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The mechanical behavior of human hair is determined by the interaction of trichocyte alpha
keratin protein, matrix, and disulfide bonds crosslinking. Much effort has been spent to
understand the link between the microscopic structure and the macroscopic fiber properties.
Here we apply a mesoscopic coarse-grained model of the keratin macrofilament fibril combined
with an analytical solution based on the concept of entropic hyperelasticity of the protein helix
to investigate the link between the microscopic structure and the macroscopic properties of
keratin fibers. The mesoscopic model provides good agreement with a wide range of
experimental results. Based on the mesoscopic model, the predicted stress—strain curve of hair
fibers agrees well with our own experimental measurements. The disulfide crosslink between
the microfibril-matrix and matrix—matrix contributes to the initial modulus and provides
stiffening at larger deformation of the trichocyte keratin fibers. The results show that the
disulfide bonds reinforce the macrofilament and enhance the robustness of the macrofilament by
facilitating the microfilaments to deform cooperatively. The availability of a mesoscopic model
of this protein opens the possibility to further explore the relationship between microscopic
chemical structure and macroscopic performance for a bottom-up description of soft materials.

. INTRODUCTION

Hair fiber is a hierarchical structure ranging from alpha-
helix, coiled-coils, microfibrils, macrofibrils to fibers, as
sketched in Fig. 1(a). The primary structural molecules in
wool and hair fibers are keratin intermediate filament (IF)
proteins, forming a microfibril which is built from the
assembly of coiled-coils (heterodimers). The IF is embedded
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in a sulfur-rich protein matrix and assembles into macro-
fibrils. For keratinized materials, the elastic modulus ranges
from approximately 1-4 GPa. Specifically, the modulus is
1.6-4.5 GPa'? in wool, 2.0-3.7 GPa’" in human hair,
1.0-3.5 GPa? in porcupine quill, and 0.4 GPa*° in hoof.

Fueled by demand from the textile industry, intensive
studies have examined this class of proteins from the
1930s onwards,”"" aiming at explaining the mechanical
behavior of keratin-based fibers and the link between the
structural change and the mechanical properties. As a
result of experimental work, several deformation models
were proposed to interpret the shape of stress—strain
curves, and to correlate with the fiber structure to explain
the mechanical behavior of keratin fibers.'>' Earlier
deformation mechanism models were proposed by

© Materials Research Society 2015
IP address: 193.205.210.33


http://journals.cambridge.org

C-C. Chou et al.: Mechanics of trichocyte alpha-keratin fibers: Experiment, theory, and simulation

Alpha-helix Coiled-coil Microfibril Macrofibril  Cell Hair fiber
1 2 7 200 20000 200000 nm
(a)
IF S-S bond
-
(b) Fiber direction

FIG. 1. (a) Human hair features a hierarchical structure, ranging
from alpha-helix, dimers with a coiled-coil structure, microfibrils,
macrofibrils to the cellular structure, and eventually entire hair fiber
level. (b) Schematic visualization that shows IFs are embedded in the
matrix connected by intramolecular disulfide bonds (S-S bond in the
figure). (c) Geometry of the coil and reference system.

Hearle'>™'* and Feughelman.ls’19 The deformation

models used to describe the mechanical behavior of
keratin fiber focus primarily on the geometric change
of microfibril/matrix structure. In this earlier work, the
authors attempted to interpret the shape of curve in
relation to the keratin IF protein (coiled coil structure)
and an amorphous matrix structure. The major differ-
ence between these two models is that the Feughelman
model does not take into account any interaction
between the coiled coil region and the matrix, while
the model proposed by Chapman and Hearle does.
Besides these deformation models, previous computa-
tional studies of keratin proteins and other o-helical
proteins, such as vimentin IF, focusing on the atomistic
configuration and nanomechanical properties at atom-
istic scale have been reported.”>~>’ However, relatively
little is known of the physical mechanisms that drive its
deformation behavior, thus presenting an opportunity
to generate a new approach that considers the structure—
property paradigm from the atomistic level to the macro-
scopic scale. To provide a bottom-up description of
materials behavior from a fundamental perspective,
here we apply a multiscale simulation approach that
links the molecule’s chemical structure (including the
abundance of disulfide cross-links) and its larger-scale
properties. Using the multiscale simulation, we are able to
upscale the atomistic simulations based on the architecture

of materials to exploit insights that are relevant for
bioengineering and other applications.

