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Considerable viscoelasticity and strain-rate sensitivity are a characteristic of a-keratin fibers, which can
be considered a biopolymer. The understanding of viscoelasticity is an important part of the knowledge of
the overall mechanical properties of these biological materials. Here, horse and human hairs are exam-
ined to analyze the sources of this response. The dynamic mechanical response of a-keratin fibers over
a range of frequencies and temperatures is analyzed using a dynamic mechanical analyzer. The a-
keratin fibers behave more elastically at higher frequencies while they become more viscous at higher
temperatures. A glass transition temperature of �55 �C is identified. The stress relaxation behavior of
a-keratin fibers at two strains, 0.02 and 0.25, is established and fit to a constitutive equation based on
the Maxwell-Wiechert model. The constitutive equation is further compared to the experimental results
within the elastic region and a good agreement is obtained. The two relaxation constants, 14 s and 359 s
for horse hair and 11 s and 207 s for human hair, are related to two hierarchical levels of relaxation: the
amorphous matrix-intermediate filament interfaces, for the short term, and the cellular components for
the long term. Results of the creep test also provide important knowledge on the uncoiling and phase
transformation of the a-helical structure as hair is uniaxially stretched. SEM results show that horse hair
has a rougher surface morphology and damaged cuticles. It also exhibits a lower strain-rate sensitivity of
0.05 compared to that of 0.11 for human hair. After the horse and human hairs are chemically treated and
the disulfide bonds are cleaved, they exhibit a similar strain-rate sensitivity of �0.05. FTIR results con-
firms that the human hair is more sensitive to the –S–S– cleavage, resulting in an increase of cysteic acid
content. Therefore, the disulfide bonds in the matrix are experimentally identified as one source of the
strain-rate sensitivity and viscoelasticity in a-keratin fibers.

Statement of significance

Hair has outstanding mechanical strength which is equivalent to metals on a density-normalized basis. It
possesses, in addition to the strength, a large ductility that is enabled by either the unfolding of the alpha
helices and/or the transformation of these helices to beta sheets. We identify the deformation and failure
mechanisms and connect them to the hierarchical structure, with emphasis on the significant viscoelas-
ticity of these unique biological materials.

� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Fibrous keratin fibers, such as wool [1–3], human hair [4–6],
and whale baleen [7] have been widely studied due to their supe-
rior mechanical strength [8,9]. These fibers usually have a protec-
tive and defensive function for animal bodies and yet yield some
unnoticed properties. For example, wool has a high tensile strength
of 200–260 MPa, yielding a specific tensile strength (normalized to
density equal to 1.3 Mgm�3) of 150–200 MPa/Mgm�3, which is
comparable to some stainless steels (�250 MPa/Mgm�3). Addition-
ally, wool and human hair usually have a large extensibility, with a
breaking strain of more than 40%. Therefore, researchers have been
interested in the mechanical properties and morphologies of ker-
atin fibers [10,11], hoping to be able to mimic these materials.

Every hair fiber has a hierarchical structure [12], as shown in
Fig. 1. A typical human hair fiber has a diameter of 50–100 mm
and the outermost layer composed of cuticles that ensure the
integrity of the fibers. These cuticle scales, which are 0.3–0.5 mm
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Fig. 1. Schematic drawing of the hierarchical structure in a human hair fiber.
Human hair has a range of diameters of 17–180 mmwhile horse tail hair has a larger
(75–280 mm) diameters. These values represent the broadest range which is much
larger than the specimens studied herein.
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thick and 40–60 mm long, also have a layered structure [6]. The
inner section, cortex, is composed of cortical cells that are
100 mm long. Moreover, each cortical cell is comprised of macrofib-
rils with �0.2–0.4 mm diameter; these macrofibrils are further
composed of intermediate filaments (IFs) (7.5 nm in diameter)
embedded in an amorphous matrix. These intermediate filaments
are made from a-helical polypeptide chains. Due to this hierarchi-
cal structure and different components of crystalline fibrils (inter-
mediate filaments) and amorphous matrix, human hair exhibits
strain-rate sensitivity [13] and viscoelasticity [14,15]. Stress relax-
ation experiments on both human [16] and camel hair [17] reveal
that the stress decreases as a function of time as the hair fiber is
strained to specific values. In the meanwhile, age and ethnicity
may also play important roles in the relaxation rate [18].

At the beginning of the tensile tests, these a-helical chains
experience a reversible bond angle rearrangement in the elastic
region (0 � 0.02–0.05 strain). Following this region, the structure
will undergo either an uncoiling of the helical chains or a phase
transformation from a-helix to parallel b-sheets within the trans-
formation region (�0.05 to �0.25 strain). Since there is no or little
resistance in these processes, the stress-strain curve in this region
exhibits a very slow increase in stress. Once the strain is larger
than �0.25, the curve goes into the post-transformation region
and the unchanged a-keratin chains and possibly-formed b-
keratin will be further stretched until breakage. Research has
shown that, depending on the experimental conditions, the crystal
structure in hair may experience an uncoiling behavior [19] or
phase transformation [2,20]. Therefore, the behavior of such phase
transformation has to be factored with analysis of viscoelasticity of
a-keratin fibers. Moreover, dynamic mechanical characterization,
which has been applied to analyze various biological materials
[21–23], can also provide important information on the viscoelas-
ticity of a-keratin fibers.

Apart from the well-studied wool and human hair, horse hair is
also a hard a-keratin fiber that has attracted interest during the
past decade. Researchers have shown that horse hair has a crys-
talline structure that is the same as human hair [19,24]. Horse tail
hair has been widely used in a lot of applications, such as brushes
and bows of violins, due to its superior mechanical properties. It is
considered very strong but also flexible. Its response is highly influ-
enced by factors such as diet [25] and climate such as humidity
[26] and temperature [27], in a similar manner to other keratin
fibers. Different from human hair that is regularly taken care of,
horse hair is usually subjected to weathering and rough handling.
Therefore, it is thought that by studying and comparing the differ-
ent mechanical properties among these two alike hair samples, we
will be able to gain insights in the sources of viscoelasticity and the
strain-rate sensitivity in the keratin fibers.

