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ABSTRACT: Alpha keratin fibers (hairs, wools, quills, and other mammalian append-
ages) together with fibroin fibers such as silks and spiders webs are all highly extensible
fibrous proteins for which the mechanical properties are of primary importance both to
the animal from which they originate and their ultimate application by man. Similarly,
the collagens are highly inextensible fibrous proteins, which form the major component
of mammalian skin and connecting structures such as tendons. All these fibrous
proteins are biological polymers of polypeptide chains for which the mechanical and
allied physical properties, such as water absorption, relate to both their macrostructure
and their molecular and near-molecular structure. Because of both their commercial
application and their relatively complex structure at the molecular and near-molecular
level, interpretation of the physical properties of a-keratin fibers represents the main
component of this presentation. The mechanical properties of a-keratin fibers are
primarily related to the two components of the elongated cortical cells, the highly
ordered intermediate filaments (microfibrils) which contain the o-helices, and the
matrix in which the intermediate filaments are embedded. The matrix consists of
globular proteins plus water, the content of the latter being dependent on the fibers
environment. The Extended Two-Phase Model (ETPM) has been developed and results
in a detailed coverage of the bulk mechanical properties of a-helical fibers in terms of
their known molecular and near-molecular structure. The inextensible protein fibers,
the collagens and fibroins, are also briefly discussed in terms of the relationship
between mechanical properties and the structure of these fibers. © 2002 John Wiley &
Sons, Inc. J Appl Polym Sci 83: 489-507, 2002
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INTRODUCTION

Naturally occurring fibrous proteins relevant to
this discussion fall into one of two categories. The
first category is the highly extensible fibers such
as the a-keratins (wools, hairs, and other mam-
malian external appendages such as quills and
horns), and fibroin fibers (various silks and spider
webs). The second category of fibrous proteins is
the relatively inextensible collagen fibers. These
fibers form the major component of skins of many
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animals together with their highly inextensible
sinews. In this second category of natural pro-
teins, it is the requirement of high stiffness and
low extensibility to break which both result from
the molecular and near-molecular structure of
these fibers. Other fibrous proteins, in particular
the muscle proteins of myosin and actin, have
been completely omitted in this article, being be-
yond the scope relevant to this discussion.

Because of their application commercially, em-
phasis has been placed on the mechanical prop-
erties of a-keratins and the relationship of these
properties to both macrostructure and molecular
and near-molecular structure.
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Figure 1 Diagrammatic representation of a portion
of a polypeptide chain indicating the planar nature of
the bonding to the amide nitrogen N. The displacement
of the electrons results in the shortening of the nitrogen
to carboxyl C bond restricting rotation about this bond.
The displacement of the electrons (- - - - - - ) results in an
effective dipole as indicated by the negative and posi-
tive charges. R, R, and R, are the side chains of the
amino acid residues forming the polypeptide chain.

Natural fibrous proteins, as with all proteins,
are biological polymers consisting of polypeptide
chains formed by the condensation of amino acids
into chains of amino acid residues (Fig. 1). Paul-
ing' has shown that the amide groups of the
amino acid residues forming the polypeptide
chains are planar, forming a dipole, as shown,
from the positive charge on the nitrogen —NH
and a negative charge on the oxygen of the
—C==0 group. Both the —NH and —C==0 groups
of the amides are able to form hydrogen bond
interactions in all polypeptide chains both as in-
ter- or intra-chain bonds. The side chains (R) may
provide Coulombic, hydrogen bonds, and polar
interactions, and, in the right environmental
conditions, hydrophobic interactions between
polypeptide chains. Because the side chains pos-
sibly consist of up to approximately 20 differing
amino acid residues, the sequence of the amino
acid residue with their different side chain groups
provide the basis of the structures formed by the
interacting polypeptide chains. The only major
covalent bond between the polypeptide chains is
provided by the diamino acid cystine, which on
condensation can result in an inter- or intra-chain
bond with each of the two amino acid residues
forming a component of a polypeptide chain (Fig.
2). The presence of the cystine in a-keratin fibers
is primarily responsible for the high stability of
these fibers to environmental degradation by
heat, cold, light, water, biological attack, and me-
chanical distortion. In all polymeric fibers,
whether natural or synthetic, covalent bonds

within the structure behave as rigid links, trans-
ferring the forces within the structure with neg-
ligible distortion to themselves. Nearly all the
strains within the polymer, aside from flow be-
tween molecular chains, is produced in the hydro-
gen bonds, van der Waals, and Coulombic inter-
actions. This results in a similar stiffness
(Young’s modulus) for small distortions for all
polymeric fibers at temperatures (T,) low enough
to prevent segmental and chain movement. The
value of the Young’s modulus? obtained corre-
sponds to the value of ice of 9.6 X 10°N/m?. Ice is
completely held together by hydrogen bonding
and its Young’s modulus contrasts to the value of
10'2N/m? for diamond, a solid held completely
together by a network of covalent linkages of car-
bon—carbon bonds (Table I).

In the pursuit of the understanding of the me-
chanical properties of natural fibrous proteins in
terms of the microstructure of the fiber by appli-
cation of various physical and chemical tech-
niques, it is necessary to separate the factors con-
trolling the mechanical equilibrium state of the
fiber and the time-dependant or dynamical prop-
erties of the fiber. Techniques such as low- and
high-angle X-ray diffraction, electron microscopy,
polarized infrared absorption, and optical bire-
fringence all primarily refer to the equilibrium
state of the fiber. Dielectric absorption, electrical
conductivity, nuclear magnetic resonance, and
calorimetry measurements combined often with
suitable structural plasticizers such as water,
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Figure 2 Diagrammatic representation of the dia-
mino-acid cystine residue linking by covalent bonding
two polypeptide chains 1 and 2. This bonding repre-
sents the main covalent interaction in a-keratin fibers
and may exist as either an interchain linkage between
two chains or as an intrachain linkage between two
components of the same polypeptide chain.
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Table I Young’s Modulus and the Bonds Extended for Various Solids Below Their T, (see text)

Temperature of

Initial Young’s

Measurement Modulus

Solid (°C) (GPa) Main Bonds Extended
Ice -16 9.6 Hydrogen bonds
Wool -190 9.7 Hydrogen bonds and Coulombic interactions
Diamond —-20 1000.0 Covalent C—C bonds
Nylon (6:6) —57 11.0 Hydrogen bonds and van der Waals interactions
Dacron -57 20.0 Polar and van der Waals interactions
Orlon -57 14.0 Polar and van der Waals interactions

various alcohols, etc., reveal the structural dy-
namics of the fiber. X-ray diffraction data, for
example, basically relate to the state of the orga-
nized crystalline regions of the fiber with only
minor information about the presence of amorphous
structures. In the consideration of mechanical prop-
erties in terms of a fiber’s micro- and macromolec-
ular structure, a complete integration is necessary
of all the data available from various techniques.

THE o-KERATIN FIBERS
Morphology

Of the natural fibrous proteins, the a-keratin fi-
bers of the wools and hairs of various mammals
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have provided the materials from which cloth has
been woven or felts manufactured since prehis-
toric times. The modification of the shape and
general appearance of human hair has been a
topic of cosmetic interest for mankind, also for a
similar period. All hairs and wools consist of three
basic components: the external cuticle, the cortex,
and the medulla. The cuticle consists of a scale
structure over the surface of the main shaft of the
hair or wool fiber (the cortex) (Fig. 3). In the case
of wools, the layers of scales each about 1 um
thick just overlap, providing a covering for the
fiber of the thickness of one scale. In the case of
human hair, the scale thickness is about 0.5 um.
These latter scales overlap considerably, with a
resultant cuticle structure of 6—10 scale thick-
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Figure 3 Cross-section diagrams of a merino wool fiber showing the structure at
progressive magnifications. The mesocortex shown at the boundary of the bilateral
structure is a highly ordered component,®® differentiated from the paracortex primarily
in low-crimped merino wools. (Produced by H. Roe from a drawing by Dr. R. D. B.