The study reported in this paper is aimed to build a
mesoscopic simulation model of keratin macrofilaments
and to link the microscale structural changes with
the stress—strain curves of large-scale keratin fibers.
We demonstrate that the deformation prediction from
the mesoscopic model is in good agreement with the
stress—strain curve in experiments, and it provides
insights and a general methodology to assess the mechanics
of other biological systems.

Il. MATERIALS AND METHODS
A. Samples

Samples were randomly taken from a 39-year-old male
donor and a 36-year-old female donor. Both pigmented
(AC) and white (AW) male hairs belong to the
same individual — age 39. Both pigmented (PC) and
white (PW) female hairs belong to the same individual —
age 36. The geometrical parameters of the hair samples
are listed in Table L.

B. Tensile testing setup

The hair ends were cut off to isolate a central portion
of about 60-70 mm. Then each sample edge was pro-
vided with a knot and subsequently glued to a cardboard
support, resulting in a final net length as reported above.
Testing apparatus is MTS Insight electrochemical testing
system — 1 kN — standard length. Tensile test is in dis-
placement control. The load is applied up to specimen
failure. The loading rate is 10 mm/min.

C. Mesoscale modeling

In this study, a mesoscopic ‘“bead-spring” method is
used to investigate the mechanics of trichocyte keratin
macrofilament with disulfide crosslinks. The method is a
coarse-grained description of alpha-helical protein and
matrix structure. This has proven to be a suitable approach
to simulate certain aspects of alpha-helix based proteins,
such as intermediate filaments in the cell’s cytoskeleton
and other fibril protein systems, such as collagen fibril with
mineral and various cross-link densities.**>* In the meso-
scale model, each bead represents clusters of amino acids
in explicit solvent, and all of beads interact according to
a specific intermolecular multibody potential to reflect the
physical behavior of keratin proteins. The total energy of
the interaction of beads in the system, E, is expressed as

Etot = Epond + Eangle + Enonbonded ) (1)

where Epong is the bonded interaction describing the
stretching behavior, E,.4e is the bending energy, and
E onbonded 18 the nonbonded energy due to the van der
Waals interactions. Within each intermediate filament,

J. Mater. Res., Vol. 30, No. 1, Jan 14, 2015 27

http://journals.cambridge.org Downloaded: 16 Jan 2015

IP address: 193.205.210.33


http://journals.cambridge.org

C-C. Chou et al.: Mechanics of trichocyte alpha-keratin fibers: Experiment, theory, and simulation

TABLE I. Overview of experimental specimens.

AC series AW series PC series PW series
Specimen description Pigmented male hair (%) White male hair (%) Pigmented female hair ® White female hair (%)
Number of specimens 10 10 10 10
Diameter (°) (m) 68.60 71.82 61.55 78.08
ACO1 ACO02 ACO03 AC04 ACO05 AC06 ACO7 ACO08 AC09 ACI0
39.1 38.2 43.2 37.2 419 44.4 46.2 33.6 45.6 36.2
AWO01 AW02 AWO03 AW04 AWO05 AWO06 AWO07 AWO08 AW09 AWI10
Length (%) (mm) 33.6 34.5 425 34.7 343 42.2 35.7 45.1 31.8 35.9
PCO1 PC02 PCO3 PCO04 PCO5 PCO06 PCO7 PCO08 PC09 PC10
40.0 48.3 36.8 38.8 45.2 32.5 46.4 44.1 43.2 43.5
PWO1 PWO02 PWO03 PW04 PWO05 PWO06 PWO07 PWO08 PW09 PWI10
323 32.1 30.1 31.8 30.9 339 31.7 38.8 33.1 344

“Both pigmented and white male hairs belong to the same individual — age 39.

"Both pigmented and white female hairs belong to the same individual — age 36.
“Mean value over 18 measurements, performed on 3 hairs per series, using SEM.

