data (see Table S2).
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4. Discussion
Figures 1 and 2 summarise the F/F-results for treated single fibres as well as for fibres

from treated tresses for the various bleach levels. For the S sets of fibres (see Figure 1A) only
two bleaches were experimentally feasible before a large number of fibres broke during the
first fatigue cycle (see Figure 1B). Data for bleach levels 0–2 are well fitted by Equation (4)
(see Table S1). In contrast, all T data sets are ‘well behaved’ (see Figure 2) in that they
show no early breakage. All T data sets are well fitted by Equation (4) (see Table S2). S
as well as T data consistently shift to lower values on the ln(C)-scale with bleaching (see
Figures 1 and 2).

The repeated bleaching of single fibres and tresses under defined conditions provides
an ordinal scale against which these results may be considered. Building on previous
work [11,12] and as corroborated by recent investigations [1,13,14], we furthermore assume
that repeated bleaches have equivalent and additive effects on the F/F variables. On this
basis, we hypothesise a pseudo-absolute scale for the bleach treatments, with the untreated
material representing a genuine zero-state (Bleach Level: 0).

Figures 3 and 4 summarise the results for the Weibull parameters for all experiments for
single-fibre and tress treatments, on the bleach level scale. The related data are summarised
in Supplementary Materials Tables S1 and S2.

Figure 3. Summary of the λ values for the S (▲) and T sets (•) of samples against bleach levels. The
standard errors of the variable values are not given, because the related whiskers would be equivalent
or even smaller than the symbol sizes. The lines through the data points (—, - - -) are exponential fits
according to Equation (7). The respective equations are given on the graph. This approach does not
apply to samples S3 and S4, where we observed a discontinuity for more than two bleaches, indicated
by the change of symbol (■) and the empirical lines connecting the data (. . .).
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Figure 4. β values for all S (▲) and T (•) samples (see Tables S1 and S2). The mean across all samples is
marked (- - -) together with the 95–confidence range (. . .). Level 0 data (UT) are necessarily identical
for both data sets. The results for the S3 and the S4 sample (∆) are not included in the considerations
of the data set (see text) and are marked by the ellipse (- - -).

Figure 3 summarises the results for the lifetime index λ for both S and T samples.
The results for untreated (UT) conditions are necessarily equal for both sets. After one
bleach, results for λ were still very similar for S and T samples. This changed after two
bleaches, when λ values for the S fibres dropped significantly. A pronounced discontinuity
developed for the S samples when proceeding from two to three bleaches (see Figure 1B).
The fits of Equation (4) are excellent for the S samples after one and two bleaches, as
reflected by R2 > 0.95 (see Supplementary Materials Table S1). Fits of the CWD function are
also possible for the data of the S3 and S4 samples (see Table S1).

However, as mentioned above, these results are only qualitatively discussed due to
the significant accumulation of failures during the first straining cycle, which in our view
formally invalidates the application of Equation (4) for cases S3 and S4. The low λ values
for three and four bleaches for the S samples corroborate the view that high bleaching
levels lead to very brittle fibres with a strong tendency for early failures.

We attribute the difference between the λ values for the S and T sets in Figure 3
primarily to the ratio of liquor to solid (liquor ratio) during the bleaching process. The
reaction between bleaching liquid/paste and hair is, in fact, very complex [15]. The
concentration of H2O2 in the bleach paste is comparatively stable, and any changes are
caused only by its natural decomposition. However, the concentration quickly decreases
once in contact with hair through the chemical reaction between the peroxide and melanin
as well as proteins in hair [16–18]. With regard to the proteins and on the molecular level,
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it is well established that bleaching leads to the oxidation of the disulfide bonds to form
cysteic acid [15,16,19]. On the structural level, oxidation leads to substantial changes in the
properties of the main morphological components of hair, such as the intermediate filaments
and matrix [1,20,21]. This, as a result, negatively affects, for example, the thermal [11,12]
and mechanical properties of hair [4,22–25].

Due to chemical reactions, the concentration of the active species in the liquor de-
creases with time [15] through a diffusion-reaction mechanism [20]. This decrease is more
pronounced at a lower liquor ratio. In this study, the liquor ratio was effectively infinite
for single fibres, resulting in comparatively little change in the active species. For the
tresses, liquor ratio was 2:1, leading to a decrease in the oxidative species while bleaching
progressed. Consequently, bleaching damage following equal treatment times was more
severe in single fibres compared to fibres from tresses.

