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Abstract: In this study, in operandi SAXS experiments were conducted on samples of human hair
with a varying degree of strain (2% within the elastic region and 10% beyond). Four different features
in the SAXS patterns were evaluated: The intermediate filament distance perpendicular to and the
distance from the meridional arc in the load direction, as well as the distances of the lipid bilayer peak
in and perpendicular to the load direction. From the literature, one concludes that polar lipids in the
cuticle are the origin of the lipid peak in the SAXS pattern, and this study shows that the observed
strain in the lipids is much lower than in the intermediate filaments. We support these findings with
SEM micrographs, which show that the scales in the cuticle deform much less than the cortex. The
observed deformation of the intermediate filaments is very high, about 70% of the macrostrain, and
the ratio of the transverse strain to the longitudinal strain at the nanoscale gives a Poisson ratio of
νnano = 0.44, which is typical for soft matter. This work also finds that by varying the time period
between two strain cycles, the typical strain recovery time is about 1000 min, i.e., one day. After this
period, the structure is nearly identical to the initial structure, which suggests an interpretation that
this is the typical time for the self-healing of hair after mechanical treatment.

Keywords: human hair; in operandi SAXS; mechanical properties; nanostructure; hierarchical materials

1. Introduction

Hair is a proteinaceous fiber of mammals with several functions, including thermal
insulation, mechanoreception, protection from water, and particle filtration [1–4], to point
out some of many. A further property, which is particularly important for humans, is that
hair has evolved from a symbol of social status to a subject of fashion, which has laid the
foundation for an ever-growing cosmetics industry [5]. A strong focus of this industry is
placed on coloring hair and investigating chemical aspects [6], the toxicity and health risks
of these dyes [7], the use of biological dyes (e.g., from plants) in the cosmetic industry [8],
and how biological hair dyes use different pore structures (in human and yak belly hair)
to find their way into the material at the nanostructure level [9]. To obtain information on
nanostructures, X-ray scattering has become a very important tool. The first experiments
in this field are nearly 100 years old. One of the early experiments was performed by
Astbury, who proposed a scheme for the assembly of the peptides in the keratin chain from
X-ray scattering [10]. He also performed mechanical testing and attributed the different
appearance of the X-ray patterns in the unloaded and stretched state to a transformation
from α-helices to β-sheets [10,11]. Good mechanical properties are required to grow very
long hairs. Stress–strain curves are the typical way to measure parameters like Young’s
modulus, Poisson ratio, or failure stresses and strains. Optical methods allow for the
determination of not only engineering but also true strain [12,13]. However, this method
is suitable for macroscopic strain, i.e., the strain of the whole hair, but not for strain on
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the nanoscopic level. Moreover, the structure of hair is rather complex; it does not consist
only of two structural hierarchical levels—the nano- and the macrolevel—but there are
several structural features in between. A fiber being a composite with a hierarchical
structure is common for many biological materials, and such phenomena are described
in detail for wood, bone, and glass sponge skeletons [14]. The intriguing structure is the
consequence of a long evolutionary process. All lessons learned from biological materials
are not applicable immediately to the design of new technical materials [14]. However,
the specific solutions nature has found have the potential for applications in finding new
solutions for engineering problems [14]. The strong hierarchical organization of hair was
the focus of Popescu and Höcker [5], who described hair as the most sophisticated biological
composite [5] due to its hierarchical organization, its specific hydrophilic and hydrophobic
interactions, and the exciting physical properties resulting from there [5].

The scheme of the in operandi small-angle X-ray scattering (SAXS) measurement
is shown in Figure 1a, in which X-ray patterns are recorded during the application of
tension on hair samples. In Figure 1c, the SAXS pattern from Figure 1a is enlarged, and
the important features are marked: triangles for the peak of the intermediate filament (IF)
distance, crosses for the meridional arc of the molecules along the IFs, and squares for the
ring from lipids evaluated in the direction of and perpendicular to the load. Figure 1b
shows the hierarchical structure of hair, in which the structures corresponding to the
SAXS features are indicated by arrows. As is visible in Figure 1b, on the basic level,
hair consists of coiled-coil proteins, where four strands build up protofilaments and then
protofibrils. Typically, seven to eight [5] of these protofibrils form intermediate filaments
(IF), with diameters in the range of approximately 7 to 9 nm. X-ray scattering [15–17]
and TEM [18,19] were used to describe the architecture and assembly of IFs as well as
the morphological changes due to aging. As the crystallinity of the material is too low to
precisely determine the arrangement of the proteins within the IFs and the packing of the
IFs themselves, the sophisticated modeling of the X-ray scattering data from a synchrotron
radiation source suggested initially a hexagonal 2D paracrystal IF network [20,21], and,
later, a nearly uniform radial density across the IF section. An assembly of the IF into two
tetrameric oligomers was proposed, in which the position of these two oligomers does
not show any regularity [22]. Based on SANS data, a new model was developed with the
idea of avoiding steric hindrances. Dimers assemble into a tetramer in the form of nested
dumbbells (protofilaments) [23]. The protofilaments build up in the cross-section of the
IFs into two main configurations: a compact ring core and a hollow ring structure [23].
On the next structural level, the IFs form macrofibrils with a size of about 200 nm, which
form, on a larger scale, cortical cells in the micrometer range and, finally, the whole hair,
with a typical size of 50 to 100 microns. The hair itself is not uniform in cross-section. It
consists of (not always but frequently) the medulla in the center, the cortex, which has the
largest proportion of the volume, and the cuticle on the outside. The latter is richer in lipids
with a typical distance of 4.5 nm, which is also accessible for SAXS [9]. The lipids were
described as bilayers after extraction and studying SAXS patterns as a function of water
and temperature [24]. Though hair has only a diameter in the range of 50 to 100 microns,
it was possible to determine the distribution of lipids across the cross-section by Fourier
transform infrared synchrotron spectroscopy, from which the higher concentration of lipids
inside the cuticle could be verified in different ethnic hair samples [25,26].
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Figure 1. (a) Schematic setup of in operandi SAXS measurement, (b) hierarchical structure of hair 
from the macro- to the nanolevel, (c) typical SAXS pattern, enlarged from (a), where the important 
features are marked: Triangles—IF distance peak; crosses—meridional arc from molecules along the 
IFs; squares—ring from lipids, which was evaluated in load direction (here vertical) and 
perpendicular to load direction (here horizontal). 