9The specified values refer to net lengths, after sample preparation for test.

a multilinear model provides a nonlinear force-extension
behavior of intermediate filament under stretching as

ky r—ro) r<r
Onalr) _ | {111~ o) F )
F(r)=-— P k

O, ra<<r

where F(r) is the force between two beads, and &, k», k3,
k4 are four spring constants which represent the stiffness
of molecular stretching at different regimes as shown in
Fig. 2(a)-(d). The force displacement relationship in
Eq. (2) is fitted to reproduce the nanomechanical behavior
obtained using the full atomistic model of keratin tetra-
mer” which has been well validated against experimental
measurements. Eypgle = 2ko(0 — 00)* with kg = 3EL where
El is the bending stiffness, and 0 is the angle between three
beads relative to the equilibrium angle, 6y. The bending
stiffness, EI, can be obtained through the relationship of
El = LykgT, where L, is the intermediate filament per-
sistence length, kg is the Boltzmann constant, and T is
the temperature. The bending stiffness, EI, is obtained
from bending deformation calculations of alpha-helical
molecules in the previous publications.**** The nonbonded
interaction, E,onpondeds 1S described by Lennard—Jones
potential to simulate the van der Waals interactions
between the filament chains and matrix-filament,

¢LJ:48[(,—‘_’)12— (%)6} where ¢ is the energy at

equilibrium and o is the distance as ¢p; = 0. A
harmonic/shift/cut function in LAMMPS® with
spring stiffness of 7.35 kcal/mol/A® is applied
to model the disulfide crosslinking. When the bond
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(
1(r —ro) +ka(ra —r1) + ks(r — r2)
kl(l"l — r()) +k2(l"2 — I"l) +k3(l’3 — I’z) +k4(l" — }"4)

deformation is larger than 4 A, the disulfide crosslinking
breaks and the force drops to zero. The parameters are

n<r<n
n<<r<ri ,
rn<r<r

based on the full atomistic simulation results using ReaxFF
reactive force field.>® The time step used in our coarse-
grained model is 20 fs. The simulations are performed
using the large-scale atomic/molecular massively parallel
simulator (LAMMPS).?> The mesoscopic parameters
of the coarse-grained trichocyte keratin macrofilament
model are summarized in Table II.

In the coarse-grained model, the full length sequence
of tetramer is replaced by a chain of beads, and eight
chains of the tetramer model are placed in a cylinder with
diameter 7.0 nm to form a microfilament according to the
measurement using x-ray scattering on human hair.*”-3®
The filaments are placed on a hexagonal lattice packing
based on the observation in experiments shown in
Fig. 2(b).%° The distance between the center of mass
of one filament and its nearest neighbor is determined
by the experimental mean filament—filament distance
9.0 nm.*"-8 Assuming that the eight chains are close
packed on the cylinder, the diameter of one filament
particle is roughly equal to the one-eighth of the
circumference of the cylinder. Since a keratin tetramer
is ~50 nm long and has a molecular weight of 200 kg/mol
(around 2000 amino acids), one filament bead repre-
sents about 60 amino acids with a molecular weight of
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FIG. 2. (a) The force—strain relationship of individual keratin micro-
filament in our bead-spring model is derived from full-atomistic
simulations® and has been validated against experimental studies.
(b) Electron micrograph of the central portion of macrofibril in the cortex
of fine wool depicts the hexagonal microfibril packing in macrofibril.*°
Reprinted from Journal of Structural Biology, Vol. 142(2), R.D. Bruce
Fraser and D.A.D. Parry, Macrofibril assembly in trichocyte (hard o-)
keratins, Copyright (2003), with permission from Elsevier. (c, d)
Coarse-grained model of keratin macrofibril. The filaments are placed
on a hexagonal lattice.

TABLE II. Summary of the parameters used in the mesoscopic model.

Parameter and units Numerical value

Equilibrium bead distance r, A) 28
Critical distances r, ra, 13, 4 (A) 30.257, 45.96, 57.93, 75.6
Tensile stiffness parameters ki, k, ks, ks 4.49, 0.0, 0.46, —0.86

(kcal/mol/A?)
Equilibrium angle 6, (°) 180
Bending stiffness parameter kg 3.44
(kcal/mol/rad?)
Equilibrium energy ¢ (kcal/mol) 6.8
Equilibrium distance ¢ A) 25

12 kg/mol. The diameter of the matrix is determined
using the separation between two filaments to place at
least one particle between the filaments. Based on all of
the structural parameters and the molecular weight frac-
tion of microfibrils (43%) and matrix (28%) in experi-
ments,>® we calculate the ratio of the number of filament
and matrix beads equal to 12. Finally, the coarse-grained
model containing the microfilaments embedded in the
matrix is shown in Fig. 2(c).