One of the unique properties of keratin fibers is their viscoelas-
ticity. Stress relaxation studies by Barnes et al. [15] showed that
the relaxation modulus changes according to different strains
and time duration. Robinson et al. [16] showed that differences
in the mechanical properties and different thiol content along the
hair fibers are found. The viscoelasticity in the human hair further
yields many consequences. Among these, significant strain-rate
sensitivity has been observed in our previous study [8]. On the
other hand, the Young’s modulus remains unchanged across all
strain rates, indicating that it is an inherent material property. It
is suggested that, at small extensions, stress relaxation mainly
comes from deformation of the peptide bonds and chemical
groups; as the strain further increases, the amorphous matrix,
which is regarded as an elastomer in the Chapman model to
explain the tensile properties of keratin fibers [2], mainly con-
tributes to the viscoelasticity.

The goal of the investigation whose results are presented here
was to elucidate the mechanisms responsible for viscoelasticity
in hair and to identify critical differences between human and
horse hair.
2. Materials and methods

2.1. Sample preparation

Human hair was acquired exclusively from an East-Asian
female in her early 30s. This is to guarantee the uniformity of the
mechanical properties obtained in our experiments and excludes
the influences of age and ethnicity as previously observed
[18,28–30]. The hair had only experienced regular rinsing and
shampooing. No additional treatments such as permanent waving
and dyeing had been previously done on these hair specimens. The
hair was directly tested without further moistening or
shampooing.

Horse hair was collected from the tail of a 16-year-old Arabian
gelding. The horse hair was briefly rinsed to remove the dirt and
further kept under room condition for over 24 h to remove the
moisture. The average length of each hair fiber is about 30 cm. To
prevent the influence of property differences from the root and
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tip ends [16], these fibers are then cut at �2 cm from both ends.
Approximately 3 cm-long sections were made from the long fibers.
The two ends of the 3 cm-long sections are further glued between
sand papers to prevent slipping during tensile tests, leaving a 1 cm-
long hair specimen in between for tensile tests. During tensile
tests, the two sand papers were pulled to prevent slipping of the
hair specimens in the grips during tensile tests.

Wild boar, javelina, bear, Asian elephant, and giraffe hair were
procured and also studied to establish the effect of diameter on
the strength and elastic modulus. The Asian elephant and giraffe
hair were obtained from QinLing Safari Park (Xi’an, China), whereas
the boar, javelina, and bear hair were procured from a local hunter.
These hairs were tested using the same methodology as the human
and horse hair.

Specimens tested in water were pre-soaked for 24 h to reach
full saturation. The two ends were mounted into epoxy to prevent
splitting during soaking. The human hair specimens tested at 40
and 60 �C were heated in an environmental chamber for at least
20 min before testing and maintained at those temperatures dur-
ing experiments. The room temperature testing was conducted at
20 �C; the room humidity was 50%. The drying of the hair removes
only the humidity up to the ambient value.

2.2. Mechanical testing

An Instron 3342 with a 500 N load cell was used to test the hair
specimens at strain rates of 10�4, 10�3, 10�2, 10�1, and 100 s�1 at
room temperature and humidity. In the stress relaxation tests,
both horse and human hair specimens were each stretched to
0.02 and 0.25 strains, at a strain rate of 10�3 s�1. These two strain
levels (0.02 and 0.25 strains) were chosen to show different behav-
iors, corresponding to the elastic and transformation regions. The
loading times were, respectively, 20 and 250 s. As the strains were
held, the stresses were monitored for a time over 1000s. For the
creep test, hair specimens were first stretched within the elastic
region (0.02) at a strain rate of 10�3 s�1 until the stress reached
to 90 MPa for horse hair and 100 MPa for human hair. The strains
were then recorded until the hair specimens broke.

2.3. Dynamic mechanical analysis (DMA)

The dynamic mechanical behavior of a-keratin fibers was ana-
lyzed using a DMA 800 Dynamic Mechanical Analyzer (Perkin
Elmer). The hair specimens were clamped tightly in the chamber
Fig. 2. Treatment proces
and the temperature was increased at a rate of 5 �C min�1 until
30 �C. The specimens underwent an oscillated tensile test within
the elastic region as the total strain did not exceed 0.01 by increas-
ing the frequency from 0.1 to 2.4 Hz. The storage modulus and tan-
gent delta (equal to the ratio of loss to storage modulus) were
recorded at each frequency. Hair specimens were tested within
the same strain, 0.01, at a set frequency of 0.75 Hz while the tem-
perature inside the chamber increased from 30 �C to 110 �C at a
rate of 5 �C min�1. The dynamic properties of hair at different fre-
quencies and temperatures were thus obtained to help understand
the viscoelasticity of a-keratin fibers.
2.4. Chemical treatment process

The disulfide bonds in both hair specimens were cleaved to
eliminate the effect of the matrix using an established protocol
[31]. Approximately 0.5 g of each hair was first briefly rinsed with
acetone to remove surface lipids [32]. The sample was further
immersed in 0.1 M 2-mercaptoethanol in 20% 1-propanol solution
for 2 days. This process is necessary to remove the disulfide bonds
in the matrix. The sample was then moved to 0.1 M methyl iodide
in 0.2 M boric acid solution for a day after rinsing with a 50% 1-
propanol in between steps. The methyl iodide helps to prevent
future cross-linking in the matrix after the reduction [33]. Both
samples were kept under room condition for 24 h to remove the
surface moisture. This process is illustrated in Fig. 2.
2.5. Characterization

Cuticle morphologies and cross-sectional surfaces in both sam-
ples before and after treatment were observed in a FEI SFEG
ultrahigh-resolution scanning electron microscope (SEM) (FEI,
Hillsboro, OR). The specimens were sputtered with iridium before
observation. Simultaneous thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) analysis was conducted
with a TA Instruments Q600 apparatus at a constant heating rate
of 20 �C min�1 up to 500 �C in a nitrogen atmosphere with a purge
rate of 10 ml min�1. A Nicolet Magna-IR 550 instrument was
applied for the Fourier transform infrared spectroscopy (FTIR)
analysis on both hair samples. A single-crystal diffractometer (Bru-
ker) is applied to obtain the XRD diffraction patterns of the alpha-
keratin fibers. The longitudinal axes are placed perpendicular to
the X-ray beam and the diffraction patterns are therefore collected.
s of hair specimens.
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2.6. Calculation of Weibull distribution

Weibull distribution applies to the distribution of failure stres-
ses in materials where there is a considerable variation. It is based
on the precept that the material volume, V, can be divided in a
number n of elemental volumes V0, and that each one has a char-
acteristic failure probability distribution. Probabilities of survival
of an elemental volume V0, P(V0), are calculated using the Weibull
expression:

PðV0Þ ¼ exp � r� ru

r0

� �m� �
ð1Þ

where m is the Weibull modulus, ru is the stress below which no
failure occurs, and r0 is a characteristic stress at which P(V0) = 1/e.