The mechanical properties of hair and its relationship to its structure were already 
investigated with X-ray scattering in the first half of the last century [10], but higher beam 
intensities at synchrotron radiation sources allowed in operandi investigations while 
continuously stretching the fibers during SAXS measurements to avoid a structural 
relaxation process [21]. In two different humidity conditions (45% RH and in water), the 
authors measured the shift of the 6.7 nm meridional arc and related this strain at the 
nanolevel to the macrostrain of the whole keratin sample [21]. Additionally, the center-to-
center distance and radius of IFs in the paracrystal model depend on the applied 
macroscopic strain [21]. This pioneering paper [21] was the starting point for our 
investigations: our first intention was to determine all features in the X-ray pattern, which 
could be measured with sufficient resolution within a reasonable time, and to compare 
the strain at the nanoscale of these different structural elements with the macroscopic 
strain of human hair. From there, one can identify the amount of strain placed upon each 
structural element indicated in Figure 1b. This work is motivated by similar research on 
tendons and bones, where the nanostrain of collagen fibrils in tendons is about 40% of the 

Figure 1. (a) Schematic setup of in operandi SAXS measurement, (b) hierarchical structure of hair from
the macro- to the nanolevel, (c) typical SAXS pattern, enlarged from (a), where the important features
are marked: Triangles—IF distance peak; crosses—meridional arc from molecules along the IFs;
squares—ring from lipids, which was evaluated in load direction (here vertical) and perpendicular to
load direction (here horizontal).

The mechanical properties of hair and its relationship to its structure were already
investigated with X-ray scattering in the first half of the last century [10], but higher beam
intensities at synchrotron radiation sources allowed in operandi investigations while con-
tinuously stretching the fibers during SAXS measurements to avoid a structural relaxation
process [21]. In two different humidity conditions (45% RH and in water), the authors
measured the shift of the 6.7 nm meridional arc and related this strain at the nanolevel to
the macrostrain of the whole keratin sample [21]. Additionally, the center-to-center distance
and radius of IFs in the paracrystal model depend on the applied macroscopic strain [21].
This pioneering paper [21] was the starting point for our investigations: our first intention
was to determine all features in the X-ray pattern, which could be measured with sufficient
resolution within a reasonable time, and to compare the strain at the nanoscale of these
different structural elements with the macroscopic strain of human hair. From there, one
can identify the amount of strain placed upon each structural element indicated in Figure 1b.
This work is motivated by similar research on tendons and bones, where the nanostrain
of collagen fibrils in tendons is about 40% of the macrostrain [27]. In bone, during initial
elastic deformation, the ratio of fibril- to macrostrain is also about 0.4, whereas the ratio
of mineral- to macrostrain is smaller, only about 0.16 in wet and 0.24 in dry samples [28].
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Both strain ratios, however, start to differ, or the strain levels saturate after crossing the
elastic/inelastic transition [28,29]. This indicates a redistribution of strain energy within
bone tissue [28] and is a striking example of the complex deformation behavior of biological
composites. In human hair, macroscopic and microscopic deformation have a common
tendency, but they are also different at the macro- and nanoscale [21]. It was stated by the
authors that macrofibril slippage cannot fully explain these differences in deformation. A
focus was placed on the meridional arc, which arises from staggered molecules along the
IFs [21].