D. Mechanical analysis in the simulation

Pulling is applied in fiber-direction to model a tensile
loading, as indicated in Fig. 1(b). We stretch the systems

The simulations are carried out at 300 K in an NVT
ensemble (constant temperature, constant volume, and
constant number of particles). During the simulation,
the pressure in fiber-direction and the box length
are monitored to measure the stress—strain curve.
The strain is defined by € = % (= engineering strain),
where AL is the applied elongation and L is the length of
the system in the pulling direction. The initial elastic
modulus (Young’s modulus) is calculated as the steepest
slope of the stress—strain curve in the initial linear region.

E. Entropic hyperelasticity of helix
1. Hyperelasticity

Here, we use an entropic hyperelasticity of helix model
to describe the behavior of alpha-helix domain in hair.
The coil geometry shown in Fig. 1(c) is described by the
following equations:

x:rc052n§ , (3)
)

y:rsm2ni ) (4)

2=2s (5)

where r is the radius of the coil, s is the curvilinear coor-
dinate, / is the length of a ring, and A is the distance between
two adjacent rings. The coil angle is defined by tan o = ZLW

If two self-equilibrated forces F' are applied along z at the
ends of the coil, its elastic energy per unit length will be

2 2
@ — 1 (N + M) , (6)
ds 2\FA GlI,

where N is the axial load, M is the twisting moment, £
and G are the material Young and shear modulus, A is the
cross-section area, and I, is the torsional (e.g., polar, for
circular cross-sections) moment of inertia of the fiber.
It is worth noting that M = Fr, N = Fsinoa, we can
easily derive the elastic energy in the coil composed by m
rings, as

2

mF Ar?
EL = S EA <s1n oa+2(1+ )I—>l , (7)

p

where v is the Poisson’s ratio. The equivalent (in terms
of stored energy) elastic stiffness can be derived by
comparison with

by deforming the simulation box length in the fiber- _1F 2
direction. In this study, we choose a small strain rate EL = 2Kg (8)
of 0.01 m/s which is computationally feasible, and
no major rate effect on the system is observed. yielding
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B EA/ml 9)
B sinfo + 2(1 —l—v)f‘l—f '

Note that A,—’Z describes the slenderness of a ring and %
its axial stiffness.

Now we consider the actual values of r and o as
imposed by a nominal strain € = 7‘;3‘0, where subscript
0 refers to the unstrained initial configuration. The strained
coil geometry, described by the two functions ol€) and r(¢),
can be deduced by imposing the inextensibility of the coil
(i.e., neglecting the axial compliance with respect to the
torsional one), i.e., imposing / = [y, from which we obtain

(10)

sina(e) =sinop(l +¢€)

and then consequently

732
He) =SSO gy
COS O sinog —

The coil will reach the straight configuration
(sino€”) = 1) under a critical strain

N
- 7\40 _SiIlOL()

*

€

-1 . (12)
Thus, in general, the hyperelastic stiffness of a coil of

contour length ml per cross-section area can be described by

KHE (8) = KEAXU
E)\,o/ml

e<eg*

)
o sin2w1(1+8)2+2(1+v)%r(2) 1_82];2:
sinzoto

Elg

*
ml €€

(13)

2. Hydrogen bonds (H-bonds)

We describe a stiffness of a linear elastic spring
with a bundle of H-bonds between two adjacent
coils as Kyg. We estimate the value of Kyg from the
MD simulation results,***! where the 3.6 H-bonds
in one convolution break simultaneously, and the cor-
responding energy barrier and the distance between
the equilibrated state and the transition state are
Exg = 11.1 kcal/mol and Abyg = 1.2 A. Thus, Kyp
can be obtained by

where N is the number of alpha-helices in an unit area A.
We apply the cross-section area ~10 nm? (Ref. 42) of a
tetramer that consists of 4 alpha-helices, and we obtain
KHB = 254.8 MPa.