The total probability of survival of a volume V is:

PðVÞ ¼ PðV0Þn: ð2Þ
Fig. 3. (a) Horse and human hair storage modulus and tangent delta (¼ loss modulus
storage modulus)

as a function of frequency (the storage modulus increases with frequency by virtue
of the reduced time for viscous effects); (b) horse hair storage moduli and tangent
delta as a function of temperature at 0.75 Hz; (c) human hair under the same
conditions as (b).
3. Results and discussion

3.1. Dynamic mechanical properties

Fig. 3 shows the storage moduli and tangent delta (equal to the
ratio of loss and storage moduli) of horse and human hair at
increasing frequencies and temperatures. The tangent delta param-
eter represents the viscoelasticity of these a-keratin fibers. As the
frequency increases from 0.1 Hz to 0.42 Hz (Fig. 3a), the storage
modulus of horse hair (Fig. 3b) increases from 2.86 GPa to
3.02 GPa while that of human hair (Fig. 3c) increases from
2.28 GPa to 2.51 GPa as tangent delta decreases in both hair spec-
imens. As the frequency further increases to 2.4 Hz, the modulus
only shows a gradual increase to 3.20 GPa (horse hair) and
2.73 GPa (human hair) as tangent delta decreases to 0.07 (horse
hair) and 0.12 (human hair).

Both hair specimens were then tested at a fixed frequency of
0.75 Hz as the temperature was increased from 30 �C to 110 �C;
the result is plotted in Fig. 3b and 3c. The storage modulus curves
exhibit a two-step decrease for both hairs with a distinct change in
slope: as the temperature of the chamber increases from 30 �C to
�50–60 �C, it shows a decrease from 3.2 GPa to 2.2 GPa for horse
hair and from 2.4 GPa to 1.8 GPa for human hair. As the tempera-
ture further increases to 110 �C, the storage modulus eventually
reaches �1.2 GPa for both hair specimens. However, the tangent
delta curve exhibits a peak at �55 �C in both curves. The loss mod-
ulus vs. temperature curves provided in supplementary materials
Fig. S1 show the peaks for both human and horse hair at the tem-
perature of 55 �C, which correlates to the glass transition temper-
ature of a-keratin fibers under such condition. Thus, both Fig. 3b, c
and S1a, are in agreement and confirm such structural change.
Therefore, the glass transition temperature of a-keratin fibers
under such condition is determined to be around 55 �C. The tan-
gent delta value further increases as the temperature increases
beyond 60 �C. The structural change temperature is marked by
an arrow in Fig. 3b.

The above results show that as the frequency increases, the a-
keratin fibers exhibit an increase in the storage modulus and a
decrease in the loss modulus, which results in an overall decrease
of tangent delta. It also indicates that at higher frequencies, the a-
keratin fibers behave more elastically as the degree of viscosity
decreases. A similar behavior of human hair from our previous
study on the strain-rate sensitivity [13] indicates that as the strain
rate increases, the work of fracture increases and therefore human
hair becomes tougher. This can be understood in terms of the
chemical links within the hair fibers. The amorphous matrix is
thought to be viscoelastic and the crystalline a-keratin is relatively
strain-rate insensitive. Therefore, the crosslinks in the matrix
(probably the disulfide bonds) possibly contribute to the above
change in the storage modulus. Therefore, the viscoelasticity of
a-keratin fibers is shown by the dynamic mechanical analysis. This
will be discussed further in Section 3.2.
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3.2. Stress relaxation

Fig. 4 shows the stress relaxation curves of both horse and
human hair specimens at strains of 0.02 and 0.25. These two
strains were chosen to reflect different stages in the deformation:
the elastic and transformation regions. As the specimens are
stretched at a strain rate of 10�3 s�1 and held at different strains,
the relaxation behavior shows both viscoelasticity and non-
linearity. For the specimen held at 0.02 strain, the stress reaches
to 50 MPa for horse hair and 92 MPa for human hair at the begin-
ning of the relaxation. As the relaxation starts, the stress in both
hair specimens first rapidly decreases and then gradually flattens
for times above 500s. However, the specimens held at 0.25 strain
show a different relaxation behavior. During the initial relaxation
period (�50s), the stress shows a similar decreasing rate as the
specimens held at 0.02 strain; as time further increases, the stress
reaches a plateau much earlier than the specimens held at 0.02.
This can also be seen from the inserted figure which shows the nor-
malized stress as a function of time. For the specimens held at 0.02
strain, the stresses keep decreasing and slowly reach 0.55 (horse
hair) and 0.57 (human hair) of the initial stress (start of relaxation).
For the specimens held at 0.25 strain, the stresses decrease in the
beginning and rapidly reach 0.70 (horse hair) and 0.75 (human
hair) of the initial stress (�200s compared to �500s in the speci-
mens held at 0.02). Therefore, the results show that as the a-
keratin fibers are stretched to elastic and transformation regions,
they exhibit different stress relaxation behaviors. This is thought
to be related to keratin phase (a or b keratin) within the hair fibers
during tensile tests.