After relating the nanoscopic to the macroscopic strain, our second goal was to look at
strain relaxation and strain recovery and to find out what happens at the nanoscale. Again,
this was motivated by earlier results on the self-healing of bone [30–32] but also on the
self-healing of polymers [33,34]. In contrast to self-healing on the macroscale, which is a
process on the cell level, the self-healing of bone on the nanoscale arises from sacrificial
bonds [30], which break and recombine. The process involved in the plastic deformation is
localized to 1 nm3 and has an energy in the order of 1 eV [31]. To determine the timescale
of this process, in operandi SAXS was used to determine the strain relaxation in collagen
and mineral fibrils. However, after fracture, the strain in the minerals is immediately
released, and stress relaxation in collagen has a relaxation time of 75 s [32]. This is seen as
the stress transfer time from mineral to collagen and, thus, as the characteristic time for
self-healing in bone. Self-healing processes are not restricted to biomaterials such as bone.
They are also a research field in technical polymers [33,34]. It should also be noted that
these self-healing processes are just physical, i.e., they do not require a living tissue with
cell remodeling. This is fundamental, as hair is also not a living tissue, being produced
by hair follicles but composed of dead keratinocytes that are compacted into a fiber [35].
Therefore, to investigate self-healing in hair, we used in operandi SAXS and followed
the strain recovery at the nanoscopic level. Though strain recovery is not identical to
self-healing, the determination of the strain at the nanoscale by performing a load program
of repeated load/macrostrain cycles with different waiting times can underpin the view
that there are physical reconstruction processes at least similar to self-healing processes.
The particular advantage of in operandi SAXS is that, on the one hand, one is able to follow
structural changes at the nanoscale in operandi, and on the other hand, one can distinguish
the different structural elements and their specific deformation behavior.

2. Materials and Methods

In operandi SAXS experiments were performed using a Nanostar (Bruker AXS,
Karlsruhe, Germany), equipped with a microfocus tube (IµS high brilliance, Incoatec,
Geesthacht, Germany, CuKα radiation with a wavelength of λ = 0.1542 nm), a pinhole
camera delivering a beam of approximately 0.5 mm diameter, and a 2D position-sensitive
detector (VÅNTEC 2000 from Bruker AXS, Karlsruhe, Germany). With the sample-to-
detector distance of 1.08 m, a q-range from 0.085 nm−1 to 2.8 nm−1 was accessible. All
tensile test experiments were performed in a vacuum to ensure the same conditions while
straining. A more precise description of the equipment and data evaluation is shown in
Figures S1–S5 in the Supporting Information.

Six samples of Caucasian hair from a healthy donor without any pre-treatment such
as coloring or bleaching were taken from the medium section of the hair shaft, glued on a
holder made of paper with a gauge length of 15 mm, and the position of the crosshead was
set to specific points corresponding to either 2% or 10% strain. Each sample used for the
test consisted of 30 strands of hair, as this was sufficient for a short SAXS measurement time
of 600 s for each image. This keeps relaxation effects low during the time required to take a
SAXS pattern. In operandi single-hair experiments would require the intensity of an X-ray
beam of a synchrotron radiation source. These experiments would have several advantages,
such as a better-characterized stress distribution in the single hair, no alignment problems,
and excellent precision of SAXS data, but laboratory experiments such as ours do have
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their merits, e.g., fewer problems with radiation damage, short measurement time, and a
statistical average of different hair in one experiment.

A typical strain cycle is shown in Figure 2b and consists of three points, where a
SAXS pattern was taken, described by the index _in for the initial strain (zero strain at the
beginning of the experiment), the index _str for the maximum strain and index _rel for
the last SAXS pattern after returning to zero load, i.e., relief of the load and strain. After
a specific waiting period at zero strain, which was chosen in decadic logarithmic steps
of 101, 102, 103, and 104 min, a second cycle followed with index 2 and the same naming
scheme as above; see Figure 2b. For the maximum strain, we decided to use two different
values, a strain of 2% (in the elastic region) and 10% (beyond the elastic region), as is visible
from the typical stress–strain curve depicted in Figure 2a. At each of these strain steps, a
SAXS pattern was recorded, visible as red bars in Figure 2b. SAXS data were background
corrected and radially averaged to obtain scattering intensities as a function of the scattering
vector q = 4 π (sinθ)/λ, where λ is the X-ray wavelength and 2θ is the scattering angle.
Particular attention was paid to precisely determining the peak maxima and peak shape, as
this is important to follow even small changes in distances after the strain increased. For
the lateral IF peak, a skewed normal distribution was used, the lipid ring was fitted with a
Lorentzian function, and for the meridional arc from the axial staggering of molecules, the
center of gravity in an interval symmetric around the intensity maximum was appropriate.
The distances in real space were calculated from the peak maxima qmax in reciprocal space,
d = 2π/qmax. A distance distribution influences this relationship, but as we were interested
in relative changes in each peak, we kept this procedure throughout the paper.
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Figure 2. (a) Scheme of the measurement program: SAXS patterns were taken at fixed macroscopic
strains of either 2% within the elastic region or 10% beyond, drawn as circles into a typical stress–
strain curve from a hair sample. (b) For strain recovery, a load/strain program was chosen with
a first strain cycle denoted by number 1 and the indices _in for the initial part of the experiment
(zero load and strain), _str for maximum strain (either 2% or 10% macrostrain) and _rel for returning
to zero strain, i.e., relief of the strain, which is followed after a certain waiting period by a second
load/strain cycle with number 2 and the same indices as above. The waiting periods were chosen in
logarithmic steps of 101, 102, 103, and 104 min. At each step of the strain cycle, a SAXS pattern was
taken, visualized by red bars.

