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Abstract
Some elements of the study of fibrous structure are presented in this paper.
X-ray synchrotron microtomography is used to provide information about
the three-dimensional structure. In this context a segmentation method is
proposed to separate the different components of the porous material
considered (paper).

1. Introduction

Paper is a material constituted mainly of a network of cellulose
fibres whose diameter and length are about 40 µm and 2 mm,
respectively. Moreover, other components such as fillers may
be added to modify the properties of paper. The features of
the paper used are strongly related to its physical properties.
Obviously, the structure of the paper significantly influences
its physical properties. The industry needs a better knowledge
of both the structure of paper and its influence on physical
properties to address the increasing consumption of paper and
to answer the specific needs of users.

Nowadays two-dimensional tools such as SEM are used
in order to study paper structure. Unfortunately these results
can be biased due to the process of preparation of the samples:
either the fibres can be damaged during the cutting step or the
structure may be modified due to the introduction of resin. Fur-
thermore, no global information about the three-dimensional
structure is obtained. One way to overcome the limitations of
traditional two-dimensional investigations is to use x-ray syn-
chrotron radiation microtomography. This technique provides
access to three-dimensional information at a high spatial reso-
lution: a thorough description of the fibrous structure is carried
out without resin impregnation and sliced preparation.

In this paper, after a description of the imaging system, an
algorithm of segmentation, adapted to the raw data obtained
experimentally, is presented. An application illustrates the
capability of the developed method.

2. X-ray microtomography in absorption
contrast mode

2.1. Synchrotron radiation microtomography

The idea of microtomography is to build a representation of the
inner structure of a sample from radiographs [BAR 00]. In the

case of x-ray microtomography, the parameter studied is the
x-ray attenuation coefficient. We assume here that attenuation
is mainly due to absorption. This method overcomes the
limitations of traditional two-dimensional imaging tools.

X-ray synchrotron microtomography provides higher
quality data in term of signal to noise ratio and a high spatial
resolution compared with classical laboratory equipments.
This is due to the fact that synchrotron beams are tuneable
in terms of energy and size and are characterized by a high
flux of photons.

All the data used in this work were acquired on the
ID19 beamline of the European Synchrotron Radiation Facility
(ESRF).

2.2. Imaging system

Figure 1 represents the scheme of the experimental set-up.
The main parts of the microtomograph consist of an
accurate rotation stage, fine translation motors and acquisition
equipment. The sample, glued on a capillary, is set on the
rotation stage. In our experiments, the typical sizes of the
sample were 1.4 × 1.4 × paper-thickness mm3. A parallel
and monochromatic x-ray beam irradiates the sample. The
transmitted beam is converted into visible light by a scintillator.
This signal is then recorded with the FReLoN camera
developed at ESRF based on a CCD fast read-out, low noise
detector. It has a short transfer time (0.05 s) and provides
pictures that have a high signal to noise ratio [LAB 96].
This detector, combined with different optical lenses, plays
a crucial role as it defines the spatial resolution. Based on the
dimensions of the fibres, a pixel size of 0.7 µm was chosen,
leading to a field of view of 1.4 mm.

The beam transmitted through the sample is recorded for
about 1000 different angular positions over 180˚. The pictures
recorded represent the map of the linear attenuation, µ, of the
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Figure 1. Schematic view of the experimental set-up.

paper sample that is modelled by the Lambert–Beer law (1):

In(x, y) = I0 × exp

(
−

∫
path

µ(x, y, z) dz

)
, (1)

where I0, In(x, y), x, y, z and µ represent the intensity of the x-
ray beam before and after the transmission passes through the
sample, the Cartesian coordinates and the attenuation coeffi-
cient, respectively. The set of radiographs recorded represents
the Radon transform of the object. The inverse of the Radon
transform of the studied sample is the map of the x-ray absorp-
tion coefficient of the whole sample [HER 80]. Figure 2 is an
example of the visualization of data during the different steps:
recording radiographs for different angular positions (a), vali-
dation of the radiograph set with the reconstruction of one slice
(b) and reconstruction of the volume (c). The fibres, their char-
acteristics, their orientation and their crossing are visualized
as described in [SAM 01] using a phase contrast technique.