As expected, a very high degree of brittleness and early failures were observed for
S samples after three and four bleaches. This aligns with the observation that β was
substantially lower than unity for these samples (see Supplementary Materials Table S1).

Based on findings of earlier DSC studies on systematically bleached hair strands [11],
and considering the pseudo-absolute x-scale presented in Figure 3, we examined whether
apparent first-order kinetics could be applied to the change of λ with repeated bleaching.
Accordingly, we formulate the following:

−d[λ]/dn = kn [λ] (6)

where n is the number of bleaches and kn the apparent decay constant for λ. The integration
of Equation (6) leads to a simple exponential equation, expressed as follows [26]:

Λ = λ0 exp(−kn n) (7)

where λ0 is the estimated start value of the decay constant.
Due to the pronounced early failures of fibres for the S samples after multiple bleaches

(see Figure 1B), a discontinuity of λ occurred for Bleach Levels > 2 (see Figure 3). Accord-
ingly, only the results for S data up to two bleaches are considered.

As shown in Figure 3, the change in λ with the number of bleaches (n) is well described
by Equation (7) for both the S and T data sets. This leads to apparent decay constants for
the S data of kS

n = 0.13 ± 0.024 and of kT
n = 0.095 ± 0.008 for the T data, respectively.

When comparing the results for the S and T datasets (Figure 3) based on the equations
provided, we conclude that on a linear C scale, the S curves generally shift to lower C
values by about a factor of 3.2 [≈exp(1.17)] with each bleach. For the T data, the curves shift
only by about a factor of 2.4 [≈exp(0.88)] to lower C values per bleach. Overall λ values for
T are higher than for the S sets for equal bleach levels, reaching ∆λ = 0.45, that is, a factor
of about 1.5, after two bleaches. These considerations corroborate the above discussion of
the effects of the liquor ratio and especially emphasise the importance of defined treatment
conditions to enable sample comparison.

Keratinous fibres are essentially filament/matrix composite materials [27]. Investigat-
ing a range of keratins via DSC (wet), it was established that the denaturation enthalpy
(∆HD) relates to the α-helical content of the intermediate filaments (IF) [28]. When DSC
(wet) was used to investigate hair from tresses after repeated bleaching, it was observed
that the change in ∆HD is well described through a version of Equation (7) with an apparent
decay constant of kn(∆HD) = 0.069 ± 0.0103 [11]. This agrees surprisingly well with the
value of kT

n for λ, given above.
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The good agreement between the apparent decay constants for λ and ∆HD, given
that they relate to similar multiple-bleach experiments, may suggest a special role for
the filaments and their bleaching-induced damage in the F/F performance of chemically
treated hair. This is in line with observations for polymeric fibre/matrix composites [29].
We hypothesise that this is due to the specific chemical damage of bleaching to the structure
of the IFs [12,18,25,30].

These considerations do not contradict the evidence for an important role of the
IF-associated matrix in the F/F-performance of hair. Against the background of the fa-
tigue/failure behaviour of fibre/matrix composite materials [29,31,32], the effects of the
matrix are reflected by the positive effects of repairing/filling of cracks and holes in the
fibre structure, e.g., through polymers and peptides [33,34]. Through patching microscopic
defects, the progression of planes of failure is delayed [35,36], thus increasing the lifetime
of a fibre [3,4,37–39]. A positive effect on fatigue failure of hair also appears to be induced
by a shift of fibre pH, e.g., through citric acid [40].

Similar to Figure 3, Figure 4 summarises the β-values obtained from fitting Equation (4)
to all data sets. The details are given in Table S2. For the S samples, the restrictions discussed
above apply for Bleach Levels 3 and 4. In Figure 4, the related β values are marked by
an ellipse. The variability of the β results is essentially attributed to dependence on the
individual specific strain of an experiment to which the fibres of the samples were subjected
during testing [5]. For the current investigation, the strain level is overall consistent with
εA ≈ 3.5%, as discussed above. The results for β are in line with expectations [5] and largely
consistent with those in the literature for straight European hair [2–4,39,40].

In contrast to the results for λ (see Figure 3), there was no consistent trend for β with
Bleach Levels. Also, there was no consistent difference between the sample groups (UT, S,
T), excluding S samples for levels 3 and 4. This is shown by Analysis of Variance (p = 0.236).
The mean across all data is 0.92 ± 0.10 (95% confidence range). The levels for the mean and
the confidence limits are marked in Figure 4.