Fraser.)
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ness. In both hairs and wools, the scales form a
ratchet-like structure resulting in a directional
friction effect, the fibers being smoother in the
direction of growth. This scale structure provides
the basis of felting in wool and other keratin
fibers. The cuticle cells structurally are amor-
phous, as is indicated by their lack of optical
birefringence.? Their physical presence provides a
barrier to the absorption of larger molecular
structures such as dyes. In the consideration of
the mechanical properties, the presence of the
scales are of marginal effect as shown by tests on
fibers with no cuticle such as porcupine quill.*
Further, tests on fibers from «a-keratin sources
such as rhinoceros horn, which do not have a
cuticle, indicate similar mechanical properties as
that of wools and hairs.

Mechanically, the most important component
of any a-keratin fiber is the cortex, the main shaft
of the fiber, which is covered by the scale struc-
ture of the cuticle. The cortex of the fully formed
fiber consists of elongated cells of length of ap-
proximately 100 um and of an irregular cross-
section of a few micrometers. A cell membrane
complex (CMC) of approximately 25-nm thickness
separates each cell from its neighbor and provides
the only continuous material phase along the fi-
ber. Knowledge of the arrangement of the compo-
nents within the CMC is still a matter of specu-
lation (Leeder®). The CMC plays an important
role mechanically, because it provides the adhe-
sion between cortical cells and hence transmits
applied external stress to these cells. Because the
CMC is only about 6% of the cortex structure,” the
bulk mechanical properties of the cortex of wool
and other a-keratin fibers correspond in their be-
havior in terms of the prime parameters of mois-
ture content, temperature, and time to a contin-
uum of cortical cells.

Under an electron microscope, cortical cells are
seen to consist of long filaments, originally known
as microfibrils. These microfibrils, in conformity
with similar units of other cell structures, are
now referred to as intermediate filaments (IFs).
These filaments are oriented parallel to the axis
of a wool or hair fiber. The IFs are uniform, with
a diameter of about 7.3 nm, and in a wet fiber are
set about 11 nm apart.® In any cortical cell, the
IFs are grouped together in units of about 0.5 um
in diameter called macrofibrils. Within each mac-
rofibril, the IFs are separated by a sulphur-rich
protein matrix. Whereas IFs do not appear to
vary in dimensions from one a-keratin to another,
the matrix varies both in quantity and chemical

composition. In any macrofibril, the IFs are spa-
tially related to each other, and are in close inter-
action, the whole macrofibril acting as a single
mechanical unit. The IFs represent approxi-
mately 50—-60% by mass of the cortex and contain
the a-helical material responsible for the charac-
teristic high-angle X-ray diffraction pattern diag-
nostic for a-keratins.

The other minor components that may be
present in a-keratin fibers are the medulla, mela-
nin, and nuclear remnants. The medulla is a group
of specialized cells, vacuolated and present in con-
tinuous, discontinuous, or fragmented state along
the axis of coarser a-keratin fibers. Mechanically
these cells represent empty space, and fibers con-
taining these cells are avoided in the textile indus-
try because of their coarseness and their irregular
dye uptake. Melanin is granules of pigment which
provide the natural coloring material in a-keratin
fibers, and mechanically act as small hard intru-
sions dimensionally of the order 1 w. Again, in the
textile industry, such fibers are normally avoided.
The melanin does not represent any part of the
molecular structure of a-keratin and is not consid-
ered further in this discussion. Nuclear remnants
from the original cortical cells represent such a very
minor component volumetrically, that they are
omitted in any consideration of the mechanical
properties of a-keratin fibers. Basically, as far as
bulk mechanical properties of an a-keratin fiber are
concerned, the fiber dry is regarded as consisting of
long IFs oriented parallel to the fiber axis and em-
bedded in a sulphur-rich matrix protein.

The Two-Phase Model of a-Keratin Fibers

Speakman’ was the first to note that, for small
distortion (~ 1% strain), the longitudinal stiffness
of wool fibers was sensitive to the moisture con-
tent of the fibers. He found that over the range
from dry (~ 0% relative) humidity to wet (100%
relative humidity) within the time scale of his
experiments the longitudinal stiffness changed by
less than 3 to 1. Over the same range of moisture
change, the torsional rigidity changed by more
than 10 to 1. Further, he noted that the longitu-
dinal swelling of wool fibers from dry to wet was
only about 1.2%, whereas the diametral swelling
was about 16% over the same change of moisture
content. Speakman suggested that both the swell-
ing and mechanical changes by considering the
long molecular chains of the fibers to be preferen-
tially oriented in the fiber direction with a high
proportion of water-weakened interactions such



as hydrogen bonds acting at right angles to the
fiber direction. The observation that the diameter
of wool fibers in an environment of 65% relative
humidity is increased by 10% if placed in water,
whereas the longitudinal swelling over the same
environment range was almost negligible
(~ 0.1%), suggested that the wool fibers were
made of a structure more rigid than molecular
chains swelling laterally relative to each other.
The two-phase model® of a-keratin fibers was pro-
posed for which long, water-impenetrable rela-
tively rigid cylindrical rods (phase C in Fig. 4)
were present in the fiber, set parallel to the fiber
axis and embedded in a water-absorbing matrix
(phase M). The absorption of water by phase M
mechanically weakens this phase, whereas phase
C is water-impenetrable, thus is mechanically un-
affected by the presence of water. X-ray diffrac-
tion studies showed that the swelling diametrally
for a wet fiber by the crystalline component is
almost negligible (<2%) (Bendit, E. G., private
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Figure 4 Cylindrical two-phase model of an a-kera-
tin fiber consisting of rigid water-impenetrable rods C
set parallel to the fiber axis embedded in the matrix
phase M which is available to and weakened by water.
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Figure 5 The a-helices form into two-strand ropes
with interactions between the helices a result of the
heptad repeats of residues (a b cd e f g). The side chains
of the residues “e” and “g” are oppositely charged, and
“a” and “d” are apolar. The result is a combined Cou-
lombic and hydrophobic interaction between the a-he-
lices. The figure shows two heptad segments of each

a-helix viewed in the direction of the axes of the helices.

communication). Further, polarized infrared ab-
sorption measurements indicate that in heavy
water (D,0), the exchange of hydrogen to deute-
rium of the amide —NH does not occur at room
temperature for the ordered —NH groups.® Both
of these results identify a water-impenetrable
phase with ordered crystalline a-keratin compo-
nents of the IF's in the cortex. It is this crystalline
material in the long axially oriented IF's that cor-
responds to the phase C cylinders of the proposed
two-phase model.

Astbury et al.'®!! first suggested from high-
angle X-ray diffraction data that the unextended
a-keratin fibers consist of organized folded
polypeptide chains which on high extension
transformed into extended polypeptide chains
forming the pB-keratin structure. Pauling'? pro-
posed that the folded structure of polypeptide
chains in a-keratins corresponded to the a-helices
formed by the interaction of hydrogen bonds be-
tween the amide NH and carboxylic CO groups of
successive turns of each helix. The polypeptide
chains form the a-helix with 3.7 residues of amino
acids per turn of the helix. Mechanical and X-ray
diffraction measurements by Bendit'®!* showed
that the unfolding of the a-helical structure com-
mences above a few percent longitudinal strain on
an a-keratin fiber, suggesting that the a-helical
regions extend the full length of the IFs.