The stress relaxation behavior of a-keratin hair in the elastic
and transformation regions also reveals significant viscoelasticity.
As hair is stretched to a strain of 0.02, only rearrangements of
the bond angles within the fibers are thought to take place and
contribute to the increase of strain. Our previous study [13] also
confirmed that as the hair is stretched within the elastic region
(0 � 0.02–0.05 strain), the elongation is reversible since there is
no phase transformation from a-keratin to b-keratin or permanent
sliding between fibers.

The viscoelasticity of a-keratin fiber can be represented by a
simplified version of Maxwell-Wiechert model [34]. The relation-
ship between relaxation modulus and time is as follows:
Fig. 4. Stress relaxation curves of horse and human hair specimens held at 0.02 and
0.25 strain, respectively (inserted figure shows the normalized stress as a function
of time). The normalized stress represents the instantaneous stress divided by the
stress at the beginning of relaxation.
ErelaxationðtÞ ¼ E0 þ E1e�t=s1 þ E2e�t=s2 ð3Þ
where E0 is an elastic modulus (not time-dependent), E1 and E2 are
elastic moduli within two Maxwell elements, s1 and s2 are two
relaxation constants, defined by the ratio of viscosity g and elastic
modulus E in each Maxwell element, as shown in the insert of
Fig. 5. This can be explained with the crystalline and elastic compo-
nents in a-keratin fibers. The two-stage relaxation of stress
observed above is illustrated by the two different relaxation con-
stants (s1 and s2). The smaller constant, s1, contributes to the rapid
decrease while the larger constant, s2, contributes to the gradual
decrease.

According to Emile et al. [23], this two-step relaxation behavior
is related to the hierarchical structure of a-keratin fibers. The fibers
are mainly composed of uniaxial cortical cells, which are embed-
ded in an amorphous matrix. Those cortical cells are further com-
posed of macrofibrils, which are also made of intermediate
filaments and an amorphous matrix. Therefore, the a-keratin fibers
are made from amorphous, viscous high-sulfide matrix and crys-
talline, strain-rate insensitive fibrils. As previously observed [13]
and shown in schematic fashion in Fig. 1, intermediate filaments
with a diameter of 7 nm and macrofibrils with a diameter of
100–400 nm are the major components at the nanometer and sub-
micrometer scale while at the micrometer scale, cortical cells of 1–
6 lm are the major component. As the stress relaxation begins, the
larger-scale structure (such as cortical cells) would contribute to
the smaller relaxation constant in Eq. (1), therefore resulting in
the rapid decrease observed. The smaller-scale structure (such as
the intermediate filaments) further contributes to the larger relax-
ation constant. The parallel configuration between cortical cells
and matrix resembles the above Maxwell-Wiechert model and this
overall structure contributes to the viscoelasticity of a-keratin
fibers.

Based on the experimental data from Fig. 4, the fitted relaxation
modulus as a function of time is plotted and shown in Fig. 5; the
equations for both horse and human hair are:

ErelaxationðtÞðGPaÞ ¼ 1:23þ 0:46e�t=14 þ 0:72e�t=359 ðHorse hairÞ ð4Þ

ErelaxationðtÞðGPaÞ¼2:65þ0:71e�t=11þ1:26e�t=207 ðHumanhairÞ ð5Þ
Fig. 5. Relaxation modulus curves of horse hair and human hair specimens held at a
strain of 0.02 as a function of time (inserted figure shows the Maxwell-Wiechert
model applied) (note that the dots represent experimental data and the solid curve
represents the fitting curve).



Fig. 6. Creep curve of (a) horse hair and (b) human hair under a constant stress of
100 MPa (the hair specimen was first stretched at the strain rate of 10�3 s�1 until
the stress reached to 100 MPa) (note that sudden strain bursts marked by dashed
ellipses). The jumps in strain occur in the 0.2–0.45 range and are attributed to
unfolding of a-keratin or transformation to b-keratin.

20 Y. Yu et al. / Acta Biomaterialia 64 (2017) 15–28
where the time-independent elastic modulus E0 is 1.23 GPa for
horse hair and 2.65 GPa for human hair, the two elastic moduli in
the Maxwell elements, E1 and E2 are respectively 0.46 and
0.72 GPa for horse hair and 0.71 and 1.26 GPa for human hair, the
two relaxation constants, s1 and s2 are 14 and 359 s for horse hair
and 11 s and 207 s for human hair. As time increases, the contribu-
tion of viscous components diminishes. Therefore, the elastic com-
ponent dominates after �500 s in the overall relaxation modulus.
Meanwhile, similar to the behavior observed on spider silk [23],
the larger constant is one order of magnitude higher than the smal-
ler constant (359 s vs. 14 s and 207 s vs. 11 s), which can be
explained by the dimensional difference between cortical cells
and macrofibrils in the hierarchical structure of a-keratin fibers
(for example in human hair, �1–6 lm and 0.1–0.4 lm,
respectively).

For the specimens strained to 0.25 and held at this strain
(Fig. 4), uncoiling of the a-helices [19,24] and a possible phase
transformation from a-helices to b-sheets is thought to take place
during deformation. Therefore, it is possible that at the beginning
of relaxation, a mix of a-keratin and b-keratin coexist in the hair
specimens. As observed in our previous study [13], the deforma-
tion within this region is partially reversible. Therefore, not only
do the various components (a-keratin, b-keratin, and matrix) con-
tribute to the stress relaxation, but also the partial reversibility
contributes to the decrease of stress. As mentioned earlier, the
stress decreases to �70 MPa for horse hair and �110 MPa for
human hair after �250 s, which is close to the yield stress (�70
and �110 MPa, respectively) (defined as the stress at a 0.02 strain
offset), indicating a possible residual stress due to phase transfor-
mation from a- to b-keratin. This results in a final normalized
stress of �0.7, which is higher than the relaxation experiments at
0.02 strain (as indicated in the inserted figure in Fig. 4).

3.3. Creep

The mechanical behavior of a-keratin fibers at constant stress
(Fig. 6) is analyzed for both hair specimens. The hair specimens
were stretched at a strain rate of 10�3 s�1 until the stress reached
90 MPa (horse hair) and 100 MPa (human hair). These stresses
were applied to ensure that the strain (�0.02) was within the elas-
tic region at the onset of creep.

