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Synopsis

The viscoelastic bending recovery of human hair is described by a hydro-rheologically complex, two-phase
model, where the humidity dependence of the pertinent parameters as well as the effects of physical aging are
known. Model calculations are conducted to assess the consequences of the time- and humidity-dependent
bending recovery of human hair for the formation and the stability of the water wave. It is shown that a hair
fiber that has been set in bending will achieve at 65% RH a recovery of about 50% after about ten times its
storage time prior to release, if it is a non-aging material. However, aging drastically slows the recovery pro-
cess so that it approaches an apparent “equilibrium,” final recovery value of about 60%. The values of final
recovery decrease linearly with water content, vanishing as expected at maximum water content, where the
hair fiber is above its glass transition. The calculations further show that damage to the elastic modulus,
attributed to the intermediate filaments, is expected to reduce recovery and thus enhance fiber set. The cal-
culations demonstrate that it is in fact the phenomenon of physical aging that makes water waving a feasible
and practically successful process for hair styling.

INTRODUCTION

In a recent investigations (1) we considered the recovery of human hair from bending
deformation in an experimental context related to the formation and stability of a water
wave. The bending recovery behavior was determined for a range of humidities and aging
times and comprehensively analyzed on the basis of a two-phase filament/matrix model
representing the complex morphology of hair. In this model the intermediate filaments
(IF) (2), or rather their 0t-helical fraction, are identified as the filamentous phase in hair.
The matrix in consequence contains as major components the amorphous IF-associated
proteins (IFAP) (3) and also summarily the rest of the morphological components, such
as cuticle, cell membrane complex, etc. (4).
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The matrix of keratins is an amorphous protein that exhibits a strongly humidity-dependent
glass transition (5,6). Under most practical conditions, such as 20°C and 65% relative
humidity (RH), hair is a semi-crystalline, glassy polymer, for which the viscoelastic prop-
erties change continuously due to physical aging (7,8). Furthermore, it was found that
both the limiting, short-time elastic modulus of the matrix as well as the speed of the
viscoelastic relaxation were affected by water, thus making hair a hydro-rheologically
complex (HRC) material (1).

These investigations now explore by model calculations the consequences that derive
from the effects of humidity and physical aging on the time-dependent bending recovery
of human hair, and which impact on the formation and the stability of the water wave.
The results are meant to further contribute to our understanding of the daily consumer
practice where bending deformation of hair, set, and recovery under conditions of varying
temperature and humidity play an important role for the formation and stability of a
hairstyle.

EXPERIMENTAL, THEORETICAL, AND DATA BASIS

The ring test procedure (9,10) was found (1) to be best suited to determine the bending
recovery of single hair fibers under various conditions of humidity and physical aging time.
Tests, which are the basis of our considerations, were conducted on untreated Caucasian
mixed hair. For the test, fibers were wound around 10-mm-diameter glass cylinders and
their ends fixed. The cylinders were immersed in distilled water, dried, and subsequently
stored for various aging times under controlled humidity conditions at 20°C. After this
storage time, the fibers were cut along a line parallel to the cylinder axis, yielding partially
opened fiber rings. The recovery of the fiber segments from the rings toward a straight
shape was determined by measuring the time-dependent diameters of the rings.

Defining bending set as the retained fraction of initial bending deformation, it is readily
shown (9) that the time-dependent set, S, of the fiber at any point around the ring and the
diameter, &, of the circle enclosing the partially opened ring are related by:

Stt)=d,/d(1) 1)

where d is the diameter of the cylinder on which the fibers are initially wound and
¢ represents time. Set is related to recovery, R, as the primary parameter to be used in this
study:

R(1)=1-5(1) 2)
According to investigations by Chapman (11) and Denby (12), based on the general prin-
ciples of the viscoelastic properties of polymers (13), the formation and time-dependent

recovery of the hairs rings is determined by two antagonistic bending rigidities (stiff-
nesses) according to:

R(t)=B(1)/B(t — ) 3)
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B(t) is the time-dependent bending stiffness at any time after the initial deformation
at #=0. The fiber is released at = @, and B(#-®) is accordingly the bending stiffness of
the same fiber if it had been bent at the time of release. B(z) relates to the straight
fiber and tends to re-straighten it, while B(#-w) derives from the bent state of the same
fiber and thus opposes re-deformation. Since both variables act on the same cross-
sectional area and shape, R becomes a normalized parameter, for which diameter-related
effects are canceled.

Furthermore, it was established (1) that hair shows changes of relaxation behavior with
aging time, 74, which are consistent with Struik’s (14) effective time principle and with
an aging rate of p=1 (see equation 10 below). That is, hair bending recovery curves shift
on the log-time scale without changing their shape by one decade to higher times with
every decade of increase in 74.