Scanning electron microscopy (SEM) micrographs were made with a Zeiss Supra 55 VP
(Zeiss, Oberkochen, Germany). To avoid charging, hair samples were coated with 10 nm
Au. Different samples were prepared to take pictures of hair subjected to the same strain
conditions as the samples in the SAXS measurements, i.e., images were taken of unstrained
natural hair, of hair strained by 10%, as well as of hair released for a certain waiting period
and of hair strained a second time after the waiting period. For achieving and preserving
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strain conditions in the SEM, special sample holders were constructed, in which the hair
can be fixed in its strain state.

3. Results

As mentioned in the introduction, typical values for the ratio of nano- to macrostrain
are about 0.4 for bone and collagen [27,28], whereas, using the meridional arc by in situ
X-ray scattering in a synchrotron radiation source, a much higher value was obtained for
keratin [21]. Therefore, we evaluated four different reflections: the IF distance peak, the
meridional arc, and the lipid ring in and perpendicular to the load direction. Figure 3 shows
the relation of nano- to macrostrain for these four reflections at 2% and 10% macroscopic
strain, i.e., in the elastic region and beyond, as black circles and red diamonds, respectively.
The precise numerical values for Figure 3 are found in Table 1. The standard error of the
mean distances shown is only the statistical error from the initial unstrained hair bundles
and not the absolute error, which is considerably larger. However, as we follow the identical
hair bundle in dependence on strain and time, this relative error is crucial for the precision
of the measurement. The highest value is obtained for the nanostrain from the meridional
arc, i.e., the strain along the IF filaments in load direction. It is nearly 70% of the macrostrain,
which means that more than two thirds of the macrostrain is also present at the nano level.
Though hair has several hierarchical levels in its structure, as visualized in Figure 1b, macro-
and microstrain differ much less as in collagen and bone. From this, one can conclude that
the IFs are a much more dominant structural element than the collagen molecules. If IFs
are strained, their length increases, but their distance decreases, visible by the opposite sign
of the relative change in the IF distance peak in comparison to the one of the meridional
arcs. The ratio of the nanostrain perpendicular to the load direction (obtained from the
IF distance peak) to the nanostrain in load direction (obtained from the meridional arc)
can be seen as a “nanoscopic Poisson ratio νnano”, with a value of νnano = 3.1/7.0 = 0.44
calculated from Table 1. This high Poisson ratio, close to 0.5, is typical for materials such as
soft matter and elastomers, which mostly maintain their volume under load [36], as well as
for a variety of fiber networks [37]. For the calculation, the 10% macroscopic strain values
are used, as the difference is larger at higher strains, and the precision, therefore, is higher.
In general, the strain in the IFs scales with the macroscopic strain both in and perpendicular
to the load direction in the elastic region and beyond. A significant difference is observed
for the lipids, where the deformation is considerably smaller. The relative change in lipid
bilayer distances is only about 1% in the load direction, even for a macroscopic strain of
10%. As lipids are mainly located in the outer parts of the hair, the cuticle, and the scales,
this indicates that these parts of the hair do not take part in straining to the same amount
as the inner part, the cortex, consisting mainly of IFs and matrix.

Table 1. Numerical values for the four structural features evaluated in Figure 3: Mean values and
standard error (only the statistical error from the six initial unstrained hair bundles) of fits for the IF
distance, the meridional arc, and the lipid ring in and perpendicular to load direction. d0 is the mean
initial distance in real space in nm, and the mean relative changes ∆d/d0 of the distances at 2% and
10% macroscopic strain are given in percent.

¯
d0/nm

¯
∆d/d0 in % for

2% Macrostrain

¯
∆d/d0 in % for

10% Macrostrain

IF distance 8.924 ± 0.029 −0.99 ± 0.18 −3.10 ± 0.30

Meridional arc 6.583 ± 0.026 1.66 ± 0.58 7.00 ± 0.43

Lipid peak in load
direction 4.597 ± 0.013 0.67 ± 0.09 1.12 ± 0.11

Lipid peak
Perpendicular to

load direction
4.598 ± 0.015 −0.18 ± 0.05 −0.43 ± 0.08
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Figure 3. Mean distance change ∆d/d0 of different structural elements evaluated from SAXS, divided
by its initial value. This corresponds to the strain at the nanoscale and is shown as black circles for 2%
macroscopic strain in the elastic range and as red diamonds for 10% macroscopic strain beyond the
elastic range. The distance change evaluated from the meridional arc in load direction (length axis of
the IFs) for 10% macroscopic strain shows the highest normalized distance change, i.e., a nanostrain
of about 70% of the macroscopic strain, whereas the IF distance perpendicular to the load direction
is smaller and shrinks with increasing strain. The distances from the lipid bilayers increase in load
direction and decrease perpendicular to the load direction and show much lower strain values, which
indicates that lipids deform to a much smaller amount than IFs.