For the horse hair specimen, as the stress reaches 90 MPa, the
strain first shows a linear increase to �0.15, followed by a slower
increase until rupture at the strain of 0.47. However, as the speci-
men enters the transformation region, several jumps of strain can
be noticed from the curve (marked with dashed ellipses). For the
human hair specimen, following the start of creep when the stress
reaches to a set value, the curve shows a linear increase of strain up
to �0.17 (stage I as indicated), followed by a non-linear increase
(stage II). As the strain increases to �0.24, a different behavior
(stage III) can be seen from the curve. During this stage, the strain
does not show gradual increase as stage II. Instead, it shows a pla-
teau followed by sudden jumps, as indicated by the dashed ellipses
in Fig. 6. However, as each jump happens, the strain exhibits a par-
tial decrease from the highest point and is further maintained at
such strain. The strain increases after several cycles of such repet-
itive behavior and the human hair specimen finally broke at �0.47
after �7.5 h.

The creep test on a-keratin fibers also helps to understand the
viscoelasticity and uncoiling (and possibly phase transformation)
of a-helices. As the hair specimen is deformed and the stress
increases to the set value, the a-keratin fiber experiences an elastic
deformation up to �0.02 strain. The strain further linearly
increases to �0.17 as the stress is maintained, which is followed
by a parabolic increase to �0.24. It is thought that during these
periods, bond angle rearrangements mainly contribute to the
increase of strain. However, for the human hair specimens, stage
III is composed of plateaus followed by sudden increases in strain
(marked by dashed ellipses in Fig. 6a and b). Such sudden ‘bursts’
can be explained by the uncoiling of the a-helices, which open
periodically as illustrated by the model developed by Chapman
[2]. The complete transformation from a-helices to b-sheets in the-
ory results in a strain of 1.31 [13]. However, it is also observed that
following each jump, there is a partial drop in strain (as shown in
red ellipses), which is explained by the structure change from com-
pletely straightened to the final configuration. As shown in Fig. 7,
when the a-helical structure is fully extended to the complete
straightened state, the nominal strain of one such turn is higher
than 1.31 because as follows

1:39nm� 0:52nm
0:52nm

¼ 1:78% ð6Þ

However, a theoretical full transformation from a-helix to b-
sheet results in a strain of 1.31 [13], which gives a decrease of
0.47 in strain from the complete straightening state to b-sheet
structure. Such decrease from the intermediate state is helpful in



Fig. 7. Schematic representation of structure transformation from (a) a-keratin to (b) complete straightening state and to (c) b-keratin (reproduced based on [13]).
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understanding the partial drop after each jump of strain. During
stage III (Fig. 6b), the strain increases in such stepped manner until
the human hair specimen reaches to the final breakage at 0.47,
which agrees with the average breaking strains (�0.45) shown at
various strain rates [13].

3.4. Tensile properties and strain-rate sensitivities

The tensile response of horse hair is studied and compared to
the human hair from our previous study [13]; the results are
Fig. 8. Band plots of tensile results of (a) horse hair, (b) human hair adapted from [13], (c
of horse hair and strain-rate sensitivity).
shown in Fig. 8. Unlike human hair, horse hair does not showmuch
increase in stress during the post-transformation region (beyond
�0.25 strain). As the strain rate increases, the Young’s modulus
in the Hookean region mainly remains the same, while the yield
stress exhibits little increase with an increasing strain rate
(Fig. 8a). Human hair has a yield stress (defined as the stress at
2% offset) changing from 43 MPa (at 10�4 s�1) to 126 MPa (at
100 s�1), resulting in a strain-rate sensitivity of 0.11 [13]. On the
other hand, the yield stress of horse hair is approximately
91 MPa and 135 MPa at strain rates of 10�4 s�1 and 100 s�1, respec-
) strain rate sensitivities and (d) Weibull analysis of both hair (note lower strengths



Fig. 9. Scanning electron micrograph (SEM) of cortical cell surface in a tensioned
untreated human hair fiber (arrows indicate the suture-like morphology).

Fig. 10. Scanning electron micrographs (SEM) of (a, b) cortical cell surface in a
tensioned untreated human hair fiber (note the layered structure of cuticles)
(arrows indicate the edge of one cuticle sheet); (c) bending of cortex in the absence
of cuticle and buckling in compression side; (d) bending with cuticles. They act as
confinement structures preventing splitting.

22 Y. Yu et al. / Acta Biomaterialia 64 (2017) 15–28
tively. The increase in the work of fracture with strain rate
observed for both human and horse hair is a direct result of the
decrease in the viscous component which results from sliding
between fibers and cells (at different hierarchical levels).
Decreased sliding will result in higher strength and also, as
observed in Fig. 8a and b, increased strain-to-failure.

Fig. 8c shows that horse hair exhibits a strain-rate sensitivity of
0.05, which is much smaller than that of human hair. Since both
horse and human hairs are similar a-keratin fibers, it is worth
understanding the reasons of such different strain-rate
sensitivities.

Fig. 8d shows the Weibull distributions of the breaking stresses
of horse and human hair at the strain rate of 10�2 s�1. At the 50%
probability of failure, human hair shows a breaking stress of
205 MPa, which is much higher than the stress of horse hair,
95 MPa. This can also be seen from the band plots (Fig. 8b); human
hair has a higher breaking stress. On the other hand, the Weibull
modulus (m) of human hair is 3.72, which is smaller than that of
horse hair, 6.55. As the Weibull modulus increases, the data exhibit
a much smaller variability and the performance is more stable [35].
These results show that human hair has a less stable response, but
generally is much stronger than horse hair. As horse hair has a lar-
ger cross-sectional area, a much larger force is required to bend the
fibers; this represents structural stiffness. That helps to explain
why horse hair is applied in various applications such as brushes,
but not human hair.

The fracture strains of hair (both human and horse) are in the
range 0.4–0.6, which is exceptionally considering their strength.
These large values are due to the plateau region of the stress-
strain curves, which is followed by more intense hardening and
subsequent fracture. The uncoiling and/or transformation to beta
sheets is an additional mechanism of inelastic deformation.
Although there is some damage associated with this stage, it is
not as extensive as the other damage processes. We have shown
previously (Yu et al. [13], Fig. 8) that some damage occurs when
specimens are loaded up to the plateau region and subsequently
unloaded. However, there is definitely an increase in the fracture
strain due to the plateau mechanisms.

