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Chromium tanned bovine leather has been dried under uniaxial strain and its collagen fibre
distribution examined using high-angle X-ray diffraction. Microstructural modelling of the
fibre kinematics showed that under large-strain deformation (30%) the fibres behave in a
psuedo-affine manner. At decreasingly lower strains the fibre re-orientation is seen to
progressively deviate from the pseudo-affine prediction; an observation which can be
understood in terms of a combination of fibre-fibre adhesion and changes in fibre
substructure. The material was also subjected to mechanical testing and tensile data is
presented here which indicates how fibre orientation affects tensile modulus. This work
represents the first quantitative microstructural model for collagen fibre distribution in
strained leather. C© 2002 Kluwer Academic Publishers

1. Introduction
Since tanneries purchase hides by weight but sell leather
by area there is considerable interest in maximising
area yield during processing. Maintaining leather in
a stretched condition during drying is a potentially
effective route to achieving this [1]. However, there is
evidence that this process can adversely affect the prop-
erties of the finished product [2], particularly its stiff-
ness [3] and strength [4]. The link between changes in
tensile properties and microstructure of leather is cur-
rently poorly understood, and the volume of published
work on the quantitative study of leather structure is
limited.

Chromium tanned leather consists essentially of an
interwoven network of fibres composed of a chemi-
cally cross-linked form of collagen, a triple-helical pro-
tein notable for its mechanical strength and thermal/
chemical stability. Electron microscopy [5, 6] has re-
vealed a hierarchy of structure within leather colla-
gen fibres. Individual rod-like collagen molecules are
assembled into fibrils, which then group together in
roughly parallel arrays to form bundles and ultimately
individual fibres. Collagen confers tensile reinforce-
ment upon biological tissues [7]. The directions of fibre
orientation are closely associated with the directions in
which a tissue is able to withstand tensile stress, and
hence are responsible for it’s general mechanical prop-
erties. This relationship has been studied in a diverse

range of tissues including leather (Sturrock et al. [3]),
cartilage (Aspden et al. [8]), and aorta (Purslow [9]).
Collagen fibres within a tissue can rotate in response
to an imposed unidirectional strain, and thus alter its
tensile properties. Recently we have shown that the
bending stiffness of bovine leather dried under uniax-
ial strain shows a marked dependence on the angle to
the strain axis and the degree of applied strain, and that
this can be understood in terms of changes in the fi-
bre distribution [3]. Thus there is considerable worth in
obtaining quantitative information about the kinematics
of collagen fibre distribution during the deformation of
leather.

Several methods have previously been adopted to in-
vestigate fibre distribution in leather, including X-ray
diffraction [3], electron microscopy [6, 10] and mi-
crowave methods [11]. The benefits of X-ray diffraction
applied to leather are that it offers rapid quantitative as-
sessment of the collagen fibre distribution in situ, and
can be used to sample a large enough area to give a
representative view of the fibre distribution within a
macroscopic specimen.

Microstructural modelling of fibre kinematics dur-
ing deformation has been performed on a number of
collagenous biological systems such as skin [12, 13]
and aortic valve [14]. In general these tissues have
been broadly classified as ‘affine’ or ‘non-affine’, where
in the case of affine materials the measured change in
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fibre distribution can be predicted on the basis that the
microscopic fibre motion follows the macroscopic ap-
plied deformation. A microstructural model for leather,
based on an idealised two-dimensional fibre network,
has been recently proposed to describe the non-linear
modulus increase of leather dried under increasing uni-
axial strain [15]. However, there is currently no pub-
lished work on the quantitative modelling of fibre dis-
tribution in leather. We present here a model for the fibre
kinematics of uniaxially pre-strained leather, based on a
psuedo-affine model originally developed for synthetic
polymers, and use X-ray diffraction to test the affine as-
sumption. The consequences of the observed changes
in fibre orientation distribution for tensile modulus are
also explored.

2. Theory
2.1. Affine model
In 1951 Crawford and Kolsky [16] used birefringence
data to show that molecular reorientation during the
extension of polyethylene does not follow rubber elas-
ticity theory but rather could be predicted using an
affine model of the reorientation of hypothetical rod-
like crystallites. More recently affine deformation the-
ory has also been applied to model the reorientation of

Figure 1 Rotation of a collagen fibre.