In line with the expectations from the graph, the mean is not significantly smaller than
unity (95–level, t-test, p = 0.1). β = 1 signifies a process for which the failure rate remains
constant while the fatiguing process progresses [5]. The failure rate does not significantly
change with the structural and chemical damage imparted by bleaching until a certain
threshold is reached, e.g., for S samples at levels > 2. In contrast, β values in the range
of β ≈ 0.3–0.7 have been observed for textured hair [41], indicating a tendency for early
failure for this type of hair [42]. This leads us to conclude that there seem to be significant
differences in the mechanisms of fatigue failure for straight compared to textured hair.

Welzel et al. [43] investigated the F/F break morphology of hairs after repeated
bleaches. They observed a strong prevalence of angled fractures regardless of the type of
hair treatment. They noted that the length of the ‘tongues’ decreased with λ and thus with
the number of bleaches. The results confirm that bleaching increases hair brittleness.

Figure 5, adapted from Welzel et al. [43], shows images of two typical fibres with
‘tongue-like’ fractures broken under equal F/F-conditions, corresponding to recent obser-
vations by Samoylenko et al. [44] when applying the moving loop test. It is worthwhile
noting that certain fracture morphologies (smooth, step, fibrillated), as reported in various
references [45–49], were rarely observed in the F/F tests [36]. Ngoepe et al. [41] demon-
strated that, while failure rates differ between straight European hair and textured African
hair, as indicated by variations in β, both types of ethnic hair exhibit similar tongue-type
failure patterns.

https://doi.org/10.3390/cosmetics13050231
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Figure 5. Two hair fibres broken by fatigue failure, showing the pairs of associated broken ends. The
fibres were chosen to represent the predominant tongue-like fractures. (Adapted from Ref. [43]).

For hair-grooming practices such as combing and brushing, it is important to under-
stand the risk of hair failure in the early stages of the fatigue process. To assess this risk,
the hazard function h(C) is a suitable tool (see Equation (8)). h(C) indicates the likelihood
of fibre failure at a specific fatigue cycle C, based on the fibres which have survived up to
that point. The hazard rate is given by the ratio of the Weibull distribution [f (C)] over the
survival function S(C) [42,50]:

h = f (C)/S(C) (8)

With S(C) being defined by Equation (4), we obtain:

h = β/α (C/α)β−1 (9)

Figure 6 summarises the h(C) curves for both untreated and bleached T samples. It is
important to note that a principal change in the shape of the hazard function occurs when
the β value is either below or above unity, as occurred with the experimental results (see
Figure 4). To keep the discussion straightforward at this stage, we decided to focus on the
results for h(C) based on the theoretical λ values derived from the exponential equation
in Figure 3 and using the mean experimental value of β = 0.92. In Figure 6, to emphasise
results for risks related to the early stages of hair grooming, such as hair breakage caused
by combing, we utilise a linear C scale for the initial phases of the F/F test (C ≤ 100).

As was to be expected, Figure 6 (inset) shows that the risk of failure at the first testing
cycle (C = 1) increases with the number of bleaches about 20-fold from 4.9 × 10−5 (UT) to
109 × 10−5 (4×). However, despite this strong increase, the actual risk of early failure is
still quite low even for 4×-bleached hair from tresses (T samples). This aspect of the results
may well be related to the preparation of the fibres, wherein broken fibres were discarded,
as well as to the machine filter, where fibres showing atypical loading curves were excluded
from the final data set. Overall, the results for h(C) suggest that F/F-experiments are more
reflective of the long-term strength of hair rather than its early failure.

In a recent investigation, it was observed that hair breakage after a high number of
combing cycles was a strong predictor of early breakage [8]. In this context, it is noteworthy
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that the increased risk of failure associated with bleaching (Figure 6), though consistently
low, corresponded to the rise in the number of fragments released during the early stages
of combing (N0) [8]. The ratio of the number of early released fragments (N0) during
combing for bleached versus untreated hair was 1.8 [8]. The ratio for h(C = 1)—values for
1× bleached (11.9) vs. untreated hair (4.9), as given above, was 2.4.

Given the differences in materials and methods, we find this agreement quite remark-
able. With this observation, we speculate that h(C = 1) may serve as a link between F/F-
and cyclic combing testing. Given the significance of both tests for product development
and claim support, we want to emphasise that this hypothesis requires further evaluation
before it can be considered practically relevant.

