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SAXS has been applied to structural determination in leather. The SAXS beamline at the Australian

Synchrotron provides 6 orders of magnitude dynamic range, enabling a rich source of structural

information from scattering patterns of leather sections. SAXS patterns were recorded for q from

0.004 to 0.223 Å-1. Collagen d spacing varied across ovine leather sections from 63.8 nm in parts of

the corium up to 64.6 nm in parts of the grain. The intensity of the collagen peak at q = 0.06 Å-1

varied by 1 order of magnitude across ovine leather sections with the high-intensity region in the

corium and the low intensity in the grain. The degree of fiber orientation and the dispersion of the

orientation has been quantified in leather. It is shown how the technique provides a wealth of useful

information that may be used to characterize and compare leathers, skin, and connective tissue.
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INTRODUCTION

The value of leather depends on the physical and aesthetic
properties of the material. The leather industry is large, with
global production of about 1.7 billion squaremeters of leather per
year with a value of around $40 billion. About 65% of the world
production of leather goes into footwear, worth an estimated
$150 billion at wholesale prices. Other major uses include
upholstery (including automotive) and clothing.

The properties of leather ultimately dependon the properties of
the component fibers and their structure. Leather consists of a
network of collagen fibrils interlinked with natural and synthetic
chemical bonds. The collagens are a group of proteins that are
responsible for providing structure and desirable physical proper-
ties to a number of tissues in the body (1).

Collagen is almost always present in its characteristic hier-
archical structure (2). At its primary level, pro-collagenmolecules
are characterized by the repetitive chain sequence of (Gly-X-Y)n,
where Gly is glycine, X and Y can be any amino acid, and n is the
number of repeats, usually 100-400 (3). A collagen molecule is
composed of three of these chains, which combine in a coiled-coil
structure, due to the chain’s repetitive sequence. These mole-
cules align to form microfibrils, in a quarter-staggered array
which results in the formation of overlap and gap regions. These
regions are responsible for the characteristic banding pattern
observed in collagen fibrils with atomic force or scanning electron

microscopy. The period of this repeating sequence is known as
the d period. The microfibrils arrange in a parallel fashion and
through cross-links form collagen fibrils.

Collagen fibril arrangement can vary significantly between
different tissues. In skin, collagen fibrils tend to have a low
variation in diameter (4) and form a random web-like struc-
ture (5). It has been found that many collagens, in particular type
I, III, and VI collagens, are resistant to liming, bating, and
pickling (6). Collagen fibrils have a large inherent strength, and
the arrangements of collagen fibrils are crucial to the final
physical properties of the leather. The strength and softness of
leather are believed to be related to the internal structure of
the leather (7, 8) and aesthetic properties to the internal fiber
looseness (9).

Leather has a complex hierarchical structure with a number of
distinct layers. The grain layer found at the leather outer surface
and the corium layer found beneath have visually different
structures and impart different properties to the final leather (10).
The physical properties of those layers are strongly related to the
fiber structure of which they are made up. The organization of
these layers and the resulting physical properties are also influ-
enced by cross-linking, either natural or modified (11-14).

Differences between fiber structures have been determined
through the use of optical microscopy, scanning electron micro-
scopy (SEM) (15-19), and atomic force microscopy (AFM)
(18,20,21). Themicroscopic techniques generally give qualitative
measurement of fiber organization butmay also give quantitative
measurement of fiber dimensions and d period.
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X-ray diffraction is a powerful technique for investigating
material structures. The study by X-ray diffraction techniques
of long-range structural order, with repeat distances on the order
of 0.1-10 nm, is particularly useful for protein assemblages, such
as collagen. Such measurements require small diffraction angles,
θ, typically less than 10 degrees and are often referred to as
small angle X-ray scattering (SAXS). The scattering momentum
q (q = 4π(sin θ)/λ, where λ is the X-ray wavelength used) is
generally used rather than θ in SAXS plots, as it allows direct
comparison of SAXS measured at different incident X-ray
wavelengths. SAXS can provide information on macromolecules
either in solution or in solid materials (22, 23) and has been used
to investigate the structure of collagen (24) and collagenous
materials such as tendon (2, 25), bone (26, 27), and human
articular cartilage (28). SAXS provides a quantitative measure-
ment of both fibril orientation and the average d spacing of
collagen within the irradiated volume of sample.