Figure 2 High-angle X-ray diffraction of collagen fibres.

slip planes during large-strain deformation of the same
polymer [17].

In this paper we report on the novel application of
the affine deformation model to predict the alignment
of collagen fibres during the uniaxial deformation of
leather. Consider a fibre represented by the line AB (see
Fig. 1a), inclined at an angle φo to the z-axis, and fully
enclosed by a cylinder of height h. Upon deformation
in the z direction (see Fig. 1b), the cylinder extension
is such that the inclination angle becomes φ and the
volume of the cylinder is conserved, so that:

tan (φ) = d−3/2 tan (φo) (1)

where d is the stretch ratio. The number of fibres per
degree inclination is then,

B = Bo
d3/2

1 + (d3 − 1) sin

(
φ

57.3

)2 (2)

where Bo is the fibre distribution before stretching
(i.e., d = 1).

2.2. High-angle X-ray fibre diffraction
As for many biological tissues, the collagen fibrils
within the fibres of leather may be described as be-
ing structurally similar to a smectic A liquid crystal
mesophase [18]. That is to say the rod-like molecules
are oriented with their long axes roughly parallel, but
have no long-range periodic order. The high-angle
diffraction pattern from leather therefore consists of
only a single ∼12 Å intermolecular reflection, arising
from the short-range order produced by molecules ex-
cluding each other from the space they occupy. This is
shown in Fig. 2.

Consider a collimated X-ray beam, of wavelength λ,
incident on a single collagen fibre. Let the amplitude
and phase of scattered X-rays be represented by F(K),
where K is related to the scattering angle, 2θB, by,

|K| = (4π/λ) sin θB (3)
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For an assembly of N fibres the resultant scattered in-
tensity is given by,

I(K) =
N∑

j=1

Fj (K)F∗
j (K) +

∑ ∑
j 	=k

Fj (K)F∗
k (K)

× exp[−i(r j − rk) . K] (4)

where r j defines the position of the j th fibre. However,
since the fibres in leather are essentially randomly in-
terwoven (i.e., random r j ), the second term tends to
zero for large N , yielding,

I(K) =
N∑

j=1

Fj (K)F∗
j (K) (5)

Hence, the diffraction pattern from an assembly of
leather collagen fibres is simply the sum of the intensi-
ties scattered by the individual fibres, and interference
between fibres may be ignored. It follows that, to a first
approximation, the X-ray intensity will be proportional
to the number of aligned fibres, and we may define the
angular fibre distribution B(φ) as,

B(φ) ∼= I (φ′) (6)

where φ′ is the azimuth angle at the detector and is
equal to φ + 90◦ (i.e., a fibre is assumed to diffract the
X-ray beam in a plane normal to its long axis).

3. Materials and methods
A wet blue chromium tanned bovine hide was obtained
from a UK tannery. In brief, the term “wet blue” refers
to a hide that has been fully preserved and tanned us-
ing chromium salts, to leave material essentially com-
prising of a non-biodegradable cross-linked collagen
network [19]. The hide was shaved to a uniform thick-
ness of ∼1.7 mm and cut down the backbone, with one
side to be used for controls and the other for stretch-
ing. Three rectangular shaped samples (15 cm × 32 cm)
were cut from the sampling area on each side. The

Figure 3 Normalised angular X-ray intensity distributions from chromium tanned bovine leather dried under uniaxial strains of 0, 10, 20 and 30%.
The pre-strain axis corresponds to φ′ = 90◦.

strained samples were stretched along their long axis
(parallel to the backbone) by 10, 20 or 30% using an
Instron 1122 testing machine, and left to dry for 48
hours. On removal from the grips of the machine it was
found that the stretch imparted before drying had been
retained.