Breakdown of the disulfide bonds in the dia-
mino acid residues of cystine by reduction results
in the protein fractions forming the «-keratin
structure becoming soluble. Three distinct pro-
tein fractions'® are produced: the low-sulfur S-
carboxymethyl kerateine A referred to as SC-
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MKA, the high-sulfur S-carboxymethyl kerateine
B referred to as SCMKB, and in some a-keratin
fibers, high-glycine tyrosine proteins rich in the
residues glycine and tyrosine. The low-sulfur pro-
teins SCMKA have a helical content of around
50% and have been associated with the IF's, which
contain the a-helices forming the crystalline re-
gions. The high-sulfur proteins SCMKB and the
high-glycine tyrosine proteins are both associated
with the matrix component of the a-keratin fiber
cortex.

Residue sequence analysis of the low sulfur
SCMKA proteins'®~8 has shown that the central
portion of these purified proteins consist of rod-
like predominantly helical domains. Each helical
domain consists of 88% of purely helical regions
with three short non-helical regions between the
purely helical groups. The residue sequence of the
purely helical segments forms into heptad repeats
(abcdefg)in which the residues “a” and “d” are
apolar, and “e” and “g” oppositely charged (Fig. 5).
The helical structures of the SCMKA molecules
form into two strand coiled-coil ropes stabilized
by the hydrophobic and Coulombic interactions as
indicated (Fig. 5). In the presence of water mole-
cules, the hydrophobic interactions produced be-
tween “a” and “d” by the water network “protect”
the Coulombic interactions between the residues
“e” and “g” from the approach of water molecules.
The Coulombic interactions reinforce the binding
of the two-strand helical rope. The two-strand
ropes form the rod-like domains and are the pre-
cursors of the IF's in the growing cortical cells of
the a-keratin fibers. The a-helices of these rod-
like domains with their non-helical tails present
in the SCMKA proteins form the polypeptide
chains of the IFs. Mechanical, infrared and X-ray
diffraction data'® indicate the presence in a-ker-
atin fibers such as wool and hairs of a water-
impenetrable and highly organized component
consisting of 25-30% of the whole dry fiber. The
water-impenetrable component C of the two-
phase model is identified with these water-impen-
etrable a-helical domains of the IF's in the cortical
cells of the cortex structure. In the wet a-keratin
fiber, the high-sulfur protein fractions SCMKB,
high-glycine tyrosine proteins, and the non-heli-
cal water-penetrable material of the IFs, such as
the “tails” protein of the SCMKA proteins, to-
gether with the absorbed water, are all consid-
ered part of the M phase of the two-phase model.
X-ray diffraction studies®® do indicate that the
IFs swell for a fiber in water with a diameter
change from dry to wet of ~ 6%. Earlier measure-
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Figure 6 Typical load-extension curve in water at
20°C for a Corriedale wool fiber extended over a period
of 25 days. The rate of extension from the origin (0) to
the end of the Hookean region (B) was 3% per hour and
that beyond the Hookean region (BCD) was 1 7% per
day. The slow rate of extension reduces the time-depen-
dent component of stress at each extension.

ments of the movement of the a-helices apart due
to fiber swelling in water was obtained from X-ray
diffraction data.?! This data, when corrected for
scattering by the presence of water in the fiber
resulted in a negligible value for the swelling
between the «-helices in the «-helical ropes
(<2%). This is understandable because of the hy-
drophobic bonding between the individual a-heli-
ces of the a-helical ropes. The swelling of the IF's
by about 6% diametrally in water must occur
external to the a-helical ropes, and is probably a
movement apart of the tetramers, the two pairs of
a-helices that are the basic subunits forming the
individual IFs. The hydrogen bonding between
turns of the a-helices is unaffected by the pres-
ence of water and provides the high-longitudinal
stability of the a-keratin fibers. The length of a
fiber is maintained from the fiber in water to a
fiber in equilibrium with an environment at 65%
relative humidity. From 65% relative humidity to
complete dryness (~ 0% relative humidity) the
length change of 1.2% is produced, as will be
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Figure 7 The spring-dashpot model of the Hookean
region mechanical behavior of wool and other a-keratin
fibers at around 20°C. The quantities indicated are the
contributions by spring A and spring B to the Hookean
modulus of the fiber. Spring A corresponds to the me-
chanical behavior of phase C of the two-phase model,
and spring B in series with linear dashpot to the water-
penetrable phase M.

shown, by slight distortion of the IFs. The a-heli-
cal ropes act mechanically as units the full length
of the IF's in the cortical cells.

The Mechanical Properties of a-Keratin Fibers

The mechanical properties of a-keratin fibers are
best discussed in terms of the three distinct re-
gions of longitudinal behavior of these fibers with
the changing parameters of temperature, time,
and moisture content, the latter depending on the
relative humidity of the fiber’s environment.
These three regions of extension versus force ap-
plied to the fiber become quite distinct in water.
Respectively, the three regions are 1. the
Hookean region, 2. the Yield, and 3. Post-Yield
regions, which range from 0 to 2%, 2% to 25-30%,
and beyond 30% strain. Within these ranges, the
stiffness of the fibers is in the approximate ratio
of 100:1:10 (Fig. 6). Astbury and Haggith??
showed that in the initial Hookean region the
strain in the fiber corresponds to the distortion of
the a-keratin X-ray diffraction spacings in the
fiber direction.

The longitudinal behavior of the a-crystalline
component of the fiber is as expected on the basis
of the two-phase model. For longitudinal exten-
sion of the fibers at room temperature, the stiff-
ness changes from a dry (0% relative humidity) to
wet (100% relative humidity) environment within
the time frame from seconds to minutes by a
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Figure 8 Stress-relaxation of a wool fiber extended at
a fixed 0.8% strain at 20°C for different relative humid-
ities of 0%, 32%, 65%, 91% and 100% (wet). The stress
in all cases is calculated on the basis of the wet cross-
sectional area, and the initial stress in water at 0.8% is
taken as unity. Data are for fibers at 20°C and the rate
of extension up to 0.8% strain is 10%/min.

factor of 2.7 to 1. However, mechanical measure-
ment taken to equilibrium of the Young’s modu-
lus of a-keratin fibers shows no difference in the
value whether measured wet or dry.?* Further,
even if the fiber is progressively swollen?* in con-
centrated aqueous LiBr solution up to a concen-
tration 5M for which the crystallinity of the a-ker-
atin is intact, the stiffness of the a-keratin fibers
at equilibrium is unchanged. For all these mea-
surements, the wet diameter of the fiber was ap-
plied in the calculation of the Young’s modulus. A
value of the longitudinal mechanical equilibrium
Young’s modulus of 1.4 GPa was obtained for wool
fibers. This value was found to be maintained for
temperatures less than 50°C. The a-keratin fibers
behaves in the Hookean region mechanically as a
fixed Hookean spring contributing 1.4 GPa to the

Table II Time-Dependent Behavior
of Wool Fibers in Stress Relaxation (Fig. 8)

Relative Humidity Time Constant

(%) in Minutes
0.0 5.2 X 102
14.4 2.4 X 102
32.0 1.85 X 102
65.0 1.2, x 102
91.0 4.2 x 10t

100.0 6.6 x 107!
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Figure 9 The stress—strain hysteresis curve obtained
perpendicular to the growth direction for an African
porcupine quill sample in distilled water at 20°C.