It is worth noting here that for alpha-helical structure,
the previous studies have shown that the hydrophobic
interactions between helices have relatively small contri-
bution.*® Also, in trichocyte keratins, the full atomistic
model showed that the disulfide bonds hinder the sliding
behavior between coils> so that there is little contribution
of interaction between helices to the force. Thus, the interac-
tion between helices including hydrophobic interaction is
not considered in our theoretical model.

lll. RESULTS AND DISCUSSION

In this study, we consider three different approaches to
identify how the trichocyte keratin fiber with disulfide
crosslink responds to mechanical deformation. First, tensile
tests of hair samples in experiments. Second, a mesoscopic
model of keratin macrofilament with disulfide crosslink.
Finally, we report a force—displacement relationship based
on the helix-like theoretical model.

A series of tensile tests are performed on all the
different hair samples. The results of stress—strain curves
are shown in Fig. 3. Mean values of failure stress, failure
strain, Young’s modulus, and toughness for the different
hair samples are depicted in Fig. 4. The results clearly
show that the stress—strain curves of keratin fibers share
a high level of similarity, and that there is almost no sig-
nificant difference in the mechanical properties between
different hair samples. The stress—strain curve of keratin
fibers, as shown in Fig. 3, features a characteristic shape
that can be divided into three different regimes based on
the profile of the curve and the varied physical phenom-
ena related to each regime. The results are similar to the
ones reported in the literature. In the first regime, from
0 to ~4% strain, the stress increases linearly with strain
displaying an elastic behavior. In the second regime, from
4 to ~20% strain, the stress reaches a plateau regime
where the stress remains almost constant. It is found that
the unfolding of alpha-helical domains and a transition of
alpha-helical to beta-sheet structure occur in this regime.
In the last regime (strain >20%), the stress increases again
as the strain increases. The increased stiffness is caused by
the stretching of covalent bonds of the protein backbone.

To further understand how the trichocyte keratin
materials respond under an external force, it is important
to develop a model which reflects the composite structure
of keratin materials and allows us to probe the effect of
disulfide crosslinks. Since the experiments suggest that

Ko — (En/Abus)N (14) macrofilament serves as the major component of trichocyte
HB — A ’ keratin,39 we build a mesoscopic model of the macrofila-
ment consisting of microfilaments and matrix with disul-
fide crosslinks inside the matrix and in between the matrix
30 J. Mater. Res., Vol. 30, No. 1, Jan 14, 2015
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FIG. 3. Tensile stress—strain curves of (a) pigmented male hair (AC), (b) white male hair (AW), (c) pigmented female hair (PC), and (d) white
female hair (PW).
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FIG. 4. Mechanical properties of AC, AW, PC, and PW under external tensile loading. (a) Failure stress, (b) Failure strain, (c) Young’s modulus,
and (d) Toughness.
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and the microfilament as shown in Figs. 2(c) and 2(d).
Details about the model formulation are included in the
Materials and Methods section.

We proceed with stretching the systems by deforming
the simulation box length in fiber-direction and mea-
sure the stress—strain response of this material, until
failure occurs. Figure 5(a) depicts stress—strain curves
of the mesoscopic macrofilament model. We observe
three major regimes in the stress—strain response. In the
first regime (I), the stress increases linearly under a
small deformation (strain <7%). In the second regime (II),
a relative flat increase in stress from 7 to 17% strain,
followed by an increasing stiffness of the stress, which
lasts up to the stress close to 80 MPa (III). Eventually,
strong bonds in the microfilaments chains break, and the
entire system fails at 30% strain. The phenomenon of the
increase of the stress in the regime (III) is referred to as
strain hardening.

The stress—strain curves of the mesoscopic simulation
feature the similar characteristic shape as the experimental
measurements. From the analysis of the stress—strain
behavior, the Young’s modulus = 1.38 GPa is calcu-
lated as the steepest slope of the stress—strain curve in
the region (I). This modulus is close to experimental
results for human hair, where a range of 1.1** to 6 GPa
(our experiments) was reported.45 The maximum strain
for the mesoscopic filament model is predicted to be
30% [Fig. 5(a)] which is close to experimental meas-
urements of ~33%. We note that the maximum stress,
80 MPa, of our mesoscopic model is almost twice

100 0 0w
5 80 1
S 1 ' ' PA/.:I
S 60 Y
§ 407 AV
S 20 / L |

0 bt

0 01 i02 03
(a) | Strain
g ! : '
= 0.96
o)
S 092
[&]
% 088
c
8 084
)]
O o8
0 01 02 03 :

(b) Strain (c)

smaller than the experimental data. The discrepancies
between the experiments and the simulation might be
caused by the fact that whole hair samples are consid-
ered in experiment, whereas a part of macrofilament
system without any structural flaws is modeled in our
simulations.