Leather has previously been investigated using SAXS. Fiber
orientation was identified in leather samples under strain (29,30),
although in these studies the resolution appears to be rather
limited with collagen d period not easily observed in the diffrac-
tion patterns.

In this work, we describe how modern high-sensitivity SAXS
may be applied to the study of leather using the wealth of
information available in a two-dimensional SAXS pattern. We
describe the use of some of this information and show, using
examples, how it may be applied to characterize leather. Some of
this information can be directly related to existing industry tests,
while other information is new to the field. The use of these
techniques to infer important structural differences in different
leathers will be the subject of subsequent publications.

EXPERIMENTAL SECTION

SAXS diffraction patterns were recorded on the Australian
Synchrotron SAXS/WAXS beamline, utilizing a high-intensity
undulator source.An energy resolutionof 10-4 is obtained froma
cryo-cooled Si(111) double-crystal monochromator, and the
beam size (fwhm focused at the sample) was 250 � 80 μm with a
total photon flux of about 2 � 1012 photons s-1. All diffraction
patterns were recorded with anX-ray energy of either 8 or 11 keV
using a Pilatus 1M detector with an active area of 170� 170 mm
and a sample to detector distance of 3371mm. The exposure time
for diffraction patterns was in the range of 1-5 s, and data
processing was carried out using the SAXS15ID software (31).
Intensities displayed are all absolute detector counts (one X-ray
detected one detector count), except where stated otherwise.

Leather was prepared from pelt leather using conventional
beamhouse and tanning processes. Briefly, the pelts were depi-
lated using a caustic treatment comprising sodium sulfide and a
saturated solution of calcium hydroxide followed, after washing,
by pickling in sulfuric acid and sodium chloride to a pH of less
than 2. The pickled pelts were then pretanned using oxazolidine,
degreased with an aqueous surfactant, and then tanned using
chromium sulfate. The resulting “wet blue” was then retanned
using a mimosa vegetable extract and impregnated with lubricat-
ing oil prior to drying and mechanical softening.

Strips of leather about 1 mm thick and 30 mm long were cut at
selected positions from samples of tanned ovine and bovine
leather. The leather was mounted in the beam horizontally with-
out tension. Samplesweremounted ona support whichheld up to
36 samples and which could be manipulated remotely, which
enabled rapid profiling across a sample of leather and quick
sample changing (Figure 1).

Analyses were performed across the section of each strip of
leather starting at the region of the grain and progressing through
to the corium (Figure 2). Steps of either 0.25 or 0.05 mm were
made between analysis points. The rectangles shown on Figure 2

show the beam probe size and scan spacing, demonstrating that
the smaller step sizewas comparablewith the fwhmof the beamat
the sample.Analyseswerealsoperformednormal to the surfaceof
the leather.

Thin sections parallel to the surface of the leather were also
made by sectioning the leather strips into three layers, one con-
taining just grain, one with the middle part, and one with just
corium. These were mounted with the face of the leather toward
the X-ray beam.

RESULTS AND DISCUSSION

Diffraction Pattern. Diffraction images of leather recorded on
Pilatus detectorwith theAustralian Synchrotron provide remark-
able resolution (Figure 3). Previous synchrotron SAXS studies
failed to show the same level of detail (29, 30). However, on the
data recorded on the Pilatus detector it is possible to record across

Figure 1. Image of leather samplesmounted on sample holder with camera
entrance cone in position. Holes are 25 mm diameter.