For the second question, whether strain recovery is observable in hair, we investigated
the structural development cycles at the nanoscale before, between, and after successive
load/strain cycles while additionally varying the waiting period between these cycles. As
depicted in Figure 4a, samples were subjected to an initial strain cycle with a macrostrain of
10%, and the distances of the IFs (normalized to the initial value) were determined, denoted
by 1_in for the initial distance, 1_str for the one strained to 10% macrostrain, and 1_rel for
the one after strain relief to zero. The maximum strain is applied for 600 s, the time to take
a SAXS pattern. Then, after a specific waiting period, a second strain cycle was performed
with the same notation as described above (2_in, 2_str, and 2_rel for normalized distances
initially, at 10% macrostrain and after strain relief, respectively). The time between these
two strain cycles was—chosen in logarithmic steps—101 min for Sample 1 (blue symbols),
102 min for Sample 2 (cyan symbols), 103 min for Sample 3 (pink symbols), and 104 min for
Sample 4 (green symbols), i.e., some minutes, an hour, a day, and a week. The decadic steps
were chosen in minutes for convenience (as the measurement time of one SAXS pattern is
10 min), but in the figures, data are presented in SI-unit seconds. The dashed lines serve
for better visualization of the respective set of data points for each strain cycle. The tensile
load is acting along the hair axis and thus along the IFs, whereas the distance between IFs
is oriented perpendicular to the load. Thus, the IF length increases whereas the IF distance
decreases, i.e., the IF distance shrinks with increasing load and macrostrain. There is a
considerable plasticity effect immediately after unloading, i.e., the distances after returning
to zero strain (with indices 1_rel and 2_rel) differ from the initial ones (with indices 1_in
and 2_in). The distance between two strain cycles (in Figure 4a between 1_rel and 2_in)
remains constant for Samples 1 and 2 with a waiting time period of 10 and 100 min. For
Samples 3 and 4, with a waiting time period of 1000 and 10,000 min, the distance relaxes
to its original value—for these samples, the IF distances 1_in and 2_in are constant. After
strain relief of the first strain cycle, the structural feature (the IF distance) is completely
unaffected for the samples with a long waiting period, and complete strain recovery is
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observed. Thus, as strain recovery occurs between Sample 2 (with 100 min waiting period)
and Sample 3 (with 1000 min waiting period), one concludes that self-healing occurs with a
timescale between 100 and 1000 min, i.e., within approximately a day.
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Figure 4. Change in distances between IFs, normalized to an initial value. Upper figure (a) multiple
samples, a first strain cycle (with 1_in, initial distance, 1_str, distance at 10% macrostrain, 1_rel,
distance after strain relief to zero) was followed by a second one (denoted by 2_in, initial, 2_str,
at maximum strain, 2_rel, after strain relief to zero) after a specific waiting time (10 min, 102 min,
103 min, 104 min). Lower figure (b) one sample with multiple strain cycles. The number indicates
the strain cycle (2 after 10 min, 3 after 102 min, 4 after 103 min, and 5 after 104 min). The subscripts
_in, _str, and _rel are identical to (a). The dashed lines are for better visualization of the samples and
strain cycles.

To clarify the second question, if more than one strain cycle changes the sample
properties, a second experiment was performed. One sample was subjected to multiple
strain cycles with identical waiting periods, as described above in Figure 4a. After an initial
strain cycle, others followed after 101, 102, 103, and 104 min, respectively. This is shown
in Figure 4b, in which the numbers one to five indicate the successive strain cycles, and
the indices _in, _str, and _rel indicate, respectively, the initial normalized distance, the
distance at maximum strain, and the distance after strain relief for each strain cycle. The
data are very similar to Figure 4a, and again, one can conclude that even for more strain
cycles, structural recovery takes place and requires a time between 100 and 1000 min, i.e.,
approximately between one hour and a day.

Although the typical distance between IFs is recovered after this typical waiting period,
a strain recovery is visible but less pronounced in the length direction of the IFs. This is
also the case for the 2% macrostrain data; see Supporting Information Figures S6 and S7.
Figure 5 shows the data for the normalized distance change (the strain from the meridional
arc for 10% macrostrain) along the IFs in the load direction, corresponding to Figure 4,
or the normalized distance change in the IFs perpendicular to the load direction. There
is certainly a plasticity effect that the normalized IF length (distance from the meridional
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arc) differs before (index _in) and after (index _rel) loading, i.e., a part of the strain is
not recovered immediately after relief of the load/strain. However, from Figure 5, one
can conclude that the length of the IFs, determined from the distance of the staggered
molecules, also returns to its initial unstrained value within a typical time between 100 and
1000 min, i.e., approximately between one hour and a day. This effect is smaller in load
direction (from the meridional arc along the IF length) as perpendicular to the load (from
the IF distance), but still strain recovery is present.
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Figure 5. Change in IF length (evaluated from meridional arc), normalized to initial value. Upper
figure (a) multiple samples, a first strain cycle (with 1_in, initial distance, 1_str, distance at 10%
macrostrain, 1_rel, distance after strain relief to zero) was followed by a second one (denoted by 2_in,
initial, 2_str, at maximum strain, 2_rel, after strain relief to zero) after a specific waiting time (10 min,
102 min, 103 min, 104 min). Lower figure (b) one sample with multiple strain cycles. The number
indicates the strain cycle (2 after 10 min, 3 after 102 min, 4 after 103 min, and 5 after 104 min); the
subscripts _in, _str, and _rel are identical to (a). The dashed lines are for better visualization of the
samples and strain cycles.