Young’s modulus, in parallel with a spring and
dash pot in series (Fig. 7). The viscosity of the
dash pot is moisture- and temperature-dependent
and is related to the mobility of the molecular
segments, main chains, and side chains of the M
phase of the two-phase model. The 1.4 GPa fixed
contribution to the Young’s modulus corresponds
to the water-impenetrable C phase. The stiffness
is produced by the opposition to the extension of
the ordered a-helical ropes forming the C phase.
The time-dependent behavior of the wool fibers®*
is presented in the stress relaxation curves of Fig.
8 and Table II. The M phase is the molecular
structure responsible for the time-dependent
component of the longitudinal Young’s modulus of
a fiber. Mechanically, for longitudinal strains
phase C and phase M operate in parallel. This is
why the phases are equally strained, and the
longitudinal forces in each phase are additive for
the whole fiber when longitudianlly extended. In
water, in particular, because of the relatively
much higher stiffness of the C phase, torsional
and lateral mechanical properties are more rele-

vant for obtaining information with regard to the
M phase. In the latter two cases, the mechanical
effect of the phases is essentially to act in series
with the changes of properties of M phase domi-
nant. The increase of the initial incremental tor-
sional rigidity of fibers for dry as opposed to wet of
10 to 1 corresponds to a change in the M phase of
the order of 15 to 1 or more assuming that the
phase represents an estimated 25-30% of the dry
fiber volume.

Torsional measurements of single wool fibers
in water indicate a highly time-dependent rigid-
ity. Mechanical measurements perpendicular to
the fiber direction for rhinoceros horn and porcu-
pine quill in water completely parallel the tor-
sional results obtained for wet wool fibers.* The
nonlinear visco-elastic behavior of the wet M
phase is best described as that of a weak “gel”
structure, which with extension at a fixed rate is
in progressively weakened by bond breakdown. If
the extension ceases, the broken bonds re-form
rapidly in equilibrium with the extended state,
and on contraction the initial stress—strain be-
havior mirrors the stress—strain behavior during
extension (Fig. 9). This mechanical behavior cor-
responds to “thixotropy,” in which weak bonds in
a “gel” structure during extension progressively
break down to an extremely mobile state, the “sol”
state. On cessation of extension, the bonds re-
form and the structure is again in a gel state.
Measurement on porcupine quill sections in water
show an initial incremental Young’s modulus of
0.3 GPa which beyond 2-3% strain drops rapidly
to ~ 0.01 GPa with extension up to 35-40%
strain. A more detailed discussion of the molecu-
lar mechanisms involved in this proposed thixo-
tropic behavior for phase M of the two-phase
model of a-keratin fibers is left to the final com-
ments on the mechanical properties of a-keratin
fibers.

The Yield Region

When an a-keratin fiber, such as wool or hair, is
stressed in water beyond the initial Hookean re-
gion, extension of the fiber increases rapidly with
little change in the applied stress. This low incre-
mental stiffness persists up to about a strain of 25
to 30%, at which the fiber stiffens. The region of
strain between the end of the Hookean region and
the stiffening of the fiber around 25 to 30% strain
defines the Yield region. Extension CD (Fig. 6)
beyond the Yield region with the mechanically
stiffer behavior of the fiber up to break defines the



Post-Yield region. Speakman®® showed that, for
extensions within the Yield region at room tem-
perature, the mechanical properties of the fibers
were completely recovered after release of these
fibers in water for a period of approximately 20 h.

Astbury?® concluded from his high-angle x-ray
diffraction measurements that the Yield region
was the result of extension in an amorphous re-
gion of the a-keratin structure. He proposed that
the stiffening of the fiber, when extended into
Post-Yield region, was due to the unfolding of the
organized crystalline structure from the folded
a-configuration to the extended B-state. Creep
and stress-relaxation measurements of fibers in
water have shown that the mechanical behavior
of fibers in the Yield region correspond to the
theoretical behavior of units in a State A extend-
ing into longer units in State B. This model be-
havior was first considered by Burte and Hal-
sey,>” and was shown by Feughelman and
Rigby®®2° to correspond completely to the creep
and stress-relaxation properties for wool fibers in
water both for a range of temperatures and dif-
ferent loads and extensions. Bendit,?® using more
sensitive X-ray diffraction techniques, showed
that the a-keratin fibers begin to unfold into the
extended pB-state at strains just above the
Hookean region and that, by the end of the Yield
region, about 30% of the a-keratin had been con-
verted to the extended B-state. This latter obser-
vation is completely compatible with the proposal
that the C phase contained in the IF's of the a-ker-
atin structure effectively extends the full length
of the fiber structure. The conversion of a-crystal-
lites to extended B-units for extensions in the
Yield region occurs at a nearly constant stress
level and represents thermodynamically a first-
order transition from o-crystallites — B-units.
The restiffening of the fibers extended into the
Post-Yield region has to be considered in terms of
structural events within the «-keratin fibers
other than those proposed by Astbury. It should
be noted that the M phase for an extending fiber
in water contributes only a small level of a nearly
constant force, because the phase in the Yield
region is in a “sol” state. For a fiber extended into
the Yield region at a fixed strain, only the time
constant of the relaxation is affected by phase M
and not the level of force attained at equilibrium.
For a fiber held at lower moisture contents in a
drier environment, the level of stress in the Yield
region increases because of the increased viscos-
ity of the M phase with the contribution due to the
C phase remaining a constant. This latter conclu-
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Figure 10 The hysteresis loops for the same fiber in
distilled water at 20°C (curve 1) and in acidified water
at pH 1 (curve 2). The rate of extension and retraction
is 0.1%/min between zero and 20% strain. Repetition of
the extension and contraction of the fiber as per curve
1 results in a rapid weakening of the extension curve.
Similar repetition of curve 2 shows a complete reprodu-
cability of mechanical properties per cycle. The result
arises from the extremely slow recovery of the Coulom-
bic interactions for the fiber in water after breakdown
during extension. The level of stress during retraction
of the fibre in curve 1 is also at the same level as curve
2, due to the absence of Coulombic interactions reform-
ing in the time scale of the experiment for curve 1. All
Coulombic interactions are broken in the acidified wa-
ter for curve 2.

sion is derived from observation of the mechanical
properties of the same fiber, before and after a
setting treatment of the fiber which destroyed the
a-crystalline structure in the fiber.3!

Mechanical hysteresis measurements®? on
wool fibers in water at 20°C between 0 and 20%
strain, when compared with the same measure-
ments for the same fiber in aqueous HCI solution
at pH 1, show that the mechanical properties of
the fiber are reversible in the solution at pH 1 in
which the salt-links are all neutralized because
the —COO™ has been converted to COOH (see
Fig. 10). In water during extension, the force level
is much higher than the level in the fiber for the
Yield region at pH 1. During contraction, the force
level in water is close to that for pH 1, strongly
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suggesting that the extension in water for an
a-keratin fiber the a-helices transforming to
extended chains involves the breakdown of both
hydrophobic interactions and Coulombic interac-
tions (salt-links), and on contraction when the B
structures revert to the a-helices the hydrophobic
interactions are reformed. However, the Coulom-
bic interactions, because of their interaction with
water, only re-form slowly. It is this slow re-for-
mation of the Coulombic interactions that make it
necessary to relax wool fibers in water for approx-
imately 20 h to recover at 20°C the mechanical
properties of the unextended fiber. Estimates of
the contribution of entropy>® to the force level in
water of a fiber extended in the Yield region show
this contribution is so small that the effect of
internal energy is overwhelming in determining
the level of force. This means that during exten-
sion of the fiber in water a-helices — B extended
state and on contraction the procedure is reversed
without the re-formation of the Coulombic inter-
actions. During the contraction, it is the free-
energy change produced by the hydrophobic in-
teractions primarily that provides the forces of
contraction.

In summary, the mechanical properties of the
Yield region of a-keratin fibers in water is primar-
ily dependent on the unfolding of a-helices in the
C phase of the two-phase model during longitudi-
nal extension. On contraction the mechanical
properties are dependent on the refolding of the
a-helices of the C phase with the level of force
reduced by the slow re-formation of the Coulom-
bic interactions in part responsible for the stabil-
ity of the a-helices. Mechanically in parallel for
longitudinal extensions, the M phase provides a
viscous opposition to both folding and unfolding of
the a-helices of the C phase. Essentially the M
phase is in a “sol” state during extension and
contraction, whose viscosity is moisture-content
dependent.