Figure 2. Optical image of a cross section of ovine leather as seen by the
SAXS X-ray beam. The height (leather thickness) of the section shown is
2.2mmbut varies between samples. The rectangles indicate the size of the
beam used to probe the sample (shown at 0.25 mm spacing, for 0.05 mm
spacing the analysis area overlaps by 30%).
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6 orders of magnitude of intensity enabling the Bragg peaks from
the collagen d period to be easily observed (at q=0.04-0.1 Å-1)
while simultaneously measuring to low q (0.004 Å-1), where the
signal intensity is much greater (Figure 4).

From a single SAXS image taken of a leather sample, informa-
tion relating to fiber and fibril structure, collagen concentration,
and orientation can be readily obtained. The positions of the
series of prominent rings correspond to the Bragg peaks from the
collagen d period, the region at low q yields information on fiber
morphology, the intensity of the collagen rings relates to the
collagen concentration, the broadness of these rings relates to
crystallinity, and the angular distribution of the rings provides
information on fibril orientation. We will discuss some of these
parameters in turn below. All the figures shown, with the
exception of Figure 10, are for spectra recorded with the X-ray
beam parallel to the original leather surface.

Radial Integration of Scattering Pattern.Most SAXS scattering
patterns from leather samples are highly nonisotropic, meaning
that a plot of intensity (I) versus q will give significantly different

profiles depending on the azimuthal range of integration. The
I versus q profile changes when integrating over the meridional
arcs (ψ=-30 to 30�) or over the regionwithout the arcs (ψ=60
to 120�), as illustrated in Figure 4. For the former azimuthal
region the profile shows a series of peaks at q in the range
0.04-0.1 Å-1 corresponding to periodicity of molecular overlap
in the collagen fibrils. Around 15 of these arcs can be observed in
the raw diffraction pattern. Measuring the q position for the
center of any one of these peaks provides a quantitative measure
of the collagenmolecule overlap or dperiod.The sixthBragg peak
was generally used, as it was the most intense, although it was
found that any of the other intense peaks would provide the same
information.

In addition, structural information can be obtained from the
regionof low q (below0.03 Å-1). This lower angle regionprovides
informationon the larger structures, the fibers in thematerial (32).
The slope of this line when plotted on a log-log scale indicates
the nature of the boundary between the organized fibers and the
disorganizedmedium. In this case there is a clear oscillation in the
profile in both azimuthal regions;with an average envelope
slope of 4( 0.1 on the log-log plot. This means that the general
decay of intensity at lower q goes as q-4, which conforms to
Porod’s law. A Porod law slope indicates that there is a sharp
well-defined (smooth) boundary between the fibrils and their
nearest neighboring fibrils and/or surrounding air and amor-
phous material.

Structure of Collagen. Upon analysis of the position of the
collagen peaks (Figure 4), a large variation in collagen d period
can be observed through the thickness of leather samples
(Figure 5). The d period is seen to decrease in the corium
compared with the grain layer (Figure 5). Differences in d period
between different tissues has previously been observed, using
other methods, with skin having a lower d period (65 nm) than
tendon (67 nm) (5). The shorter d period is closer to that which
we observe here in leather. The differences in d period have
proposed to not be related to stretch or crimp but rather may be
due to the intrafibrillar texture in the tissues (5). It has also been
suggested that for collagen with a helical inner structure the d
spacing only appears to be shorter due to the projection of this
structure along the fibril axis (4). The d spacing has been
correlated with fibril diameter, with small diameter fibrils having
a smaller d period (4 , 5).

Reproducibility and Variability. Leather is potentially a non-
homogenous material at the scale of the SAXS analysis (80 μm�
250 μm spot). This can be used to advantage by imaging the
variation across a cross section. However, for the simple tests we
are presenting here, an assurance is needed that this variation is

Figure 3. SAXS image of ovine leather. The image extends to q =
0.223 A-1 at the bottom left-hand corner. Note that q is calculated from
the scattering angle and that the azimuthal angle ψ is measured anti-
clockwise from the horizontal.

Figure 4. SAXS profiles of an example of ovine leather using two
azimuthal angle ranges. The dashed line shows profiles integrated from
ψ = 60 to 120�, while the solid line shows ψ = -30 to 30�.