Seven rectangular (15 mm × 5 mm) specimens were
cut from each pre-strained sample and its respective
control. The specimens were cut from different regions
of each piece in order to give a representative view of fi-
bre distribution over the whole sample region such that
the long specimen axis coincided with the pre-strain
axis. High-angle X-ray diffraction patterns were ob-
tained on station 14.1(b) at the Daresbury Synchrotron
Radiation Source, using a wavelength of 1.488 Å and a
square beam cross-section of 0.5 mm × 0.5 mm. Spec-
imens were oriented with their largest face normal to
the incident beam and with the strain axis in the vertical
direction. Relative normalised intensities over the az-
imuth range: 0◦ ≤ φ′ ≤ 180◦ were obtained as described
previously [20] and averaged over the seven specimens
for 0, 10, 20 and 30% pre-strains respectively.

Mechanical test pieces (8 cm × 1.7 cm) were cut, in
increments of 15◦, at various angles, φ, (0–90◦) to the
pre-strain axis. These pieces were subjected to tensile
testing at a rate of 5 mm/min using the Instron 1122 ma-
chine with a 5 kN load cell and an initial jaw separation
of 5 cm. Their stress-strain relationship was determined
and initial tensile moduli were calculated.

4. Results and discussion
4.1. Fibre orientation distribution
Fig. 3 shows the angular X-ray intensity profiles for
chromium tanned bovine leather subjected to pre-
strains of 0, 10, 20 and 30%. The increasing sharpness
and height of the peaks at φ′ = 0 and 180◦ shows that
the fibres become increasingly oriented along the pre-
strain axis (φ′ = 90◦) as the material is deformed. Such
re-alignment of fibres on stretching has been observed
for other collagenous materials [13, 14, 21]. Increasing
the strain by 10% produces a remarkably consistent rel-
ative change in fibre alignment. The variation of inten-
sity with angle for the control indicates a non-uniform
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fibre orientation distribution and this is in agreement
with the work of Osaki [22], who demonstrated by
microwave methods that in undeformed leather there
is a position dependent preferred fibre run. The X-ray
data shows that the undeformed distribution follows a
Gaussian shape (as does the stretched material) and in-
dicates that the predominant fibre orientation for our
chosen sampling area on the hide is around φ = 30◦; a
value which we found to be highly reproducible for
this region of our hide, though significant variation
was found both within and between individual X-ray
specimens.

Fig. 4 shows the fibre distributions after deformation,
B, determined by X-ray diffraction and calculated us-
ing the pseudo-affine model of Equation 2. Only data
in the range 0◦ ≤ φ ≤ 90◦ are shown, since the distribu-
tions are symmetrical about their respective peaks due
to cylindrical averaging of collagen molecules about
the fibre axis. It is evident from Fig. 4c that the pseudo-
affine model can predict the distribution of fibres after
30% uniaxial deformation. At 20% and 10% pre-strains
the experimental data is seen to progressively deviate

Figure 4 Collagen fibre distributions after deformation B for leather
dried under pre-strains of: (a) 10%, (b) 20% and (c) 30%. The pre-strain
axis corresponds to φ = 90◦.

from the model, although to a good approximation the
behaviour of fibres at 20% can still be classified as
affine.

Fig. 4a shows that at 10% pre-strain the deviation of
the fibre distribution from the pseudo-affine prediction
becomes significant. Non-affine fibre behaviour has
been demonstrated in other collagenous tissues [13, 14]
and partly accounted for by the inherently composite
nature of biological materials. For example, the system-
atic deviation from affine behaviour of collagen fibres
in porcine skin has been attributed to a non-affine re-
lationship between the collagen and the ground sub-
stance [14], where “ground substance” refers to the
skin components other than fibrillar collagen. How-
ever since most of the interfibrillar material present
in raw bovine hide is removed by the tanning process
chromium tanned leather is not a true composite ma-
terial, and for the purposes of fibre modelling may be
considered to consist essentially of pure collagen. In
fact whilst tanned leather may also contain some elastin
fibres, their content in bovine hide is relatively low at
around 0.20%–0.34% [23]. Elastin is found by optical
microscopy to be almost exclusively situated in the up-
per papillary or grain layer as a network of fine fibres
and survives the leathermaking process, although its fi-
brous network is considerably disrupted [24]. Elastin
after drying is below its glass transition temperature
[25] and as such may be expected to make a minor con-
tribution towards the stiffness of the grain layer. The
grain/corium ratio for the samples tested in this work
was 1 : 2.75.