Post Yield Region

For a wool or hair fiber in water at room temper-
ature extended beyond the Yield region (25-30%
strain), the stress—strain relationship stiffens
rapidly to a linear relationship (see CD in Fig. 6).
This linear relationship for a normal wool fiber in
water at 20°C persists up to a few percent strain
prior to the fiber breakage at about 50% strain.
The incremental Young’s modulus in the Post-
Yield region for a normal wool fiber in water at
20°C is about 0.3 to 0.4 GPa. This value is inde-
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Figure 11 Stress-time behavior of wool fibers in wa-
ter at 45°C in the Yield (15%) and Post-Yield regions
(45%).

pendent of the fiber’s moisture content (based on
the wet fiber diameter). However, it varies rapidly
with temperature reducing by a factor of 2 to 3 at
70°C.3? Extension of the fibers into the Post-Yield
region quite sharply and progressively increases
the irrecoverability of the original mechanical
properties of the fibers.?* It was Speakman®® who
first suggested that mechanical behavior of the
a-keratin fibers in the Post-Yield region resulted
from the involvement of a covalently bonded net-
work including disulphide bond crosslinking. This
involvement of the disulfide bonds in the form of
cystine residues bridging polypeptide chains has
been extensively covered and confirmed in the
literature, and has a critical role in the phenom-
ena of setting in a-keratin fibers.

Comparison of stress-relaxation for Corriedale
wool® extended in distilled water at 45°C to 15%
and 45% strain (see Fig. 11) clearly separates out
the component of mechanical behavior responsi-
ble for the Post-Yield region. The initial levels of
stress at each extension of nearly 3 and 8 X 10”
Pa, respectively at the 1-min level, were both at
near equilibrium at the 200-min level at a stress
of just under 2 X 107 Pa. The stress relaxation for
strains in the Post-Yield region contains a com-
ponent of stress above that in the Yield region
with a half amplitude time of about 10 min at
45°C. In the stress relaxation in both the Yield
and Post-Yield regions, the stress component re-



Table III Results of Mechanical Tests
Performed on Four Groups of Wool Fibers

Wool Type PY GPa v/PY S,,/PY H/PY

Lincoln (pen grown) 0.37 0.40 0.115 5.3
Lincoln (field grown) 042 0.44 0.110 4.7
Corriedale (pen grown) 0.38 0.42 0.098 3.6
Merino (field grown) 0.29 043 0.132 4.3

sponsible for the unfolding of the a-helical struc-
tures into the extended B-units is present. The
value of just under 2 X 107 Pa is the stress re-
quired to maintain equilibrium between the o and
extended B-units. In terms of the two-phase
model, the stress relaxation in the Post-Yield re-
sults from continued unfolding of the a-helices of
the C phase together with distortion in parallel of
a highly crosslinked non-water absorbing struc-
tural component responsible for the mechanical
stiffening in the Post-Yield region. Discussion of
the placing of the latter component is left to later
in this work.

It is worth noting that although change in
moisture content has no significant effect on the
Post-Yield region stiffness, it does affect the turn-
over strain between the Yield and Post-Yield re-
gions. For Corriedale wool fibers from dry to 656%
relative humidity no significant change in the
turnover strain was observed. From 65% relative
humidity to wet (100% relative humidity) a con-
sistent progressive increase in the turnover strain
occurred, reaching 6.6% above the value at 65%
relative humidity.

Collins and Chaikin®’ performed measure-
ments on four groups of wool fibers, two from
pen-grown sheep, Lincoln and Corriedale, and
two groups from field-grown sheep, Lincoln and
Merino. Mechanical tests®® were performed on
these fibers at room temperature in water for
their incremental Young’s modulus in the Post-
Yield region. A comparison was performed for
each group of fibers between the Post-Yield incre-
mental Young’s modulus (PY) and the torsional
modulus (n), Hookean modulus (H), and stress
(S15), the stress on the fiber at 15% strain (typical
of the Yield region). All the tests were performed
in the water at room temperature and the com-
parison is set out in Table III.

An examination of these measurements clearly
indicates the consistent relationship between the
torsional modulus in water of each of the wool
groups and the corresponding incremental
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Young’s Modulus of the Post-Yield region. The
result certainly points to a common component of
the fiber’s structure responsible for the measure-
ments of PY and 7 for all the four quite diverse
wool types. Here again, the structural signifi-
cance of this observation is left to the discussion
of models for the mechanical behavior of the
a-keratin fibers.

The Keratin-Water System

Water plays a basic role in the time-dependent
mechanical properties of a-keratin fibers. Present
within the a-keratin structure are sites of attach-
ment for water molecules by hydrogen bonding,
polar and electrical charge interaction. Many
charged groups, such as Coulombic interactions,
are shielded from interacting with water by the
presence of hydrophobic interactions. Many of the
potential interacting sites are on the surface of
the highly ordered regions, such as the IFs, and
on the surface of globular proteins. In the latter
case, the formation of the globules during the
fiber growth occurs in the moist environment of
the cortical cell. This would inevitably result in
hydrophobic interactions being internal in the
globular structure and groups, which interact
with water, on the surface of the globules. Nu-
clear (proton) magnetic resonance (NMR)?°
clearly separates protons attached to the keratin
structure from protons attached to water mole-
cules. The result of these NMR measurements
show that the water molecules are considerably
more mobile than the components of the keratin
structure. Also, over the range of relative humid-
ities 0 to 90%, there is a progressive increase in
the mobility of all the water molecules with in-
creasing water content. The data shows that any
water increase changes the binding energy of all
the water already absorbed in the keratin struc-
ture. There is no indication of separation of water
into different energies of bonding, rather, average
bonding energy exists, with a resulting water mo-
bility considerably less than liquid water. Algie
and Gamble® obtained data on the dielectric
properties of the keratin—water system at various
water contents from complete dryness to near
100% relative humidity. They concluded that
with the exception of a very small amount of
water (~ 2%) for a system near dryness, there
was no specific differentiation of the water
present at any relative humidity into specific
binding states. Rather, as the water in the kera-
tin—water system is increased there is a general
change in the binding of all the water molecules.
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The electrical conductivity*! of keratin-water
has been shown to correspond to that of a proton-
semiconductor. Water, because of its ability to
form up to four hydrogen bonding interactions,
forms a three-dimensional network of hydrogen
bonds. Similar but more organized bonding in ice,
and also in nylon—-water and cellulose-water,
have been shown to act as proton semiconductor
in which protons move through a three-dimen-
sional network by a series of water molecule ro-
tations, accompanied by proton jumps between
the two equilibrium positions for a proton, that
exist between the two oxygen atoms of a hydrogen
bond in the water network.

The NMR, electrical and dielectric data pre-
sented, all point to a model of water present in the
keratin structure consisting of a continuous
three-dimensional mass of hydrogen-bonded wa-
ter molecules. This water mass at its boundary or
interface with the keratin structure interacts
with the hydrophilic groups on the surface of the
keratin, such as the surface of the globular pro-
teins of the matrix and the surface of the IFs.

The water and the keratin polymers form an
interpenetrating network of two polymeric*? sys-
tems which are compatible at their interface. The
known sectional dimensions of the IFs (7.3 nm)
and the inter-IF distance of wet a-keratin fibers
(~ 11 nm) means that the water polymer phase
dimension is of the order of 1 nm, when consider-
ation is given also to the presence in the matrix
between the IFs of globular proteins. The glass
transition temperature 7', of the keratin—water
composite should be a merger of the individual
transition temperatures 7'; and 7', of the keratin
and water, and given by the Fox equation,*?