Figure 5. Variation of collagen d period through ovine leather (for three
samples).
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not so large as to make a scan of a series of points across the
sample nonrepresentative. We have therefore made several point
scans across samples and calculated the intensity and d period
across these scans (Figure 6). The variation from one series of
points to the next is small compared with the variation across the
thickness of the sample or the variation between samples, which
gives some confidence that the measurement is useful. Similarly,
the orientation parameters are similar from one scan across a
section to another on the same sample (not shown).

Concentration of Crystalline Fibrillar Collagen across the

Leather. Bymeasuring the intensity (integrated area) of a selected
collagen diffraction peak across the profile of the leather sample,
it is possible to quantify the concentration of crystalline fibrillar
collagen in the sample. First it is necessary to correct for any
variation in sample thickness and density across the area of
analysis. This can be done by normalizing with respect to the
total scattering in the low q region. The variation of intensity of
the Bragg peaks for collagen observed for a sample of ovine
leather (Figure 7) is nearly 1 order of magnitude, with the most
intense region across the corium, the region known to provide
most of the strength to leather (33).

It is well recognized that the grain layer of leather is weak
compared with the corium, with the grain having perhaps as little
as 20% of the tearing strength of corium. It has been suggested
that these differences in strength between the two strata of leather
are associated with the greater ability of the corium layer’s fiber

structure to impede propagating tears by means of tear tip
blunting and fiber pull out (33). The measure of fibrilar collagen
content could therefore be a guide to leather strength, with high
concentrations of structured fibrilar collagen corresponding with
regions of high strength (Figure 7).

It may also be possible to measure the “crystallinity” of the
collagen. This can be done by measuring the intensity of the
higher order peaks relative to lower order peaks. These higher
order peaks would be expected to decay in intensity more quickly
when the d spacing is poorly conserved. We have not yet
investigated this aspect.

Orientation of Collagen.Theorientationof collagen fibrils in the
plane normal to the irradiating X-ray beam can be obtained from
the azimuthal distribution of the diffraction arcs. The samples are
taken parallel to the backbone of the animals, and this direction
represents 0� on the plots for all samples. For standard samples
90� represents the direction from the grain to the corium. For the
thin surface parallel sections 90� is the direction at right angles to
the backbone and parallel to the surface.

A series of profiles from azimuthal subregions 5� wide around
the entire 360� range of an image can be used to generate a
composite image of arcs (vertical dark lines) that can be readily
analyzed for intensity, position, and length (Figure 8).

By selection of a small enough q range a single meridional arc
can be selected and analyzed in detail. In Figure 9 a single
meridional arc in the region q ≈ 0.06 Å-1 is compared between
example samples of bovine and ovine leather (not the same sample
as in Figure 4). The arcs from the bovine sample indicate only one
preferred direction (a peak at 0 and 180� azimuth), while the arcs
in the particular ovine sample shown indicate two preferred
directions (peaks at 0, 90, 180, and 270�). Both leather cross-
sectional samples were cut parallel to the backbone (0, 180�).

The spread of fibril orientation can be quantified by the width
of the peaks in the azimuthal angle plots (Figure 9). In the case of
the collagen peaks of bovine leather illustrated this was 72� and
for ovine illustrated 44� in the primary direction of orientation
and 35� for some fibrils at right angles. This particular bovine
sample, therefore, could be said to have a greater spread of fibril
orientation around the preferred direction than the ovine sample.
The ovine sample has a narrower distribution in the preferred
direction, but it also has some fibrils running at right angles to the
line of the backbone.

Figure 6. Example of reproducibility of d period measurement in adjacent
regions on one sample: (solid line) 5 s exposure, 0.05 mm sampling;
(dashed lines) 1 s exposure, 0.25 mm sampling.

Figure 7. Example of the intensity of the primary collagen d spacing peak
(at around 0.059-0.06 Å-1) through ovine leather, normalized for total
scattering at low q, taken at 0.05 mm steps. The grain surface is at 0 mm.