We further analyze the disulfide crosslink responses
during the pulling. Figure 5(b) depicts the decrease of
disulfide crosslink content which is normalized by the
number of disulfide bonds in the initial model plotted as
a function of increasing applied strain. This plot also
exhibits three different regimes during mechanical strain.
The rupture of disulfide bonds occurs from the start of
straining (0—7%). This shows the rupture of the linkages
between the matrix and the IFs, and the results further
support Chapman’s and Hearle’s model that incorporates
a link between the matrix and the IFs. In the second
regime, the curve shows a small decrease in the crosslink
content until ~17% strain, followed by a rapid decrease
again until the system fractures. This phenomenon
is consistent to the experimental measurement using
Raman spectra.*> Figure 5(c) shows the simulation snap-
shots of the macrofilament at different applied strains.
Under strain, the microfilaments deform cooperatively, and
the chains start aligning along the fiber direction. At the
larger strain, once a bundle of the microfilaments breaks,
the system fails. The coarse-grained model is developed
from a bottom-up approach and parameterized from the
previous full atomistic study?® so we expect that the
stress—strain curve of the coarse-grained simulation

|: strain = 0.05

— » Fiber direction

Il: strain= 0.1

FIG. 5. (a) The stress—strain curves of coarse-grained simulation. (b) Decrease of disulfide crosslink content, normalized by the number of
disulfide bonds in the initial model. (c) Simulation snapshots at different pulling strains.
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and the experiments [Fig. 3] might not perfectly match.
However, despite its simplicity, our model captures the
essential physical properties of alpha-helical based
keratin macrofilaments as identified in earlier theoretical
and experimental studies. Through simulation of a larger-
scale filament and matrix structure, our model enables
us to provide an important link between single molecule
properties and mechanisms and the overall material
behavior at much larger length-scales.

We proceed with the study of mathematical equation of
hyperelastic stiffness coil model linking the structural
change and stress—strain curve of keratin fiber through
a spring model. Under small deformation, the stretch of
H-bonds in convolutions of alpha-helical structure in
keratin proteins plays the major role. The stiffness of an
alpha-helix can be calculated as [H-bonds in parallel to
the elasticity of a coil as plotted in Fig. 6(a)]

K = Ky + Kug (15)

Once the deformation of H-bonds elongates to a critical
point Abyg which is the critical displacement for H-bond
fracture, the unfolding of alpha-helix occurs. We consider
a chain with N units of folded structure involved in
H-bond fracture and assume that the ratio of units of

folded structure is % = (LOIE%) = 0.15, where L(N) is

the total length of the chain, L is the length of chains not
involved in H-bond fracture, and x,, is the unit length of
helix. Thus, due to Af:—:‘B = % = 0.22, the critical strain

for the rupture of H-bonds é] = (LNO ﬁ\‘,‘z) = 0.03 can be

obtained. Beyond the critical point €, the helical structures

(a) H)Irdrogen bond

- PWA
800 PW2
PW3
__ 600 — PW4
%‘? PW5
S 400 F0e
E PW7
= PW8
200 P\Wa
PW10
0 — ' . L ~— Theoretical
0 0.2 0.4 0.6
(b) Strain

start to unfold, and the regime is dominated by the
hyperelasticity mechanics until the coil reaches the
straight configuration where the backbone of the protein
starts to be stretched at the strain " in Eq. 13. It is known
that the ratio of the unit length of helix (x,) to its contour
length (A) is about 0.5, i.e., €* = A=% ~ 1.0; based on the
previous atomistic simulation,”” assuming the ratio
of the length of helix structure (Mx,) involved in
the unfolding %:ﬂ%zo.{ where L, is the
length of chains not involved in unfolding, the
critical strain for the alpha-helix unfolding is
& = ﬁ = 04 A_;ftefr the.: hyperelasticity regime
where £<g,, the intrinsic axial stiffness of the fiber,
Kyg = %0 dominates up to fracture.