1w, W,

T

g

T, T,

where W, and W, are the weight fractions of the
keratin and water, respectively. The presence of a
single transition temperature 7', for the keratin—
water system has been shown by Wortmann et
al.*? to obey the Fox equation quoted above and
certainly supports the proposal of the two poly-
mers of water and keratin forming a compatible
interpenetrating network of two polymeric sys-
tems. It should be also noted that the effective-
ness of the hydrophobic interactions between the
a-helices of the helical rod domains in the IF's
requires a continuous network of water mole-
cules.

Structural Models of a-Keratin

As with many polymers, a-keratin fibers indicate
from high-angle X-ray diffraction data®® the pres-
ence within their structure of oriented crystalline
regions together with amorphous material. The
simple two-phase model of water-inpenetrable
crystalline rods C oriented in the fiber direction
and embedded in an amorphous water absorbing
matrix M has been discussed and is widely ac-
cepted to explain the water sorption behavior and
the mechanical response of fibers for small distor-
tions. As indicated earlier, the low-sulfur protein
fraction SCMKA extracted from a-keratin fibers
contains the a-helical material and is associated
with the C phase of the two-phase model. The
high-sulfur proteins extract SCMKB together
with any high glycine tyrosine proteins together
with water form the embedding matrix M.

The first simple model®** of the mechanical
behavior of a-keratin fibers consisted of a C phase
containing a-helices ordered in the fiber direction
with the M phase consisting of an amorphous
polypeptide chain network crosslinked by disul-
fide bonds formed by the diamino reduces of cys-
tine. In extending this model into the Yield re-
gion, the a-helices are unfolded to form the ex-
tended B-state. For a fiber in water the initial
extension of the M phase results with negligible
opposition from the amorphous polypeptide
chains as they unfold and are oriented in the fiber
direction in parallel with the unfolding of the
a-helices. An extension is eventually reached
when the orientation and ordering of the random-
ized polypeptide chains of phase M can no longer
proceed without the severe straining or breaking
of crosslinks of the polypeptide network. This
above extension was identified with the turnover
strain for the fiber from the Yield to Post-Yield
regions. The above model satisfies the require-
ment that the fibers’ stiffness increase in the
Post-Yield region is compatible with the proposed
covalent bond breakdown with this extension.

Watt*® has shown that cystine reduced but un-
alkylated wools have no significant change in
equilibrium water content for fibers in water at
room temperature. Wools in which 90% of the
disulfide bonds had been broken by reduction had
an equilibrium water content only 1% higher than
that of an unreduced normal fiber. Similar results
were reported by Haly.*®

Chapman and Hearle et al.*” have extended
this model with minor addenda to explain the
zonal unfolding of the a-helical structures across
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Figure 12 The relationship between phase C and
phase M of the two-phase model in terms of the series-
zone model: (A) with the series zones Y in the phase M,
and (B) with the series zones Y in phase C.

the microfibrils in a macrofibril as observed by
Haly.*® The simplicity of the model is in itself a
major attraction. However, the model fails to rec-
ognize the nature of the density of crosslinking
present in the amorphous phase of the a-keratin
cortex. The necessity for a concentration of cross-
linkages rather than a relatively uniform dis-
persal has been discussed.®® Further, Chapman
et al. consider the recovery from extension in the
Yield region as a result of elastomeric forces pro-
duced by the entropy change due to the fiber
extension. Peters and Woods,?® however, have
shown in a-keratin fibers that the effect of inter-
nal energy in determining the load is overwhelm-
ing.

The mechanica properties of wool fibers
taken from the same position on the sheep before
and after the administration of sulfur-containing
amino acids into the sheep’s abomasum resulted
in no notable mechanical property changes de-
spite a measured increase of 35% of the sulfur
content. This increase of cystine content has been
suggested from the work of Gillespie and Inglis®®
to be associated with the high-sulfur protein
SCMKB extracted from the a-keratin structure.
A similar conclusion exists for the lack of mois-
ture change as indicated by Watt,*® with major
disulfide breakdown; that the disulfide crosslink-
ages are concentrated structurally in isolated
units. Mechanical tests performed on sections of
porcupine quill and rhinoceros horn at right an-
gles to the fiber direction and in water at 20°C
indicate completely parallel behavior to that of
fibers in torsion.* Sections of fiber extended to
break (>35% strain) showed continuous weak
“s0l” behavior right up to break with no indication

149
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of any stiffening due to crosslinking. Because it is
the water-weakened matrix that provides more of
the distortion due to the lateral extension, the
simplest conclusion is that the high-sulfur pro-
tein, which exists in the matrix, must be confined
to isolated units which remain undistorted by the
lateral extension.

The series-zone models®! were suggested from
mechanical data for a-keratin fibers swollen and
with their a-helices randomized in concentrated
aqueous lithium bromide solution. In these mod-
els the disulfide crosslinks were concentrated in
regular zones either in the IFs, or in the matrix
alongside the IFs (see Fig. 12). Crewther®? intro-
duced a more detailed model, which may be con-
sidered in terms of a series-zone model, in which
the high-sulfur fraction of the matrix protein
(SCMKB) is in the form of a globular protein
bound to the micro-fibrils by alternating polar or
single disulfide bonds. Mechanical tests on wool
fibers in concentrated formic acid show that the
fibers behave as “filled” elastomers®® exhibiting
the “Mullin’s effect.” The results point to the pos-
sible presence of an internal structure or “filler”
such as the globular protein proposed by Crewther.

Wortmann and Zahn®? have developed a model
based on more detailed knowledge available on
the structure of IF's. Their model corresponds to a
series-zone model in which the stiffening in the
Post-Yield region of a wet a-keratin fiber is asso-
ciated with the IFs. Disulfide bonding between
a-helical ropes in the tetramers of the IFs are
proposed as the cause of the stiffening.

The results in Table III of the close correlation
between the wet torsional rigidity of a fiber and
its Post-Yield region stiffness means that the
same structural component of the a-keratin fiber
responsible for opposition to shear during the ap-
plication of torsion to the wet fiber is responsible
for the Post-Yield region stiffness. Over the tem-
perature range of 25°C to 70°C for two different
wool types the Post-Yield region stiffness® de-
creases by a factor of 2-3. No such loss of mechan-
ical properties occurs for the IF's of the same wool
fibers, as measured by the stress level in the Yield
region at 15% strain. Both of the above observa-
tions point to the association of the Post-Yield
region stiffness with the matrix structure of the
cortical cells in the a-keratin fibers. The globular
proteins which provide the extracts of SCMKB
and the high-glycine tyrosine are in the matrix
interacting with water at their hydrophilic sur-
face, with their internal hydrophobic structure
unaffected by the presence of water. The torsional
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rigidity n of the wet fibers is primarily dependent
on the mechanical properties of the matrix, which
in turn result from the composite of water and
matrix protein forming the matrix structure. The
work of Bendit and Gillespie®® on the properties
of a range of a-keratin fibers suggests that in the
biological formation of a-keratin fibers, the forma-
tion of the matrix protein limits that space avail-
able for water in a water-saturated fiber. Further,
the matrix should be considered as (matrix pro-
tein + water), not as water interspersed through-
out a protein. The volumetric limitation between
the IFs of the cortex is a result of the presence of
interfilament interactions spaced along the IFs at
intervals of the order of 15-nm apart. These spac-
ing data result from the particular model adopted
for purposes of calculation. The calculations are
based on the measurements of swelling behavior
of wool fibers in varying concentrations of formic
acid in water.’® The extended two-phase model
next presented depends on the large amount of
information, primarily mechanical, discussed in
the latter part of this article.