Figure 6. Hazard functions for T samples, derived from the experiments (see text), for untreated
(UT), 1×-, 2×-, 3×-, and 4×-bleached hair. Calculations are based on arithmetic means for λ for each
bleach level and β = 0.92 for all samples. The x-scale is limited to a relatively small number of cycles
(C = 100) to correspond to early stages of mechanical grooming. The inset gives the hazard values for
the first F/F cycle (C = 1) for all samples and the applicable exponential trendline.

5. Conclusions
As anticipated from a prior investigation [5] and supported by extensive

literature [2,3,38,41], our study demonstrates that the cumulative Weibull distribution
(CWD) function offers excellent fits for the F/F results of hair. This holds true for samples
comprising treated single fibres (S samples) and fibres randomly selected from treated hair
tresses (T samples).

In the case of the T samples, all fibre sets showed consistent behaviour (see Figure 2),
for at least up to four bleaching treatments. We attribute the differences observed between
the S and T samples to significantly different liquor ratios during the treatment process. It
may be argued that the S samples represent the ultimate, ‘true’ effect of bleaching on hair.
Along with emphasising the need for strictly controlled testing conditions, the differences
between S and T samples highlight the importance of maintaining consistent treatment
conditions, e.g., for bleaching. This is crucial to ensure that results from F/F or other tests
for evaluating hair treatments and actives are comparable.
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The results given in Figure 3 for the T samples support the notion that repeated
bleaching sets up an apparent absolute scale for the analysis of the F/F-parameters. This
facilitates the determination of an apparent decay constant for the lifetime index λ. For
the T samples, this decay constant was found to be kT

n = 0.095 ± 0.008. This value is
in satisfactory agreement with the constant determined by DSC (wet) for the bleaching-
induced decrease of the helix in the intermediate filaments (IF) [11]. This leads to the
hypothesis that damage and defects in the IFs play an important role in the fatigue-induced
failure of hairs.

In contrast, the shape factor of the CWD function, denoted as β, remained largely
unchanged by the bleaching processes. With a mean of β = 0.92 ± 0.10, it tended to remain
slightly below β = 1. This value is significantly higher than that observed for textured hair
(β = 0.3–0.7) [41], indicating significant differences in the fatigue failure of straight versus
textured hair. The consistency of β in our study indicates that the failure process involving
constant strain remains fundamentally unchanged by bleaching, only shifting to shorter
lifetimes. It is notable that β = 1 corresponds to the width of the Kelvin–Voigt equation,
which was recently utilised [8] to model hair fragment formation during combing.

The prevalence of continuous and angled fracture planes (see Figure 5) across bleach-
ing levels [43] corresponds to the overall invariance of the shape factor. We suggest that
the consistent form of the fracture planes calls into question whether the ‘weakest link’
hypothesis, associated with the CWD function to fit the data, is in fact the most plausible
model to characterise hair fatigue failure, at least for the current framework of samples.

With regard to the practice of hair grooming, it is of interest to gain information about
the risk of hair failure at a very early stage of the fatigue process. In this context, we
investigated the hazard function and found, as expected, that the risk of early failure of
fibres was low but increased with the bleaching level. We find it reasonable to conclude
that the F/F test emphasizes the resilience or long-term strength of hair, while combing
failure provides a more effective measure of short-term strength.

Analysing the values of the hazard function, especially during the first fatigue cycle,
and exploring the similarities between the shapes of the CWD (F/F) and the Kelvin–
Voigt (combing) function, leads us to suggest a potential connection between these two
methods through the hazard function. We consider this potential relation as quite un-
expected in light of a previous study [8]. This matter will certainly require further and
comprehensive investigation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cosmetics13050231/s1, Figure S1: Normal probability plot of the
residuals for the fit of the CWD-function to the data for sample S2_3; Figure S2: Normal probability
plot of the residuals for the fit of the CWD-function to the data for sample T4_2; Table S1: Values for
the Weibull-parameters together with their standard errors (SE) for untreated hairs (UT) and fibres
bleached individually. Specific codes are given for all samples. The coefficients of determination
(R2) are given together with the total number of fibres tested for each sample (N). Samples for 3×
and 4× bleached fibres are marked in grey. These results are for information only because of the
formal invalidity of the fit, due to the pronounced early breakage of fibres (see text); Table S2: Values
for the Weibull-parameters together with their standard errors (SE) for fibres taken from tresses.
Specific codes are given for all samples, as in Table S1. The coefficients of determination (R2) are
given together with the total number of fibres tested for each sample (N). UT-values are the same as
in Table S1.
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