In analogy to the case of extensional relaxation (8,15), time-dependent bending stiffness
is described by:

B(t)=B, + AB¥ (1) 4)

with

AB=B,-B, )

By is the initial value of the bending rigidity at #=0. B is the limiting, elastic stiffness
reached by the fiber after complete physical relaxation. ¥ is the relaxation function. In
the context of the two-phase model, B.. is the contribution of the elastic, partly 0(-helical
filaments, while AB is the limiting elastic contribution of the matrix, for which the vis-
coelastic behavior is described by ¥(7).

A feasible choice for ¥(7) is the stretched exponential of the Kohlrausch-Williams-Watts
(KWW) function (1,16), given by:

Y (t)=exp[—(t/t)"] (6)

where T is the characteristic relaxation time and 7 the shape factor, which give the posi-
tion and the width of the function on the log-time scale, respectively. It was found (1)
that the shape factor of the KWW function was independent of humidity and aging
time, with a mean of m=0.28, which is close to the universal value of 1/3 (14).

The relaxation of the matrix contribution to the overall fiber bending stiffness is very fast
in water (8,15), where hair is well above its humidity-dependent glass transition (6). This
removes all effects of aging and yields effectively AB=0 after the wetting of the bent
fibers during the initial step of the experiment. A substantial rubber elastic contribution
to AB, as is expected from the considerations of Hearle ez «/. (17), could experimentally
not be verified, namely by Feughelman and Druhala (18), and is thus neglected.

Since this removes the time dependence of the numerator in equation 3, the combination
of equations 3 and 4 simplifies to:

R(1)=B,I[B, + AB¥(1)] 7)

Purchased for the exclusive use of nofirst nolast (unknown)
From: SCC Media Library & Resource Center (library.scconline.org)



34 JOURNAL OF COSMETIC SCIENCE

for ta=const, where t=0 is the start of the recovery experiment. For the analysis
of the experimental data, equation 7 is combined with equation 6 and 7=0.28 to
yield:

RO = 1/{1+ K exp[—(t/t ' ]} (8)

where K = AB/B.. is the ratio between the elastic bending rigidities of the filaments and
the matrix in the composite, respectively. The initial recovery at 7=0 is accordingly given

by:
R,=1/(1+K) 9)

Fitting equation 8 to all experimental curves yielded the values for the rigidity ratio, K,
and for the characteristic relaxation time, 7. The mean values for K and the related values
for R, for the various relative humidities are summarized in Table I. The water content
of hair for the various humidities was deduced from sorption isotherms for similar hair
material (19).

Consideration of the 7-data versus aging time, 74, on a log/log-scale (1) showed that /og(T)
shifts synchronously with /og(z4), confirming the value of the expected (14) aging rate, p,
for hair (11) as:

u=dlogr/dlogt, =1 (10)

To correct for the effects of aging at a given water content, the parameter of the reduced,
characteristic relaxation time, T, is introduced:

T, =1/t, (11)
so that
logt, = logr —logt, (12)

The results for the arithmetic means of /og T_are summarized in Table I and discussed in
detail in reference 1.

Fibers can be regarded as non-aging as long as the experimental time is small against the
aging time, such as # < 0.1¢,. For longer times, aging reduces the relaxation rate and in-
duces deviations from the curve expected for the non-aging material (14). For a known
aging rate this effect can be compensated by introducing the concept of effective time, A,
given for p=1 by:

A=rIn(1+vt,) (13)
On the scale of effective time, the experimental data represent the recovery performance

of the non-aging fiber. Experimentally, the validity of the concept underlying equations
10—13 has been shown by Chapman, namely, for wool (20).
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Table 1
Arithmetic Means for K= AB/B.. and for the Reduced, Characteristics Relaxation Times, as /og T,
RH (%) w (%) K log T, Ry
15 4.0 5.9 0.53 0.14
33 7.8 6.2 0.15 0.14
45 9.5 6.2 0.22 0.14
65 13.0 4.7 0.031 0.18
74 15.1 3.3 —0.13 0.23
82 17.3 2.4 —-0.01 0.29

Taken from reference 1.
RH is the relative humidity and w the water content of hair.
Ry is the value of the initial recovery, given by equation 9.

MODEL CALCULATIONS

To demonstrate the two principal effects of aging on hair fiber recovery, Figure 1 shows
the calculated recovery curves at 65% RH for different initial aging times and experi-
mental times well beyond 7=74.