The Extended Two-Phase Model

In this proposed model of the a-keratin fiber cor-
tex, the starting point of the consideration is not
that of a polymer consisting of long random
chains crosslinked and forming ordered crystal-
line regions in suitable regions throughout the
fiber. The initiation of the formation of the a-ker-
atin is within the wet swollen cortical cells, where
the a-helical ropes are formed stabilized by the
hydrophobic interactions between each of the pair
of a-helices forming the rope. As the fiber grows,
the spherical cortical cells elongate with the a-he-
lical ropes becoming oriented in the fiber direction
and forming the IFs spaced regularly apart from
each other. It is at this stage the high sulphur
protein is formed between the IF's, presumably
into globules, which form in the wet cortical cell
with the hydrophilic residues at the globule sur-
face. A similar situation would exist for any high-
glycine tyrosine globules formed. Figure 13(a, b)
shows the proposed model with water-inpen-
etrable crystalline region of a-helices forming the
IF's which each interact with neighboring IF's at
regular positions along their length. The exis-
tence of these linkages between the IFs have been
suggested by a number of authors®®°” and ex-
plains the limited space available for water plus
matrix protein within the a-keratin structure.
The high-sulfur protein globules which corre-

spond to the extractable SCMKB may or may not
be directly attached to the inter-IF linkages or
more directly by bonding as suggested by
Crewther.?? The latter factors, will be noted,
make no difference to the control of the mechan-
ical behavior of this proposed model, viewed as an
extended version of the original two-phase model.
When an a-keratin fiber is extended in water the
a-helices unfold once the strain on the fiber ex-
ceeds the Hookean region, about 2%. The unfold-
ing of the a-helices proceeds at almost a constant
stress on the fiber to the end of the Yield region.
The matrix “gel” consisting of the water and glob-
ular proteins extends in parallel with the unfold-
ing a-helices resulting in only a small addition to
the force extending the fiber. This force above a
few percent strain reaches almost a constant level
as the matrix goes from a “gel” to “sol” state. With
the o-helices of the IFs transforming into ex-
tended S structures of over twice the length of the
original a-helices, the IFs which are parallel to
each other and the fiber direction move towards
each other. This movement results at strains of
the order of 25-30% in a jamming of the still-
folded «-helices against the globular matrix
proteins, making further unfolding of a-helices
require a distortion in parallel of the globular
matrix protein. Further extension is in the Post-
Yield region, where the unfolding of the a-helices
requires the increasing force to distort the matrix
protein. The distortion of this matrix protein is
clearly brought out in the comparison of the stress
relaxation of fibers in water at 45% strain and
15% strain as shown in Figure 10. The difference
between these two stress relaxation curves is the
stress generated by the distortion of the matrix
protein at the higher strain level.

The longitudinal swelling behavior of a-keratin
fibers can be understood in terms of the extended
two-phase model (ETPM). From dry (0% relative
humidity) to wet (100% relative humidity), wool
fibers extend by about 1.2% with almost all the
extension occurring between 0 and 65% relative
humidity. Above 65% relative humidity, the lon-
gitudinal swelling for a fiber in water is water
negligible (~ 0.1%). Considering the behavior of
the a-keratin fiber as it is dried from 100% rela-
tive humidity, initially on the basis of the ETPM
as the water is removed from the fiber the IF's
approach each other and remain parallel to the
fiber direction until the IFs jam against the ma-
trix protein globules. Further drying will cause
distortion of the IFs, which results in the fiber
contracting. Distortion of the orientation of the
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Figure 13 (a) Diagram showing IFs containing the
a-helices, and interconnected at regular intervals along
their length. The globular high sulphur proteins may or
may not be attached to the inter-IF linkages or more
directly by bonding to the IF's (see text). (b) 1. Enlarged
segment from (a) for a wet unextended a-keratin cortex
showing the relationship between the IF’s and the ma-
trix of globular proteins embedded in water. 2. As in 1
except the fiber has been dried to ~ 65% relative hu-
midity with the globular matrix protein jamming
against the intact. 3. As in 1 except the fiber wet has
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a-helices in a dried fiber has been shown to occur
by the reduction of the infrared dichroism associ-
ated with the amide —NH bond of the crystalline
a-helices.”®

Based on the knowledge of matrix protein con-
tent of a fiber, and its water content at 65% rela-
tive humidity at which the IFs just jam the ma-
trix protein, an estimate can be made of the turn-
over strain from the Yield to Post-Yield regions
based on the ETPM."® For Corriedale wool fibers
with a turnover strain measured directly on the
fibers in water of 29.6%, the estimate is 32.7%,
and for human hair with a measured value of
25.0%, the estimate is 28.2%. In both cases the
estimate is above the measured value, but impor-
tantly in both bases by a similar amount of 3.1
and 3.2%, respectively. Other estimates still
based on the ETPM and other knowledge of the
matrix protein content of the fiber®® have been
performed with comparable estimates of the turn-
over strain from the Yield to Post-Yield region.
The observed increase in the extent of the Yield
region for fibers taken from equilibrium with 65%
relative humidity to equilibrium at 100% relative
humidity (wet) is of the order of 5—6%. This in-
crease has been explained by the increase of wa-
ter uptake resulting from the extension of « —
structures in the extended fiber in the more wet
environment.®® The extended two-phase model
has been successful in incorporating the known
mechanical behavior in extension, torsion, and
lateral properties of a-keratin fibers, together
with an ability to predict quantitatively the other
mechanical features mentioned above. The model
gives consideration to the biological origin of the
a-keratin cortex as a composite of cortical cells
formed in equilibrium with a moist environment,
and that the order in the fiber must be considered
as initiated in that wet state. It is in this latter
regard the ETPM differs basically from the ear-
lier models. It should be noted that the diagram-
matic discussion of the ETPM has been on a two-
dimensional basis for ease of understanding. A
recent three-dimensional analysis®! has been de-
veloped, which produced an explanation for the
well-known hexagonal packing of IF's which occur

been longitudinally extended to the end of the Yield
region. IFs have unfolded in zones along each IF (U)
and the extended unfolded chains are surrounded by
water. The folded components of the IFs (F) are hin-
dered in any unfolding by the jamming matrix protein
between these components.
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in many a-keratin fibers. The model has been a
useful and successful initial base for the consid-
eration of a-keratin fibers in terms of IFs consist-
ing of ordered helical ropes packed into continu-
ous crystalline units held together by end groups
containing cystine bonds as indicated by the anal-
ysis of the low-sulfur protein SCMKA. The matrix
between the IFs consists of globular proteins of
high-sulfur proteins and high-glycine tyrosine,
which themselves do not contain water but inter-
act with the water present in the matrix at their
hydrophilic surface. The interactions directly be-
tween the IFs and spaced at intervals along the
IF's probably arise from excess molecular material
at each end of the ordered helical units.

Set in a-Keratin Fibers

Wool fibers in common with other fibers in the
textile field need to be either temporarily or per-
manently distorted from their native configura-
tion. This requirement also exists for human hair
in the cosmetic field. Two conditions are required
to be met by the setting procedure:

e In the distorted state bond breakdown must
occur to reduce the forces of retraction of the
fiber toward its original configuration.

e Bonds must be formed in the distorted struc-
ture in equilibrium with the distortion ap-
plied so that on release of the fiber from the
setting distortion the newly formed bonds
tend to maintain the structure as closely as
possible to the distorted state.

A considerable body of literature on the above
topic for a-keratin fibers has been published over
many years.%? The involvement of the disulfide
bond has been basic to the consideration of any
permanent setting procedure. The measurement
of mechanical-property changes produced by var-
ious physical and chemical procedures has been
performed revealing various aspects of the a-ker-
atin structure.