Here we further apply a binomial distribution
to consider the effect of disulphide crosslinks in
the system. We assume that the number of break-
ing disulfide bonds is k, each with a bond break-
ing probability p. The total number of disulfide
bonds is n so that the probability of £ bonds break-
ing in a pulling event is given by a binomial
distribution:

b= (’,j)pku —pyt (16)

Moreover, we assume that after a certain number
x of disulfide bonds are broken, the system fails.
The probability that the total number X of disulfide
bonds breaking, with a given probability distribution
b, during the entire pulling process will exceed the
tolerance x is given by

CG model
— Exp: PC1
___ Theoretical

model

Normalized stress

0 0.4 0.8 1.2
(c) Normalized strain

FIG. 6. (a) Illustration of H-bonds in parallel in coils and unfolding of the helical structures. (b) Comparison of stress—strain curves of experimental
data and theoretical prediction based on the stiffness in Eq. (18), where the parameters in binomial distribution are obtained by fitting the failure stress,
failure strain and the critical point at onset of the third regime in stress—strain curves of keratin fibers. (c) Comparison of normalized stress—strain curves
of coarse-grained simulation, theoretical prediction, and experimental data. The stress and strain are normalized to the maximum values in each data
set, individually, to compare the shape of stress—strain curves and the mechanical response in tensile testing. The raw data of stress—strain curves for
experimental data, CG simulation, and theoretical formulation are shown in Figs. 3(c), 5(a), and 6(b) separately.
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p=1-3(")a-pr )

i=0

The parameters used in the binomial distribution
are obtained by fitting the failure stress, failure strain
and the critical point at the onset of the third regime in
the experimental stress—strain curves of keratin fibers.
The fitted binomial distribution mainly affects the
third regime of the stress—strain curve but has little
effect below the critical point at the onset of the third
regime. Thus, considering the breaking of disulfide
bond under stretching, the stiffness of an alpha-helical
chain can be described by

K = B(Kpyg + Kug) - (18)

Based on the stiffness in Eq. (18), the stress—strain
relationship is given by ¢ = Kg, where G is the stress and
€ is the engineering strain. Figure 6(b) depicts the com-
parison of the stress—strain curve of the theoretical model
and experiments. The result shows that the theoretical
data agrees well with the experiments as the value of the
stress—strain curves of the theoretical data is within the
range of the experimental data set. The availability of a
theoretical model of the helix provides a mathematical
equation as a basis to explore the relationship between
structure, mechanical properties and performance from
a theoretical perspective. The good agreement between the
results of experimental data and theoretical formulation
suggests that the behavior of helix domain plays a domi-
nant role in hair as stated in literature.'*'® We also com-
pare the mesoscale simulation results with experimental
data and theoretical prediction plotted in Fig. 6(c). The
stress and strain are normalized to the maximum values
in each data set, individually, to compare the shape of
stress—strain curves and the mechanical response in
tensile testing. The comparison in Fig. 6(c) shows that
the stress—strain curves have similar shape which features
three regimes. In the first regime (I), both stresses increase
linearly with strain. In the second (II), a stress plateau
relates to the unfolding of the coiled-coil segments and
alpha-helical structure. For the third (III) regime, the
stretching of the backbone of the alpha-helix with the
breaking of disulfide crosslinks causes the strain stiffening
of the material, and the system fails.

IV. CONCLUSION

The study reported here presented a mesoscopic
coarse-grained model to link the microscopic structure
of trichocyte keratin fibers to the mechanical properties at
larger scales. The composite structure of keratin fiber at
the mesoscale is addressed using a bead-spring model
for a keratin macrofilament. Mesoscale beads represent
coiled-coil keratin tetramer proteins which are assembled

to filaments and embedded in a matrix of soft particles
with disulfide crosslinks. The mesoscopic model gives
good agreement with a wide range of experimental results.
The stress—strain curve of hair fibers predicted by the
mesoscopic model agrees well with our experimental data.
The disulfide crosslink between the microfibril-matrix and
matrix—matrix contributes the initial modulus and provides
stiffening at larger deformation of trichocyte keratins.
The results show that the disulfide bonds reinforce the
macrofilament and enhance its robustness by facilitating
the microfilaments to deform cooperatively. The avail-
ability of the coarse-grained multiscale model now
allows us to study the mechanical properties at larger
scales of keratin fibrils, and perhaps entire hair fibers.
The mesoscopic model of keratin fiber built here could
be directly extended to other soft fibrous-matrix materi-
als, such as porcupine quills.
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