3.5. Morphology and crystal structure

Since the cuticle morphology and conditions are highly related
to the living environment [36], horse and human hair exhibit sig-
nificantly different surface structures. Fig. S2 (Supplementary
Information) compares the cuticle edges in both specimens. Horse
hair (Fig. S2a) shows much more damaged cuticle edges with
cracks in some cuticle sheets (shown by arrows). This is under-
standable since horse hair is rarely moistened and taken care of.
The tail whips around to swat away flies. On the other hand,
human hair (Fig. S2b) shows a very smooth surface with only occa-
sional lifting in the natural condition. However, since cuticles have
been shown not to largely affect the tensile properties even in bro-
ken or damaged condition [37], this difference in surface morphol-
ogy cannot account for the differences in the tensile properties
between these two hair fibers.

Fig. 9 shows the surface morphology of a cortical cell in human
hair after tension. The surface exhibits a suture-like structure,
which greatly increases the surface area and contact area of corti-
cal cells and therefore increases the adhesion between adjacent
cells. Moreover, the suture structure, with a width of several hun-
dred nanometers, creates an interlocking effect, as previously
shown in pangolin scales [38] and generalized by Naleway et al.
[39]. As the hair is stretched under tension, this structure mechan-
ically decreases the sliding between cortical cells.

Fig. 10 shows the cross-sectional area of a human hair fiber
after failure in tension. Four layers of cuticle sheets can be identi-
fied in Fig.10a. These cuticle sheets overlap, as indicated by the
arrows. An enlarged SEMmicrograph (Fig.10b) shows that the cuti-
cle structure exhibits a strong adhesion between the sheets, which
leaves no spacing even after the hair is fractured in tension. The
flexure modulus has been found to decrease as the cuticles are
damaged, but the tensile modulus remains unchanged [40]. The
principal function of the cuticles is to ensure the integrity of the
hair. If it is removed, the fibers tend to split apart. In flexure, the
fibers subjected can undergo buckling and separate, in the absence
of the cuticle. This can result from excessive brushing and leads to
‘split ends’. Fig.10c and d show the effect of the cuticle.
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Wide-angle X-ray diffraction (XRD) patterns of horse and human
hair are shown in Fig. S3. Both hairs exhibit a similar pattern. First, a
meridional spacing reflection at 0.52 nm indicates the a-helix pitch
projection along the coil axis [8]. However, this arc is further super-
imposed to a broad ring at �0.5 nm. According to Busson et al. [41],
this is due to a less ordered structure from the coiled coils. Second, a
broad equatorial reflection at �0.96 nm indicates the distance
between various a-helical chains. Since a-keratin exhibits a much
different diffraction pattern than b-keratin [24], these results show
that horse and human hair are both composed of a-keratin and a
similar crystal structure exists in these hair specimens.

3.6. Thermal and FTIR analysis

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were further conducted to understand the simi-
larities and differences in the two hair fibers. The results of these
characterizations are shown in Fig. 11. Fig. 11a shows the TGA data
of horse and human hair. The initial weights of these samples are
10.99 mg and 13.79 mg, respectively. Both hairs exhibit a similar
trend in weight loss: an initial slower loss from 20 �C to 220 �C fol-
lowed by another significant decrease in weight from 220 �C to
500 �C. It has been shown that the first decrease is due to the evap-
oration and loss of the bound water in the fibers [42]. Both samples
lost �15% of weight as water evaporated. The further weight
decrease in both curves is related to the denaturation of the keratin
and degradation of the organic components, which generates a
Fig. 11. Comparison of TGA, DSC, and FTIR scans for of horse and human hair showing alm
with decrease in weight due to evaporation of water and a much decreased slope sta
endothermic peak (at 75–100 �C due to evaporation of water) and first exothermic peak
showing Amide A (at �3300 cm�1), I, II, and III (between 1600 and 1250 cm�1) absorpti
rapid material loss from 220 �C to �320 �C and a slower decrease
further up to �400 �C. The TGA two-stage configuration is similar
to the one observed for wool by Idris et al. [43]. After 400 �C, there
was some residue from the fibers; the resulting weight left in horse
and human hair is 23% and 26%, respectively. These results show
that there is little difference in the organic components between
the two hair fibers.

DSC data examines the stability of specimens within a specific
temperature range. Fig.11b shows the comparison between the
two fibers. The first endotherm in the curve of human hair exhibits
a peak from �50 to �90 �C, a result from water evaporation
[44,45]. On the other hand, horse hair has a much wider peak at
a higher temperature range (�70 – 120 �C). The higher tempera-
ture peaks in both curves show the denaturation of the keratinous
structures. Similar phenomena were also observed by Balaji et al.
[46] for keratin-collagen scaffold, which also confirms our results.
Human hair has been reported to exhibit such peak at �220 �C,
while horse hair shows a much wider peak ranging from �220 to
�270 �C. These results indicate that although horse and human
hair have similar compositions, they exhibit some structural differ-
ences within or between the components. The wide peak shown in
horse hair fibers indicate a longer range of heat intake than human
hair, which may be related to the larger content of crystal compo-
nents (intermediate filaments) in horse hair fibers, as they may
require more heat to degrade.

To understand the reasons for the above differences in the
mechanical properties, FTIR analysis was conducted to investigate
ost identical responses. (a) TGA showing two regimes: a slightly descending plateau
rting at 200 �C corresponding to denaturation of alpha keratin; (b) DSC with first
(at �200 �C) due to the denaturation of crystalline alpha keratin; (c) FTIR analysis
on bands.



