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Model-based analysis of the torsional loss modulus in human hair

and of the effects of cosmetic processing

FRANZ J. WORTMANN, GABRIELE WORTMANN, HANS-MARTIN HAAKE, and WOLF
EISFELD

School of Materials, University of Manchester, Sackville Str. Bld., Manchester M13 9PL,
United Kingdom (F.J.W., G.W.)

and BASF Personal Care and Nutrition GmbH, 40589 Duesseldorf, Germany (H.-M.H.,
W.E.)

Synopsis

Torsional analysis of single human hairs is esfligcaited to determine the properties of the
cuticle and its changes through cosmetic proces3ing two primary parameters, which are
obtained by free torsional oscillation using thesitmnal pendulum method, are storage (G’)
and loss modulus (G”), respectively. Based on jmey work onG’, the current investigation
focuses orG”. The results show an increase@f with a drop ofG’ andvice versaas is
expected for a viscoelastic material well belowgiesss transition. The overall power®@f to
discriminate between samples is quite low. Thistisbuted to the systematic decrease of the
parameter values with increasing fiber diameteth & pronounced correlation betwe®i
andG’. Analyzing this effect on the basis of a core/sheddel for the cortex/cuticle-structure
of hair by non-linear regression leads to estimé&teshe loss moduli of cortex (Go) and
cuticle (G”cy). While the values folG” ¢ turn out to be physically not plausible, due to
limitations of the applied model, those fGt’ cu are considered as generally realistic against
relevant literature values. Significant differenbesween the loss moduli of the cuticle for the
different samples provide insight into changesheftorsional energy loss due to the cosmetic
processes and products, contributing towards astens view of torsional energy storage and

loss, namely, in the cuticle of hair.

Keywords:  human hair, dynamic torsion, loss modudwortex, cuticle, chemical damage,

repair

Address all correspondence to Franz J. Wortmafmasaz.wortmann@ manchester.ac.uk
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INTRODUCTION

The behavior of human hair under torsional stressesstrains is an important contributing
factor for the formation and maintenance of a B&jte (1). Due to the nature of torsional
deformation the results for a fiber are biased tdwa&ontributions from its outer regions (2).
For human hair the method is thus especially sudedvestigate the properties of the cuticle.
In a recent publication (3) we presented a setadé drom investigations on untreated and
cosmetically treated human hair fibers using thesiémal pendulum technique. For that
investigation we concentrated on considerationhefstorage moduluS’, which is derived
from the frequency of the free torsional oscillatid\ basic core-shell model of cortex and
cuticle was applied to model the observed decref&® with fiber diameter or rather polar
moment of inertia. This analysis enabled to obésitimates for the torsional storage moduli of
cuticle and cortex through non-linear curve fittamgd extrapolation. The results of the analysis
supported the hypothesis that the torsional staraggulus of the cuticle is significantly higher
than that of the cortex. Though the absolute véduehe modulus of the cortex was too low
compared to literature values, plausible changesitiéle and cortex moduli were determined

after cosmetic treatments.

This part of the investigation now is focused om libgarithmic decrement, as a measure of
energy loss in the fiber and as one of the primasgiables from a torsional pendulum
experiment. The loss modul@’, as primary physical variable, is determined indlgeltom

the logarithmic decrementt and the torsional storage modul@ for an individual
measurementG’ is proportional to the energy stored aBd to the energy lost during a
torsional oscillation. The objective is to investig whether the structure-based, basic

core/shell model approach &' (3) is also applicable fd&”. This includes estimates of the
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loss moduli of cuticle and cortex as well as oket§ of cosmetic treatments. The potential as

well as the specific limitations of the approacé discussed.

MATERIALS AND METHODS

THEORETICAL BACKGROUND

Free torsional oscillation, e.g., of a fiber irasional pendulum apparatus (2, 4, 5), yields the

complex torsional modulus* as:

G*=G +iG” (1)

whereG’ andG” are the storage and loss modulus, respectively.

G’ is given by:

P g2 JL
G'=4n T 2

wherelJ is the moment of inertia of the pendulurthe length of the fibel, the polar moment

of inertia of the fiber, and the time taken for one oscillation.

The cross-section of a hair fiber is generally as=tito be best described as elliptical so that

the polar moment of inertia is given by:
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| = (z/4) (&b +b%a) 3)

wherea andb are the semi-axes of the ellipse.

The use of the polar rather than the torsional nmdroginertia (6) assumes the limiting case
that no warping of the test specimen occurs (7)chvis plausible for small deformations and
low resonance frequencies (8), as realized indtiidy. The situation is certainly different for
combinations of high tensile and torsional strg#)s The approach was furthermore chosen to
provide better comparability of data with previdaosestigations (4, 10, 11) including those,

which are based on the assumption of circulardrass-sections (1, 12, 13).