In Figure 6, the distance changes of the lipid bilayers are shown in the upper figure
in the load direction and, in the lower figure, perpendicular to the load direction. It is
natural that in the load direction, there is an extension at maximum strain for each sample
or load/strain cycle, where a shrinkage is observed perpendicular to the load direction.
Unusually, the value of the deformation is very low, with less than 2% in load direction
and considerably less than 1% perpendicular to it, even though a macroscopic strain of 10%
was applied. This means that the lipids do not take part in the strain to the same amount as
the IFs. However, when calculating a Poisson ratio from the transverse to the longitudinal
strain, the value is νlipids = 0.40 ± 0.03 (standard error from 13 single evaluated strain
cycles), which is again typical for soft matter or elastomers. A similar result was found for
straining one sample multiple times, which is found in the Supporting Information for 2%
and 10% macroscopic strain; see Figures S8 and S9.
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In Figures 3–6, results for the nanoscale deformation were shown. SEM micrographs 
show—as hair is a hierarchically structured material [5]—the deformation on the 
micrometer scale. Therefore, SEM micrographs of additional samples, which were 
subjected to the same tensile strain as in the procedure for the in operandi SAXS 
experiments, are presented in Figures 7 and 8. Samples of hair with a gauge length of 15 
mm were subjected to a strain of 10%. These samples were then fixed in specially designed 
sample holders that kept the hair in its current straining condition (hair was secured with 

Figure 6. Change in lipid bilayer distance (a) in load direction (upper figure) and (b) perpendicular
to load direction (lower figure). Both distances are normalized to initial value. A first strain cycle
(with 1_in, initial distance, 1_str, distance at 10% macrostrain, 1_rel, distance after strain relief to zero)
was followed by a second one (denoted by 2_in, initial, 2_str, at maximum strain, 2_rel, after strain
relief to zero) after a specific waiting time (10 min, 102 min, 103 min, 104 min). The dashed lines are
for better visualization of the samples and strain cycles.

In Figures 3–6, results for the nanoscale deformation were shown. SEM micrographs
show—as hair is a hierarchically structured material [5]—the deformation on the microme-
ter scale. Therefore, SEM micrographs of additional samples, which were subjected to the
same tensile strain as in the procedure for the in operandi SAXS experiments, are presented
in Figures 7 and 8. Samples of hair with a gauge length of 15 mm were subjected to a strain
of 10%. These samples were then fixed in specially designed sample holders that kept the
hair in its current straining condition (hair was secured with glue and an annular clamp).
Different samples were prepared to evaluate both natural hair (unstrained), strained hair
(fixed after straining and maintaining this strained position for 10 min in a vacuum—in
accordance with the time each SAXS measurement lasted), the relaxation after different
waiting periods as well as the effect of repeated straining after certain waiting periods.
Since SAXS measurements had shown that relaxation seems to occur between a period of
100 min and 1000 min, these two waiting periods were chosen for SEM samples between
the two straining cycles. For each of these waiting periods, two samples were prepared:
One was fixed in a relieved position after the waiting period had passed, and one was
strained a second time and kept in a strained position for 10 min (simulating the time
necessary for the SAXS measurement) and then fixed in a strained position.
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Figure 7. SEM micrographs showing hair initially before loading, (a) an overview and (b) in detail,
and, in the lower figures, hair being subjected to a macroscopic strain of 10%, (c) an overview
and (d) in detail. Scales are clearly aligned with the hair in the unstrained case and deformed and
protruding from the hair shaft in the strained one.
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Figure 8. SEM micrographs showing hair after being subjected to a macroscopic strain of 10% in the
upper figures after a waiting period of 100 min, (a) an overview and (b) in detail, and, in the lower
figures, after a waiting period of 1000 min, (c) an overview and (d) in detail. Scales are still deformed
and protruding from the hair shaft after the shorter waiting period of 100 min and nearly completely
aligned again with the hair shaft after the longer waiting period of 1000 min.