Fig. 12. Scanning electron micrographs (SEM) of (a, b) cuticle morphology of
treated human hair after tension (arrows indicate the lifted cuticles).
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a possible variation in the composition of chemical groups
(Fig. 11c). Along the whole spectrum, several groups are especially
analyzed: N–H stretching at �3,300 cm�1(amide A), CH2 stretching
at 1451 cm�1, amide III at 1231–1235 cm�1, cystine dioxide at
1121 cm�1, cystine monoxide at 1071 cm�1, cysteic acid at
1042 cm�1, and cysteine-S-thiosulfate at 1022 cm�1 [47–49].
These groups attract more interest due to their involvement in
the formation of disulfide bonds. Results show that two of the most
prominent differences in peak intensity are the cysteic acid and
cystine monoxide. Horse hair is thought to have a large concentra-
tion of cysteic acid and cystine monoxide, resulting from a higher
oxidation of the cystine disulfide cross-links. Therefore, these data
show that, in general, horse and human hair are composed of the
same chemical groups. However, it is possible that the differences
in composition and component ratios affect the mechanical prop-
erties of a-keratin fibers.

3.7. Morphology of treated a-keratin fibers

Since the differences in the mechanical properties are not
explained by the crystal structure and chemical components, both
hairs were chemically treated to remove the contribution of matrix
in the viscoelasticity. SEM images were taken on horse (Figs. S4a
and b) and human hair (Figs. 4c and d) to understand the effect
of this treatment on the inner morphology and investigate if this
process changes the physical structure. Before treatment, both
specimens show a continuous cortex with hollow cavities indicat-
ing the medullar structure (Figs. S4a and S4c). After the treatment,
these hair specimens exhibit a similar internal morphology
(Figs. S4b and S4d). Therefore, it is confirmed that the treatment
does not affect the internal physical structure and the hair fibers
still maintain their original morphology. It is concluded that the
reduction process only affects the chemical groups and the effect
on the mechanical properties is not achieved by changing the
physical structure (such as dissolving the cortex).

Fig. 12 shows the cuticle lifting of a treated human hair fiber
after tension. As indicated by the arrows, the cuticle edges are lar-
gely lifted after testing. As the hair fiber is stretched, the different
extensibilities in the cuticle structure lead to the lifting of the cuti-
cle edges (Fig. 12b). This phenomenon has also been observed in
our previous work with untreated human hair [13].

3.8. FTIR analysis and strain-rate sensitivities of treated a-keratin
fibers

Targeted FTIR analysis on the horse and human hair specimens
was conducted at a few related chemical groups. Fig. 13 shows the
spectra with wavenumbers ranging from 2000 cm�1 to 800 cm�1.
The peak of amide III at 1231–1235 cm–1 is used as reference since
it is not affected during the reduction process. For horse hair
(Fig. 13a), the peak of cysteic acid at 1040 cm�1 and cystine
monoxide at 1071 cm�1 remained unchanged after the treatment,
while the human hair (Fig. 13b) shows much increased peak inten-
sities at these two regions (cysteic acid and cystine monoxide). As
the disulfide bonds are dissected, cystine monoxide and cystine
dioxide are created as an intermediate product, while cysteic acid
is produced as the final product from the disulfide bonds. The reac-
tion below shows the. S-S cleavage mechanism (reproduced based
on [50]):
Compared to horse hair, in which the concentrations of cysteic
acid and cystine monoxide are not largely affected by the treat-
ment, human hair exhibits a larger content increase in these two
groups. Therefore, it is confirmed that among these two hair spec-
imens, the original human hair has a larger concentration of disul-
fide bonds (–S–S–). Horse hair exhibits a minimal peak increase
from disulfide bond cleavage, indicating that it has very low disul-
fide bond concentration before treatment.

The tensile strength vs logarithm of strain rate for horse and
human hair are shown in Fig. 14a and b, respectively. It can be seen
the m, the slope of the linear relationship, does not change signif-
icantly with chemical treatment for horse hair, whereas the human
hair exhibits a substantial change. This explains the changes in
strain-rate sensitivity of horse and human hair with treatment
(Fig. 14b). It is also worth of noticing that, after the treatment, both
horse and human hairs show a very similar sensitivity of �0.05–
0.06. As both hairs were chemically treated, the disulfide bonds
were largely dissected and no longer affect the viscoelasticity of
the a-keratin fibers. Therefore, the mechanical properties at this
stage mainly reflect the properties of the crystalline a-helix, which



Fig. 13. FTIR analysis at the affected chemical groups of (a) horse and (b) human
hair.

Fig. 14. Comparison of strain rate sensitivities (m) before and after treatment of (a)
horse and (b) human hair, whereas m remains unchanged in horse hair, there is a
large decrease in human hair.
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is not so sensitive to changes in strain rate. This is thought to be
helpful in explaining the similar strain-rate sensitivities of both
treated hair fibers and decreased sensitivity of human hair after
the treatment.
3.9. Mechanism of strain-rate sensitivity change

In order to interpret the mechanical properties of a-keratin
fibers in wool and hair, different models were proposed by
Feughelman [51,52]. The mechanical response of wool is reviewed
by Hearle [53]. Our previous paper dealt in detail with the consti-
tutive response of hair [13]. We focus exclusively on the effect of
chemical treatment on the strain-rate sensitivity of hair here.

After the treatment, most disulfide bonds in the horse and
human hairs were chemically cleaved (Fig. 15b and d). Since the
horse hair has a lower disulfide bond content, the strain-rate sen-
sitivity was not much affected (Fig. 15a). However, the human hair
was largely affected by the chemical treatment, which is illustrated
in Fig. 15d. As the disulfide bonds were cleaved, the intermediate
filaments became more dominant in the viscoelasticity. Therefore,
the human hair specimens show a decreased strain-rate sensitiv-
ity. Moreover, the treated human hair exhibits a similar sensitivity
(0.05) to horse hair (�0.05), which represents the mechanical
property of intermediate filaments. The treated human hair shows
a higher yield stress at the strain rate of 10�4 s�1 and lower yield
stress at the strain rates of 10�1 s�1 and 100 s�1, which indicates
that for the original human hair, the yield stress is more dominated
by the matrix and disulfide bonds. After the hair is treated, the
disulfide bonds are dissected. The intermediate filaments become
more dominant in the yield stress and mechanical property, which
explains the different changes in the yield stress of human hair at
lower and higher strain rates, as shown in Fig. 15b. Details of the
mechanism of the viscoelasticity in both horse and human hair
are summarized in Fig. 15a–d.