During the low-strain deformation of leather the
systematic deviation of the X-ray measurements from
affine theory is likely due to two main factors. Firstly,
while the pseudo-affine model assumes ‘free-rotation’
of all fibres, the collagen fibres in leather in fact form
an entangled network [5, 6] and there is evidence for
the formation of inter-fibre adhesion bonds during dry-
ing of wet material [26]. Furthermore, the chromium
tanned material used in our studies was not fatliquored,
a process that is known to minimise inter-fibre adhesion
during drying [10]. Secondly, it is important to remem-
ber that the high-angle diffraction pattern from leather
derives from the regular lateral separation of individual
collagen molecules. Therefore changes in orientation
on any level within the hierarchy of fibre structure will
affect the angular distribution of intensity in a leather
high-angle diffraction pattern: changes in the alignment
of molecules, fibrils and fibres will be indistinguishable.
The re-orientation of fibrils within fibres has been ob-
served in other tissues [13], and it is likely that this can
also occur within leather fibres that are either already
fully aligned or experiencing resistance to movement
due to inter-fibre adhesion.

4.2. Mechanical properties
A typical set of stress-strain relationships (for mate-
rial pre-strained by 30%) is shown in Fig. 5. Ultimate
properties vary markedly with test angle and are similar
to those discussed in [4]. Of interest here are the low
strain portions of the curves (Fig. 6) whose slope (mea-
sured as a secant between 0 and 2% strain) was used to
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Figure 5 Stress-strain curves for leather dried under 30% pre-strain.
Numbers alongside curves indicate the test direction (φ◦).

Figure 6 Shows low strain region of curves presented in Fig. 5. The test
directions (φ = 0◦–90◦) are indicated by the arrow.

Figure 7 Initial tensile modulus, Eφ , plotted against test angle, φ. The
applied pre-strain (%) is indicated by each curve.

define a tensile modulus. Fig. 7 shows the variation of
this tensile modulus (Eφ) with test angle (φ). It can be
seen that the unstretched material has Eφ∼25 MPa for
φ = 15–90◦ increasing to 40 MPa at φ = 0◦. The effect
of drying the leather under strain is seen to substan-
tially increase Eφ for φ = 0◦ and 15◦with the amount
of increase dependent on the strain applied during dry-
ing. Above 15◦, Eφ falls but remains greater than that
of the unstretched control until φ = 60◦. At the higher
angles (φ = 75◦ and φ = 90◦)Eφ values for stretched
material fall below those of the undeformed control. It
is clear that for material stretched by 30% the degree
of anisotropy developed is large (E0/E90 = 30). Our
hypothesis has been that the changes in Eφ caused by
drying under strain are due to changes in the angular
distribution of the constituent fibres and so it is instruc-
tive to compare the data presented in Figs 4 and 7. This
is done in Fig. 8 where the X-ray intensity relative to the
control is plotted against the tensile modulus relative to
the control. It would seem that the modulus distribu-
tion is not related to the fibre orientation distribution

Figure 8 Relative X-ray intensity plotted against relative tensile
modulus.

in any simple linear fashion and it appears that tensile
modulus increases ever more rapidly as more fibres are
oriented along the test axis. When the X-ray intensity is
low the implication is that not many fibres are oriented
at that angle. The modulus increases at 15 and 0◦ are
the most pronounced. The simple model put forward in
an earlier publication [15] provided an insight into de-
formation mechanisms responsible for tensile modulus
increases along the pre-strain axis. In its present form
this model cannot describe modulus changes in other
directions.

5. Conclusions
The fibre kinematics of chromium tanned bovine
leather dried under large uniaxial strain appears to be
affine. At pre-strains of 20–30% good agreement is
found between the fibre distribution estimated by X-ray
diffraction and that predicted using the geometrical
pseudo-affine model. Systematic deviation of the exper-
imental data from the model at strains of <20% may be
accounted for by a combination of fibre-fibre interac-
tions and fibril re-organisation within fibres. This work
represents the first quantitative model for collagen fi-
bre distribution in leather, and will help to better our
understanding of the microstructural basis for changes
in the tensile properties of leather.
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