Arithmetic means for oscillation timEwere determined from five successive oscillati@sis.
values were determined from the mean oscillatimes for five-fold measurements for a given

fiber.

From the continuous decrease of the torsional angdi due to damping, the logarithmic

decrementt is determined through:

(4)

A and Ai+1 are the amplitudes of successive oscillations the number of oscillation from
which the value fort is calculated. For the current investigation 5 generally applies. Values

are based on five-fold determinations for a givieert
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For low degrees of damping, the connection betiegarithmic decrement and the

torsional phase angleastan ¢ is given by:

A=rtand 5)

With the loss factor:

tand = G”/G’ (6)
this yields:

4 =72 G"IG’ 7)
so that

G'=AGIx (8)

Equation 8 enables to determine the valueGbrfrom the related values @&’ and for a

given experiment.

In view of the fact that hair is not an uniformlgotropic, viscoelastic material, as may in

principle be required, a core/shell-model is sutggswhich enables to estimate the separate

contributions of cortex and cuticle @’ , in analogy tdG’ (3) as:

G"'=(G” colco+ G culeu) /1 9)
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with

Il =1lco+ leu (10)

where subscriptso andcu relate to cortex and cuticle, respectively.

In accordance with the experimental evidence ferrttaterial used, the cuticle is treated for
each fiber as a hollow, elliptical shaft with a stamt wall thickness of 3 um. This relates to
about six layers of cuticle in the cross-sectiohjclv are assumed to be constant along fiber

length and independent of fiber diameter.

Equation 9 was fitted to th@” -data using the established non-linear regressiethaad (3).
This approach accounts for a certain fraction @& wariance of the data and also yields
estimates for the torsional loss moduli of corted auticle together with their 95%-confidence
limits. The justification of this model-based apgeh, the applicability of which is considered
as independent of the actual scatter of the dataaimely, based on the observation that the
torsional storage modulus of hair fibers dropsisicantly after the removal of the cuticle (10).

Further considerations are given elsewhere (3).
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EXPERIMENTAL

All experiments on hair fibers were conducted d@iragle Fiber Torsion Pendulum apparatus
(TRI/Princeton, NJ, USA) as described by Persaubikeamath (4). Effective hair fiber length
was 3 cm, frequency about 0.1 Hz, and environmesuatitions 22°C and 22% relative
humidity. All tests and treatments were conductediark brown, commercial, Caucasian hair
(International Hair Importers & Products Inc., Glate, NY, USA). For each fiber tested the
smallest and largest diameters were determinetvatefjuidistant points and through 360
(Laser Scan Micrometer, LSM-500, Mitutoyo, Kanagad\apan). Hair tresses were taken from
a collective of virgin hair (V) and subjected tpermanent waving treatment (7% thioglycolic
acid, pH 9.5, 30 min) followed by re-oxidation (202H.02, pH 4). This was followed by
bleaching (8% EO2, pH 9.4, 30 min). The perm-waved and bleached Eampeferred to as
WB. A group of fibers already prepared for torsiotesting was furthermore treated with a
commercial ‘repair’ shampoo (30 min & 30 s rins&fe sample is referred to #¢BS For
further, specific details the reader is referredMortmann et al. (3). Data analysis and non-
linear curve fits were conducted using Statisti¢arg§ion 13, Dell) and SPSS (Version 20,
IBM). Homogeneity or in-homogeneity of data setgeveetermined by Analysis of Variance
(ANOVA) and non-conservative, post-hoc LSD-tests, implemented in the statistics

programs.
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RESULTS AND DISCUSSION

BASIC OBSERVATIONS

One of the primary experimental variables obtaiineth the free torsional oscillation test and
in particular from the continuous decrease of tkeillation amplitude is the logarithmic
decrement1 (see Equation 4), as a measure of damping witienviscoelastic hair fiber.

Figure 1 summarizes the results fofor the three samples.

Logarithmic decrement values at the chosen comdit{@2% rh, 22C) are low compared to
literature values for wool (14) and hair (12) a®®%h. This is attributed to the humidity
dependent glass transition of wool (15) and hayj,(vhere low humidity shifts the properties
of a keratinous material further into the glasgyioa. The values show satisfactory agreement,
however, with the values for wool at 25% rh and 30€C of 4 < 0.06 (17). Also reasonable
agreement is observed with the values for hairrglwe Persaud & Kamath (4) and Harper at

al. (11) as well as from other sources on the Edquation 5 (18, 19, 20).