In Figure 7, SEM micrographs are presented for hair initially before loading (Figure 7a,b)
and for hair being subjected to 10% macroscopic strain (Figure 7c,d). Obviously, scales are
aligned with the hair shaft and exhibit a smooth surface in the unstrained case, whereas
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scales deform and protrude from the hair shaft in the strained case. Moreover, at high
strain, gaps form between the overlapping parts of the scales. The complete first strain
cycle is also shown in the Supporting Information, Figure S10, and the strong effect of the
strain in the second strain cycle after a waiting period of 100 min is shown in Figure S11.
Concerning strain recovery, the effect of different waiting times is depicted in Figure 8.
After straining the hair to 10%, the strain was relieved, and a micrograph of this hair after
unloading and after the waiting period of 100 min is shown in Figure 8a,b. In Figure 8c,d,
the same micrographs are presented for the longer waiting period of 1000 min. Though
the scales are much smoother and more regularly arranged than in the strained case, in the
upper figures for the shorter waiting period, scales are still deformed and protrude from
the hair shaft, whereas they seem to be nearly completely aligned with the hair shaft after
the longer waiting period. Their appearance after the longer waiting time is then closer
to the initial unstrained hair. In the transverse cut in Figure 9, the cuticle is clearly seen
as concentric rings. This is probably the origin of the SAXS lipid ring, which arises from
ordered polar lipids.
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Figure 9. SEM micrographs of the cross-section with the cuticle visible as concentric rings, (a) an
overview, and (b) in detail. This is probably the origin of the SAXS lipid ring, which arises from
ordered polar lipids. The gap in (b) arises from the shrinkage of the embedding resin.

4. Discussion

As hair is a biological tissue with an elongated shape and a hierarchical structure with
different structural elements, one can expect that there is no unique strain from the nano-
to the macroscale if hair is subjected to tensile load. This is supported by Figure 3, in which
the strain in different structural features was evaluated and compared to the macrostrain,
and the numerical values are given in Table 1. The strain in load direction is obtained
from the meridional arc and originates from molecular structures along the IFs. As the IFs
are well oriented along the long axis of hair, the distance change derived from this peak
can be seen as a probe for the nanostrain in the IFs, as has already been proposed in the
literature [21]. In our experiment, the nanostrain in the IFs is about 70% of the macrostrain,
which is a very high value in comparison to other biological tissues with a hierarchical
structure, such as collagen or bone, where a value of about 40% was found [27–29]. Also,
the time for strain recovery (and maybe physical self-healing) is 75 s in human bone [32]
but in the range of some tens of thousands of seconds in human hair (from the time to
recover the original IF distance in Figure 4). One can only speculate about the reason and
the structural origin of these differences, but certainly, hair has only (a multiple of) two
strands, whereas collagen is a triple helix with a complex regular alignment of its fibrils
according to the Hodge-Petruska model [38]. A further reason could be that the hierarchical
levels are much more important for collagen and bone as they are living tissues with the
possibility of cellular repair at different hierarchical levels, whereas hair is a dead tissue
with excellent but predefined mechanical properties. Important for mechanics are also
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transverse properties: As the average distance of IFs also gives a strong X-ray signal, it
is possible to measure the transverse deformation and to derive a “nanoscopic Poisson
ratio νnano” by dividing the relative distance change in the IFs (the transverse strain) by
the relative distance change along the IFs (the longitudinal strain). A value of about
νnano = 0.44 is obtained, taking the values from Table 1. A theoretical value for an ideal
volume retaining material would be 0.5, and many soft materials, such as elastomers [36]
and fiber networks [37], are close to this value. A lower value for the Poisson ratio of
roughly 0.3 is found for many metals, whereas much lower values occur in ceramics and
ceramic fibers, where a Poisson ratio of only 0.2 or even 0.1 was experimentally found [39].
Within the macrofibrils, the IFs are composed of a double-twist architecture in which a
central IF is surrounded by concentric rings of tangentially angled IFs [18]. The matrix in
the cortex is far from being amorphous [19] but has a grainy nanoscale structure in the size
of 2–4 nm and is composed of keratin-associated proteins [19]. Even with advanced TEM
research, the precise coupling of IFs is unknown, and we can only state from our results
that mechanical properties such as the Poisson ratio are rather typical for soft matter.

Obviously, from Table 1, the strain of the lipid bilayers is considerably smaller by even
a factor of more than six for 10% macroscopic strain. This indicates that the bilayers do not
take part in the deformation of hair to the same amount as the IFs. Nevertheless, the strain
in the lipids in load direction and perpendicular to it (evaluated from the bilayer ring in
Figure 1c, Table 1, as well as load cycles in Figure 6) gives a Poisson ratio at the nano level of
the lipids of νlipids = 0.40, which is rather similar to the Poisson ratio in the cortex from the
IFs of νnano = 0.44, taking the experimental uncertainties of the determination of a Poisson
ratio into account. To visualize this deformation behavior, Figure 10 shows a model of the
IFs and the surrounding matrix as the main structural element of the cortex. The IFs are
highly oriented and able to take up most of the strain, whereas the lipids with a short-range
order are mainly present in the cuticle, without preferred orientation, and exposed to a
much lower strain due to the flexibility of the scales. It cannot be excluded that the lipid
clusters do not deform due to a weak interaction and lose connection with the surrounding
structure, and this possibility was already considered in [40]. However, since the observed
lipid rings found in the SAXS patterns are caused by their lamellar arrangement [24,41], it
is more probable that the region where the lipids are in the hair does not deform equally
as the IFs in the cortex. This is supported by the SEM micrographs in Figure 7, where,
under strain, the scales protrude from the hair surface and become partly detached (clearly
visible in Figure 7d). Gaps form between the scales, which strongly indicates that the
scales and the cuticle deform to a much smaller amount than the cortex of the hair. That
the cuticle is richer in lipids than the cortex was directly proven by Fourier transform
infrared synchrotron spectroscopy using the intensity of the lipid characteristic frequency
at 2919 cm−1 [26], but differences for ethnic hair types (Caucasian, Asian, African) were
observed. Using confocal microscopy on hair with transversal cuts dyed with Nile red, it
was possible to distinguish between different types of lipids, and a very polar arrangement
of lipids in the cuticle was found [40]. Due to the polarity, there is a higher probability for a
short-range order of the lipid layers, which gives an intensity increase in the SAXS pattern
at the typical distance due to the increase in the structure factor. We therefore conclude that
the lipid ring arises from the lipids with a regular arrangement, i.e., exhibiting a short-range
order, and these lipids are mainly located in the cuticle. Again, one cannot exclude that a
specific amount of disordered (amorphous) lipids is also present in the cortex, but these
lipids would give a constant scattering contribution and act, therefore, as background in
the integrated SAXS patterns.