Figure 8. Gray shade plot of q versus azimuthal angle for an ovine leather.
The white arcs on the left of the image represent the gaps in the detector.
The dark vertical bands centered vertically on the azimuth angle of 0 and
180� are the collagen d spacing Bragg peaks. SAXS intensity is given by
the gray scale.
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The sections of leather cut parallel to the leather surface, each
about one-third of the thickness of the leather, also show a
collagen orientation aligned at 0 and 180� (i.e., parallel to the
backbone), as shown in Figure 10, but with a greater spread in
that plane than in the plane of a cross section (Figure 9). The
strongest orientation is observed in the corium.

The azimuthal distribution of the collagen diffraction rings can
be plotted across the thickness of the leather samples in a three-
dimensional representation to visualize the variation of orienta-
tionwith position in the leather (Figure 11). A plot of the absolute
magnitude of these diffraction peaks (Figure 11a) may be a useful
indicator of the possible contribution of the combined effect of
the amount of collagen and its orientation on the physical
properties of the leather. Or, by normalizing the data at each
position to a constant intensity, the effect of varying collagen
concentration is removed so that just the orientation data is
displayed (Figure 11b).

The orientation of the collagen within leather falls into two
regions: highly oriented in the corium and poorly oriented in the
grain. It is well-known that the corium is stronger than the grain.
Therefore, there is a correlation between orientation and strength
(as there is between the amount of collagen and strength and
between d spacing and strength). It may therefore be useful to

investigate this correlation to determine if a greater degree of
orientation in collagen is a contributing factor for higher strength.
Thismethodmay provide amore reliable quantitativemeasure of
fiber orientation than the existing industry methods which use
optical microscopy to measure individual fiber orientation in
samples of leather and therefore have poorer sampling statistics
than the SAXSmethod. These examples given are illustrative only
and demonstrate the orientation information that may readily be
obtained.

Usefulness of the Technique. Leather is a structured material
with clearly measurable differences between the corium and the
grain. The corium contains, relative to the grain, a greater con-
centration of collagen which is more highly oriented and has a
shorter d spacing. The corium is known to be stronger than the
grain (although less elastic), and these measured differences are
likely to contribute to the differences in mechanical properties.

We have shown that this technique provides quantitative
information on the leather structure. The three parameters we
have measured, d spacing, collagen orientation, and amount of
collagen, all correlate with strength in the samples we have
analyzed (33). They are therefore confounded and it is not

Figure 9. Examples of azimuthal angle plots of bovine leather at∼0.6 Å-1

(dashed line) and ovine leather at ∼0.6 Å-1 (solid line), with arbitrary
intensity scale and offset. Note that the narrow dips on the sides of some
peaks are artifacts caused by gaps in the detector.

Figure 10. Azimuthal angle plots of ovine leather at the collagen d spacing
peak around 0.059-0.06 Å-1 for SAXS taken of sections parallel to an
ovine leather surface: (solid line) grain; (long dash) middle; (short dash)
corium. The X-ray beam was normal to the original leather surface.

Figure 11. Azimuthal angle through ovine leather at the collagen d spacing
peak around 0.059-0.06 Å-1: (a) absolute intensity; (b) intensity normal-
ized to an equal sum at each sample position, therefore showing only relative
orientation.
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possible to say with any certainty what each of their individual
contributions are to the strength of leather. We are now conduct-
ing a detailed SAXS-based comparison of leathers with different
physical properties to quantitatively evaluate the relationship
between the SAXS-derived parameters and the mechanical prop-
erties.

In combination with traditional and emerging testing methods
such as light microscopy, scanning electron microscopy, and
atomic force microscopy, SAXS provides complementary infor-
mation that will be increasingly important in the characterization
of leather, with the prospect of allowing us insight into how such
characteristics could be improved in this complex composite
material. Synchrotron SAXS allows these studies to be done
quickly, for a wide range of samples and with an unparalleled
degree of spatial precision.
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