A-values drop after the waving & bleaching treatmsorhpared to virgin hair, signifying a

decrease of internal energy loss. Values incregaa after the shampoo treatment. In line
with the qualitative impression from Figure 1 ANOV#s well as LSD-tests show that
differences between all data sets are highly siamt well beyond the 95%-level. The results

for logarithmic decrement thus show a high disaniaive power for the cosmetic treatments.
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G’ -values are determined with Equation 8 from theviddally obtained values fat (see
Figure 1) and>’ (see Figure 2B) and are summarized in Figure@Awvalues are roughly by

a factor 50 — 100 smaller tha®', which is in agreement with observations by Dyrami
Mechanical Analysis (DMA) (19) and attributed teetheneral properties of hair as a glassy
polymer well below its glass transition (16) untfe conditions of the measurements. In line

with expectations for such a matei@il increases whe@’ decreases andce versg21).

Moving from the experimental variableto the primary, physical variab@” much of the
discriminative power of the measurement of eneogg lis lost. The insets in Figures 2A and
B summarize the significance of the differencesvieen the samples, as determined through
the LSD-test. Compared @& the number of significant differences is smaltar®”, leaving

only V > WBas significant on the 95%-level.

This difference of performance and loss of disanetive power are attributed to compensation
effects between values for the storage and thenhmshulus, respectively. Plottin§” and4
againstG’, as is done for the virgin sample in Figure 3,vehthat the correlation betweén
andG’ is only faint though significant{r= 0.08), while it is quite pronounced f&" (r* =
0.69). Similar observations were made @&t vs. G’ for the WB- (f=0.74) and the WBS-

sample (#=0.77), respectively.

Underlying the analysis fd&” above is the assumption that the data are eskentamally
distributed. This assumption seems to be apparenotiect, when inspecting the cumulative

probability plots of the data, which all provideeggiate straight lines.
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APPLICATION OF THE CORE/SHELL-MODEL

When plottingG” against the moment of inertia for all samples esysttic decreases are
observed (see Figure 4), similar as®r(3, 4). These observations are generally in lifta w
data by Leray & Winsey (22) from torsional stresisxation for both modulus and relaxation
gradient. As foiG’, this highlights thaG” for hair is not a material constant. The decrease
such is in line with the core/shell-model (Equat®rand implies that the cuticle has a higher
G” -value than the cortex, as related to the limitratues forG” at low and high values of

respectively.

The observation thas’- andG” -values both decrease with increasing moment ofian€3)
implies that both storage and loss modulus areehifgir the cuticle than for the cortex. For the
current cases the correlated changesGof and G’, as shown in Figure 3 lead to the

compensation effects faf, as mentioned above.

Equation 9 was fitted to the data applying nondinegression. The free optimization showed
that the estimate f@” co gave slightly negative values in all cases {6&*'- 0.005 GPa), which

is physically not reasonable. For this reaGon 0 was introduced as a boundary condition for
the fit. Table | summarizes the results of thefttsG” .o andG” ¢, together with the associated
95%-confidence ranges and the coefficients of datetionr?. The solid lines through the

data in Figure 4 are based on Equation 9 and tteerder values in Table I.

Coefficients of determination for the fits of there/shell-model through Equation 9 to the-
data (see Table I) are substantial and comparalilese foiG’. They may be used to reduce

the unexplained variance of the data and thus twawe the discriminative power f@&"”,
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similarly as forG’ (3). However, in the present case this would riedeke implemented with
added caution in view of the boundary conditiontfe loss modulus of the cortex (& 0),
which is expected to increase the risk of Typedms; when identifying significant differences

between samples.

The application of Equation 9 is justified by theservation that the torsional moduli are not
material constants of hair, but rather change ¥ifiter diameter or rather moment of inertia
(see Figure 4). This is attributed to differencégpmperties of cortex and cuticle in the
core/shell structure of hair. The observed limitatof the model, as reflected by tevalues

for the fit of Equation 9, may be attributed to flaet that the torsional moduli of the cuticle
are not true material constants. This may be rkatéhe layered structure of the cuticle, which
in practice is subject to damage (23, 24), namgyythermal stresses as, e.g., reflected in
delamination (25). Changes of structural integete expected to generate substantial and
overriding contributions, namely, to frictional @mactions within the cuticle layers, which will
impact onG” . This may be considered as an explanation foafiparent lack of fit, namely,
for the WB-sample at low values bf(see Figure 4), that is for comparatively high v
fractions of cuticle. Further complications are exjed to arise from the limitations of the
assumptions of constant cuticle thickness withrfiiameter as well as along fiber length, as

well as the simplifications underlying Equationargl 9 (7).

For all three samples the boundary condit®it. > 0 needed to be applied for the fits, where
the necessity for this condition may be attributedome extent to the required extrapolation
to l—0. Given this restriction, the upper 95% confidetiogt for the loss modulus of the
cortex in virgin hair isG” ¢ = 0.005 GPa With the corresponding value &¢, = 0.61 GPa

(see Table I) this yields with Equation 6 a maximuatue oftan dco = 0.008 This value may
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be compared ttan ¢ = 0.022 of rhinoceros horn perpendicular to the gnogirection under
not too dissimilar conditions (110 Hz, 5.2% reg4di8). For this testing geometry specifically
the properties of the matrix are determined, armledo torsion. The comparison of the data
shows that even the calculated maximum valuddniic, is too low by a factor of about 3
using the extrapolation of the data in Figure 4e Tits on the basis of the core/shell-model thus

turn out to not be suitable to estimate the todidwss modulus of the cortex.