Strain recovery of the IF distances in SAXS was observed in Figure 4 between 100 and
1000 min, i.e., within a day. The effect is also visible along the long axis of the IFs in the load
direction (Figure 5) but less pronounced than in the transverse direction. To investigate
this time dependence, a load program similar to SAXS experiments was performed for
hair in the SEM (applying 10% macrostrain and then varying the waiting period). This is
seen in Figure 8, in which the hair sample after 100 min still shows some deformation and
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protrusion of the scales from the hair shaft, whereas, after an increase in the waiting time
to 1000 min, the appearance of the hair sample is nearly identical to the initial unstrained
hair in Figure 7a,b. Though we use SEM to look at the surface of hair at the microscale,
and strain recovery was determined within the cortex at the nanoscale, it can be assumed
that the return of the outer structure to its original shape is caused by the strain recovery
of the inner structure. A possible cause for the observed recovery could be found in the
structural model of Murthy et al. [23]. They proposed that the dimers form either a tetramer
(protofilament), which builds up an open ring structure, or an octamer (protofiber), which
forms a compact ring-core structure for the cross-section of the IF [23]. As the open structure
allows easier twisting, this structure probably sustains a higher strain. If hair is subjected
to large strains, tensile load could induce a switching between these two configurations,
which can be reversed after some time. The effect would be a recovery of the structural and
mechanical properties along the long axis of hair, coinciding with our observations.
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Figure 10. Scheme of deformation model of (a) unstrained and (b) strained hair. Oriented IFs
(surrounded by a granular matrix) are highly oriented in the cortex and able to take up most of the
strain, whereas lipids with a short-range order, visualized by two red lines, are preferably found in
the cuticle. These lipids are not preferentially oriented and are exposed to a much lower strain due to
the flexibility of the scales. The distances measured from the respective SAXS features are denoted by
dmeridional arc for the meridional arc, dIF for the IF distance, and dlipids for the mean distance of lipid
bilayers. The distances in the strained condition are indicated with an asterisk.

5. Conclusions

From the evaluation of four features in the SAXS pattern during loading, we deter-
mined the deformation behavior of the IFs and measured a nanoscopic Poisson ratio of
νnano = 0.44 and a Poisson ratio of the lipids of νlipids = 0.40. The deformation in the lipids
is much lower than in the IFs, even by a factor of six at a macroscopic strain of 10%. Accom-
panying SEM experiments of unstrained and strained hair showed that the deformation of
the scales in the cuticle of the hair is much lower than the deformation of the cortex, which
leads to the conclusion that those lipids contributing to the X-ray intensities are in the
cuticle. This coincides with results from synchrotron-assisted FTIR or confocal microscopy.
Strain recovery was investigated with in operandi SAXS during two load cycles and with
varying waiting times in between. Although strain recovery was rather fast for longitudinal
extension of the IFs, transversal strain recovery in the matrix between the IFs required a
time of some ten thousand seconds. After this period, the structure was identical to the
initial structure. This suggests an interpretation that this is the typical time of self-healing
for Caucasian human hair. This is supported by our SEM micrographs, which show that,
after straining hair and waiting 1000 mins, strained hair appears to be nearly identical to the
initial unstrained state. As a final remark, the deformation behavior of hair is complex, but
surprisingly, more levels of deformation are found for the strain in the transverse direction
across the cross-section than for the strain in the (loaded) longitudinal direction.
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of IF peak and meridional arc. Figure S5: Example for the fit of lipid ring in and perpendicular to
load direction. Figure S6: Distance change between IFs for 2% macrostrain. Figure S7: Distance
change for meridional arc for 2% macrostrain. Figure S8: Distance change in lipid bilayers for
2% macrostrain. Figure S9: Distance change in lipid bilayers after multiple strain cycles of 10%
macrostrain. Figure S10: SEM micrographs unstrained, strained, and unstrained after a waiting
period of 100 min. Figure S11: SEM micrographs of strongly deformed scales, second strain cycle [42].
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