Silk Fibroin

All natural fibrous proteins are biological poly-
mers of polypeptide chains. Because of the pres-
ence of amino acid residues a large proportion of
the bonding is inter- and intrahydrogen bonding.
Silk fibroins are protein filaments spun by many
types of insects and spiders. Biosynthesis®® occurs
in the silk gland cells and the proteins are stored
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Figure 14 Stress—strain curves for silk (Bombyx
mori) in water at 20 and 95°C compared with the one at
65% relative humidity and 20°C.

outside the cells in the lumen of the silk glands as
a concentrated viscous solution. By extrusion
through spinnerets the proteins are transformed
into continuous filaments. It is important to note
that silk fiber filaments are produced physically
in a manner parallel to that of manmade fibers.
Of over 100 species of silks, that have been exam-
ined the smaller amino acid residues of glycine,
alanine, and serine usually form the major pro-
portion of the proteins present. Commercial silk
fibroin (Bombyx mori) has a simple highly crys-
talline component corresponding to extended
B-chains. Glycine, alanine, and serine®® represent
more than 75% of the amino acid residues, with
the residue of tyrosine at about 8% representing
the only other residue of note. The molecular
chains of silk fibroin (Bombyx mori) consist of a
number of segment types. A repeating hexapep-
tide Ser-Gly-Ala-Gly-Ala-Gly corresponds to a
common structural element of the main segment
type. Also, a terminal group common to many
segments is —Gly—Tyr, suggesting a possible
discontinuity resulting from a large residue of
tyrosine.®?

In the case of long-chain fibers, the crystalline-
amorphous model has been generally applied as



the initial means of interpretation of the relation-
ship between the mechanical properties and the
molecular structures. As with other long-chain
molecular structures, X-ray diffraction studies of
silk fibroin indicate the presence of highly ordered
crystalline regions associated with less-ordered
amorphous structures. The crystalline structure
shows little change with considerable extension of
the fiber. This indicates the main uptake of strain
is in the far less organized and more mobile amor-
phous regions and results from the unfolding of
the polypeptide chains and their orientation in
the direction of extensions. The stress—strain be-
havior of commercial silk fibers®>%* (see Fig. 14) is
dependant both on the moisture content and tem-
perature at which tests are performed. The amor-
phous regions become more mobile and extensible
with increase of water uptake and temperature,
as would be expected for a structure held together
primarily by hydrogen bond interactions. The me-
chanical behavior of silk fibroin filaments in gen-
eral do not reflect any detail of structure such as
that forthcoming from a study of a-keratin fibers.
These latter fibers, whether from horn or hair,
reflect in their detail mechanical behavior an in-
variant complex structure based on their orga-
nized formation within a biological cell.

Collagen

In the second category of fibrous proteins are the
relatively inextensible collagen fibers. Collagen is
the most abundant and common of proteins in the
animal kingdom. Skin, tendon and cartilage are
formed from this fibrous protein. In bone, collagen
forms the fibrous component of this composite
providing a continuous network holding the struc-
ture together. Collagen forms the supporting
framework protein of many body components.
Whether they are derived from vertebrates or in-
vertabrates, collagens, which are formed by fibro-
blasts, consist of molecules of tropocollagen.

Collagens are extracellular proteins, which
once formed are relatively stable in most sites,
unlike body proteins, which show a continuous
molecular turnover. The basic tropocollagen®”
molecule consists of three polypeptide chains in-
tertwined into a triple helix of approximate di-
mensions of 280 nm in length and 1.4 nm in
cross-section with a molecular weight of 3 X 10°
Daltons. Under the electron microscope fibrils of
collagen often exhibit a banding pattern, which
results from a staggered arrangement of the tri-
ple helical units.
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Figure 15 A force-temperature curve for kangaroo
tail tendon immersed in 0.9% saline. The arrow point-
ing down indicates a glass transition 7,, and the one
pointing up indicates the shrinkage temperature 7.

The commercial interest in collagen primarily
arises from its use as the basic material for the
manufacturer of leather products. It is the rela-
tive inextensibility and stiffness of the individual
collagen fibers, which form the leather composite
and which control the mechanical properties of
the leather.

Because collagen in the native state exists in
equilibrium with tissue fluid, the most significant
mechanical tests probing the molecular and near-
molecular structure are performed in an appro-
priate physiological solution. For test purposes,
collagen fibers, such as rat tail and kangaroo tail
tendons, are removed directly from their native
state into the physiological saline solution to
avoid any possible modification of the fibers by
the transition. Simple mechanical extension tests
show that the collagenous materials extensibility
limit is ~ 4% strain. This is a result of the com-
plete jamming of the intertwined long-pitched tri-
ple helical structure of the tropocollagen mole-
cules. Any unfolding of these helices is severely
limited and cannot occur without the breaking of
the covalent bonds resulting in a complete me-
chanical failure of the fiber. The most informative
data, that result from mechanical measurements,
is the relationship between thermal transitions
within the collagen structures, the environment
in which the structures are formed and aging
effects produced within the collagen structures of
a living animal.

When a specimen of collagen from a warm-
blooded animal such as rat tail tendon or skin is
slowly heated in an appropriate physiological so-
lution there is little evidence for change in the
collagen material below 60°C.%¢ At about this lat-
ter temperature the specimen under test shrinks
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quite suddenly and in the case of rat tail tendon to
a measurable one quarter of its original length.
This well-known transition in collagen is referred
to as the shrinkage temperature Tg. T'g is best
detected by a simple apparatus developed by
Rigby,% in which the specimen is held just taut
with the force on the specimen slight and only just
detectable by a force transducer. On heating
when the specimen’s dimensions suddenly re-
duces at Ty the force detected will increase rap-
idly indicating the transition in the collagen. T'g
corresponds to a first-order transition change in
the bulk collagen, a result of the crystalline units
of molecules melting into random coils. This is not
the transition temperature T, of the rod-like col-
lagen molecules alone going through the helix —
coil transition but the macroscopic result of the
crystalline aggregate of molecules going through
the transition. The temperature of the helix —
coil melting of a single collagen molecule 7', was
obtained using the glass transition temperature
T, indicated by the force-temperature measure-
ments made after a partial melting of the collagen
fiber (see Fig. 15).56

The values of T, were obtained for various
collagen sources.®” T}, for warm-blooded animals
(human, beef, rat, etc.) is close to their normal
body temperatures of about 38°C. In the case of
cold-blooded animals such as fish, T, corresponds
to the upper limit of their environment tempera-
ture. As an extreme example,®” the Antarctic “ice-
fish,” which lives in an environment range of
—1°C to 3°C, has a value of T, at 4°C. The value
of T, corresponds to the temperature at which
the collagen molecules are laid down (in the case
of warm-blooded animals), or the upper-limit tem-
perature at which the molecules are laid down (in
the case of cold-blooded animals).

Collagens have a high proline plus hydroxypro-
line content®® ranging from 150 to 300 residues
per 1000. These amino acid residues play an im-
portant role in the thermal stability of all collag-
ens, and in particular, there is a well-defined cor-
relation between the shrinkage temperature, T'g,
and the sum of proline plus hydroxyproline for a
fiber.

The measurement of both T'g and T, has been
successful in detecting the action of ageing in live
animals, and extracted collagen maintained in
physiological solutions. Changes in crosslinking
and crystallinity are both reflected in changes of
Ts and Tp. These simple mechanical tests with
parallel data from other techniques combine to

clarify the link between macro- and near-molecu-
lar structures and events.

SUMMARY

In this work, an emphasis has been placed on the
mechanical measurements applied to different
protein fibers. It has been done both to demon-
strate the ability of these measurements to be
related to near-molecular structural events, but
also to place in perspective the roles of the many
and varied techniques that have been also applied
to solve the same structural problems. Fibers are
primarily used for their mechanical properties
and a clear understanding of these properties is
essential, if modification and variation of these
properties are contemplated.

The assistance of Dr. B. J. Rigby in the preparation of
the collagen component of this work is gratefully noted.
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