In contrastand — values for the cuticle with the applicable valieG” ., andG’c, (see Table
I) yield a range ofan é = 0.01 — 0.02, in acceptable agreement with extiect values for
keratins for roughly comparable conditions (18, 2@, 26, 27, 28). This gives some support

for the overall validity of the estimaté€s’ ,-values in the absence of reference values.

Due to the systematic decreaseXf with I, the estimates foB” .y are substantially higher
than theG” -means, though they follow the same pattern fosahples. The overall behavior
for G” cu is as to be expected for a material below thesdiasition, in thaG” .y decreases

with an increase db’c, for a sample andice versa

The G” -value is reduced by a factor of about two compdcethe virgin hair through the
chemical processing of reduction and oxidation (WBJine with considerations of increased
stiffness and brittleness of the cuticle (3). While effect of the additional ‘repair’ treatment
(WBS-sample) is small fo&’cu, the corresponding value &’ cu increases well beyond the
value for virgin hair. This not only indicates thie ‘repair’ agent improves the overall
structural integrity of the cuticle but also inttaxs through its components, possibly, namely,

through the polymer content a strong viscous corapgrwhich contributes to the increase of

Ccu-
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CONCLUSIONS

Using the values for the storage moduGisand the logarithmic decremeftas parameters
obtained from the free torsional oscillation expemnt on hair the values for the loss moduli
G” were determined. The raw data show a rather I®gridhinative power between the
different samples, despite their rather strong dbeinpre-treatment. This can be attributed to
a strong component of variance due to the systerdatirease o6” with fiber moment of
inertia. This decrease is associated with a deem@fabe area fraction of the cuticle in the fiber
cross-section, when the fibers get thicker. Theatfis accounted for by a core/shell-model for
the cortex/cuticle-structure of hair, yielding sédctory coefficients of determinations. These
model fits may be used, with due caution with resge Type | errors, to improve the
discriminative power foiG” -measurements, when investigating hair samples avitarent
processing histories. The more speculative aspettshe investigation relate to the
determination of the loss moduli for cortex andaat While the determination &” ., proved

to be unsuccessful, values f&"” .y show overall consistency. The distinct and pladesib
differences between the loss moduli for the cufiatéhe samples support previous suggestions
(3) that torsional measurements in the appropriaidel context are a very sensitive tool to
assess changes of the properties of the hair ethicbugh cosmetic processes and ingredients,
in line with expectations by Robbins (13). In carsibn and in agreement with Bogaty's (1)
considerations, it is suggested that impartingaihyeropriate balance of torsional storage and
loss moduli in hair by cosmetic processes and ptsduill make a major contribution to their

ability to control the dynamic movement of a hayles in line with consumer expectations.
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Table I: Estimates for the loss moduli of cortex (§&’and cuticle (G%y), respectively,
together with their 95% confidence limits, as ol by fits of Equation 9 to the data in Figure
4. The number of measurements for each sampleés g brackets:? are the coefficients of
determination for the fits. Furthermore, values tloe storage moduli for cortex (§&) and

cuticle (Gty) are given (3) to aid the discussion.

Sample G"co, GPa G"cu, GPa r G'co, GPa | G'wu, GPa
V (69) 0 +0.005 0.08 £0.01 0.722 0.61 3.60
WB (56) 0 +0.004 0.046 £0.004 0.600 0.40 4.84
WBS (23) 0 +£0.009 0.11 +0.08 0.733 0.37 4.63
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348  Figure 1: Summary of data for the logarithmic decremérfor the three samples. Data are
349 given as meanaj, standard errors SE (boxes), and limiting valieesghe 95% confidence
350 range (1.96*SE: whisker). Differences between athdsets are highly significant on the 95%-

351 level.
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355  Figure 2: Summary of (A)G” - and (B)G’-data for all samples. Data are given as mea))s (
356 standard errors SE (boxes), and limiting valuestha 95% confidence range (1.96*SE:
357  whisker). Insets give the results of LSD multipanparison of means tests with their levels
358  of significance (p-values). [§ < 0.05effects are significant on the 95%-level.
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Figure 3: Plot of 41- (¢) andG” -data @) vs G’ for virgin hair. Linear regression lines and the

coefficients of determinatior? are given.
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365 Figure 4: G” versus polar moment of inertia for virgin (A:V)enmn-waved and bleached (B:
366 WB), and additionally shampoo-treated (C: WBS) h&olid lines are based on the fit of
367 Equation 9.
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