The curves for the hypothetical non-aging hair start close to the time-independent, com-
mon value of Ry=0.18 at 65% RH (see Table I). The curves follow the path that is pre-
scribed by equation 8 and are shifted on the /og A scale with respect to the aging time
according to equation 10. If the material is non-aging, recovery will be relatively fast and
half of the initial set will be lost after about ten times the initial aging time. Deviations
between the non-aging and the real, aging material occur at time ¢ > 1/10¢,, as marked
in Figure 1. Comparison of the curves shows that recovery is drastically slowed through
aging. Though small differences are observed with respect to the individual aging time,
all recovery curves approach a narrow range of final recovery values around Ry = 0.6 for
very long recovery times (log # > 8, ¢ > 3 years). This is in agreement with practical

1.2
1 . At
tp, min: 10,7100, 1000 ~
0.8 7 V4

logi,s&logt,s
Figure 1. Recovery curves for various, initial aging times, as indicated. Broken curves (---) represent the
recovery performance of the hypothetical, non-aging material and relate to the /og A4 scale. Solid curves show
the behavior of the real, aging material, relating to the /og # scale. Deviations between the two groups of
curves become apparent at >1/10 t4, as marked.
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observations by the authors as well as with those reported by various informal sources,
where water-waved hair tresses have been hanging in laboratories with constant climate
for years, apparently without losing their set.

Figure 2 shows the effects of aging on hair recovery curves at different relative humidities
and a common, initial aging time (#4=100 min), calculated on the basis of the param-
eter values given in Table I for non-aging and for aging hair, respectively. Again, aging
greatly delays recovery, and the recovery values, which the curves apparently approach for
long times, increase with increasing relative humidity. This is in agreement with the
practical observation that the set of a hairstyle based on water waving decreases with in-
creasing humidity.

Figures 1 and 2 show that for long times recovery approaches an apparent constant value.
In order to calculate the “equilibrium,” the apparent final value of recovery, Ry, for the dif-
ferent humidity conditions, and for all practical purposes a very long time (Jog =11, #>3000
years), was chosen. The values for Rrare summarized in Figure 3 versus water content. The
values closely follow a straight line, which describes the loss of set with increasing hu-
midity. The straight line fit predicts R =0.32 for dry hair and total recovery at a water
content of about 25%. The latter value is in good agreement with the maximum water
content of hair. The extrapolation validates the assumption underlying the calculations that
total recovery will be achieved in water, that is, at conditions above the glass transition.
Furthermore, the observation is in good agreement with the practical observation that wet-
ting of hair removes the water wave.

The tools that have been developed for the above calculations also enable as to assess the
effects of fiber damage on bending recovery; namely, DSC-investigations (21,22) have
shown that, damage, e.g., through oxidative or reductive processing, is first and most
strongly imparted to the filaments. Plausibly expecting that such damage will lower the
elastic modulus of the filaments, Figure 4 shows recovery curves for an undamaged hair
at 65% RH and a constant, short aging time of 74=10 min, together with the recovery
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Figure 2. Recovery curves at constant aging time (4 =100 min) and for different relative humidities (20°C),

as marked for the solid curves for the aging material. The broken lines show the related curves, expected for
non-aging hair.
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Figure 3. Recovery values of aging hair at /og # = 11 (¢ > 3000 years), considered as representing “equilib-
rium,” final recovery, Ry, for all practical purpose, vs water content. A straight line is fitted through the data,
for which the equation is given on the graph in the usual x/y-notation. The broken line marks the extrapola-
tion range.
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Figure 4. Bending recovery curves of non-aging (broken lines) and aging hair (solid lines) at 65% RH and
ta=10 min, in which the elastic bending stiffness of the filaments, B., has been reduced from the initial,
relative value of 1 to 0.7, 0.5, and 0.3, respectively. The curves for the aging material are marked accord-
ingly.

of the same material in which the bending stiffness of the filaments, B, is reduced to
relative values of 70%, 50%, and 30%, respectively, while that of the matrix AB is kept
unchanged. Figure 4 shows that damage to the elastic fraction of fiber bending stiffness
is expected to significantly promote and stabilize the set for the aging fiber, while the ef-
fect in the non-aging fiber will eventually be lost. In practice, however, the beneficial ef-
fects of filament damage are expected to be offset through collateral processing damage to
the matrix and other morphological components, as well as the expected higher suscepti-
bility of damaged hair to humidity and temperature changes, which will remove the
benefits of physical aging.
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CONCLUSIONS

The model calculations show, in agreement with practical observations, that the relative
humidity of the environment as well as hair damage have an important influence on the
performance of a non-permanent hairstyle on the basis of water waving. However, irre-
spective of the environmental conditions, as long as they stay below the glass transition,
it is nevertheless the phenomenon of physical aging that makes water waving a feasible
and practically successful process for hair styling.
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