3.10. Hydration effects and FTIR analysis of saturated and saturated-
dried human hair

Our previous study [13] shows that when the human hair spec-
imens are tested in water, both the yield stresses at various strain
rates and strain-rate sensitivity decrease compared to the air con-



Fig. 15. Schematic drawings of the structural changes in (a, b) horse and (c, d) human hair before and after treatment. Note that the human hair has a higher concentration of
the disulfide bonds; the intermediate filaments are connected to the matrix through bonds, while the ‘beads’ in the matrix are intermittently connected through disulfide
bonds.
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dition at the same temperature. The difference in the strain-rate
sensitivity of the saturated human hair is further analyzed through
FTIR analysis, which is also discussed by Pande et al. [54] and Joy
et al. [55] and is shown in Fig. S5. As the hair is fully saturated,
the peak intensities of cysteic acid and cystine monoxide increased
as compared to original human hair. However, the saturated-dried
hair specimen shows similar peak intensities as the original hair,
Fig. 16. Elastic modulus as a function of diameter for seven species. Note the
decrease in Young’s modulus with increasing diameter.
which indicates that the effect of saturation is reversible after
the water evaporates from the hair specimens.

Water works as a plasticizer in hair, causing a swelling of the
matrix. Feughelman [56] indicated that water affects the distance
between intermediate filaments themselves and the distance
between matrix and intermediate filaments. Therefore, as Fig. 15
shows, it is suggested that as the hair is fully saturated, the swel-
ling causes an increase in the amounts of cysteic acid and cystine
monoxide. It is thought to be achievable through the interaction
of the disulfide bonds with the water molecules in the matrix; pos-
sibly the water molecules increase the distance of the sulfide
atoms to weaken the bonds. However, as the saturated hair is fur-
ther dried, the water content in the matrix is decreased and the
result shows a decrease of the cysteic acid and cystine monoxide
until they reach the original contents. This is helpful to understand
the decreased yield strength and strain-rate sensitivity [13] since
water affects the cross-link in the matrix and interaction between
matrix and intermediate filaments. As the disulfide bonds are
weakened, the saturated hair shows a strain-rate sensitivity of
0.06, which is comparable to that of horse hair and treated human
hair.

3.11. Effect of diameter on elastic modulus

Different organisms usually have hair fibers of different diame-
ters. In order to investigate the effect of hair diameter on the
mechanical properties, wild boar, javelina, bear, Asian elephant,
and giraffe are also studied. The effect of hair diameter on Young’s
modulus is shown in Fig. 16. The Young’s modulus of the javelina
falls below the others because it has inner porosity and contains
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both black and white segments; failure occurs in the white regions.
Šimková et al. [57] mention that darker hair is stronger because of
the melanin.

There is, in agreement with the flawed results of Šimková et al.
[57], a decrease in Young’s modulus. This will be analyzed in a
future paper in terms of Weibull statistics which has a volume
dependence of strength distribution, as shown by Eq. 1.
4. Conclusions

In this present investigation, different mechanical properties
and strain-rate sensitivities of two a-keratin fibers, horse and
human hair, are studied. Both hair specimens are chemically trea-
ted to remove the contribution of matrix to viscoelasticity. The
major findings are summarized as follows:

(i). a-keratin fibers, including both horse and human hair,
behave more elastically and less viscously when tested at
high frequencies. Meanwhile, as the temperature increases,
a-keratin fibers exhibit a more viscous behavior, with a glass
transition at �55 �C.

(ii). As the a-keratin specimens are stretched to 0.02 strain and
held at such constant strain, they show a decrease in stress
with two relaxation constants. This behavior can be
explained by the hierarchical structure and different levels
of the filaments in the a-keratin fibers. An equation based
on the Maxwell-Wiechert model with two viscous elements
in parallel is used to model the stress relaxation. It agrees
reasonably with the experimental data. However, as the a-
keratin fibers are stretched and held at 0.25 strain, a possible
phase transformation from a- to b-keratin takes place,
decreasing the relaxation. The smaller time constant (11–
14 s) corresponds to the viscosity of the amorphous matrix
surrounding the cortical cells whereas the large time con-
stant (207–359 s) corresponds to sliding between the inter-
mediate filaments.

(iii). The creep behavior of a-keratin fibers is composed of three
stages: a linear region, a parabolic region and a steady
region. However, in the human hair specimens, the curve
shows a repetitive plateau-sudden jump behavior. It is pro-
posed that the uncoiling to the complete straightened state
and possible phase transformation of the a-helical structure
into b-sheets produces the effect observed in this region. The
strain increases as various locations in the a-helices uncoil
and transform until the hair specimen reaches breakage at
�0.47 strain.

(iv). XRD patterns, TGA, DSC and FTIR analysis on both hair spec-
imens show that the horse and human hair are a-keratin
fibers similar in terms of composition and chemical groups.
However, the DSC data show that there could be possibly
different bonding properties within these two hair
specimens.

(v). Horse and human hairs were both treated to cleave the
disulfide bonds. The strain-rate sensitivities and tensile
properties were both evaluated before and after the treat-
ment. The human hair shows a much decreased sensitivity
after treatment, while the horse hair shows little difference.
The FTIR data further confirms that it is due to the different
disulfide bonds content, which affects the viscoelasticity in
these a-keratin fibers. This difference in the disulfide bonds,
resulting from the different contents in the original fibers
and weathering conditions, is shown to contribute to the dif-
ferent strain-rate sensitivities in the a-keratin fibers.

(vi). Water affects the viscoelasticity and strain-rate sensitivity of
the a-keratin fibers. In the fully saturated state in water,
both yield stress and strain-rate sensitivity of human hair
decrease due to the interaction between water molecules
and the disulfide bonds in the matrix. However, this effect
is shown to be reversible after the humidity of hair reaches
an equilibrium with the room condition.

(vii). We confirm earlier results [57] that the hair diameter influ-
ences its strength and elastic modulus. Both decrease with
diameter, as is inferred from evaluating hair from different
species.
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