3. Data processing: methods and results

This section presents the different processing implemented
during this study. The first one is directly applied to the
radiographs used for reconstruction. The others are classical
tools related to denoising and segmentation. Some results are
presented.

3.1. Behaviour of the sample during acquisition

As paper is sensitive to humidity and temperature conditions,
its structure may evolve during the experiments. Moreover,
these environmental parameters may be different in the storage
room and in the experimental hutch. Consequently, after the
scan, two more radiographs of the sample at 0˚ and at 90˚
are recorded. By computing the cross-correlation between the
measured radiographs during and after the scan, the swelling of
the sample during the data acquisition is evaluated. The sample
is usually shrinking by a few micrometres, representing about
2–5% of the sample’s thickness.

The correlation graphs (figure 3) show that this
phenomenon is more pronounced during the first part of the
scan. This seems to correspond to the transient period of
stabilization of the paper sample in its new environment.

To overcome this problem, we estimate the strain of the
sample during the scan with a linear interpolation based on the
cross-correlations at both 0˚ and at 90˚. The reference state of

the sample is chosen at 180˚, corresponding to the last radio-
graph of the tomographic acquisition. The sample’s support
is assumed to be fixed and not to undergo any changes during
the exposition. The cross-correlation between the radiographs
is computed only in the vertical direction: no information on
the lateral motion of the sample is reliable because most of the
time the sample is larger than the field of view. In figure 4,
the comparison of the top slice of a sample of blotting pa-
per reconstructed either without or with the correction shows
the advantages, from a visual point of view, of the process-
ing: the contrast is increased, the shapes are better defined, the
fibres are less blurred. This processing is helpful for the seg-
mentation step since it is very sensitive to the quality of the
reconstructed data.

One solution to avoiding this problem may be to store
the samples in the experimental hutch two days before the
experiment.

3.2. Denoising

In our study, denoising is the second step of the data processing
part, because it helps the segmentation. It is based on a non-
linear anisotropic diffusion filter [PER 90]. The computation
of the equation of diffusion (2) on the volume leads to smooth
regions while preserving edges:

∂I (x, y, z, t)

∂t
= div(c(x, y, z, t)) · ∇I ((x, y, z, t)), (2)

where x, y and z represent the Cartesian coordinates, I

the volume data and c the conductance of the diffusion
phenomena. The chosen function, c(x, y, z, t), is a Gaussian
kernel depending on the gradient of the image. This is the
key point in decreasing the signal to noise ratio and preserving
shapes (see figures 5(a) and 5(b)). To verify the efficiency of
the algorithm, the histograms of the volume with and without
filtering are compared.

We observe that the denoising step preserves the main
characteristics of the data but sensibly modifies the volume’s
histogram of grey levels: peaks are separated as shown in
(figures 5(c) and 5(d)).

3.3. Segmentation: a seeded region growing method

The seeded region growing method is a segmentation method
based on voxel aggregation. The voxels are regrouped
according to a homogeneity criterion and also to an adjacency
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(a) (b)

(c)

Figure 2. Different steps of the acquisition and reconstruction process: (a) radiograph at 0˚ (0.840 × 1.4 mm); (b) slice after reconstruction
(1.4 mm × 1.4 mm); (c) three-dimensional visualization.
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Figure 3. Cross-correlation between the two radiographs at (a) 0˚ and (b) 90˚ during and after the scan for a blotting paper sample.

(This figure is in colour only in the electronic version)
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(a) (b)

Figure 4. Visualization of the correction effect on blotting paper (0.21 × 0.49 mm2): (a) without correction; (b) with correction.
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Figure 5. Effect of denoising on a hand sheet (hardwood) (420 × 420 µm2): (a) original slice; (b) denoised slice. (c) and (d) are the
corresponding histograms of (a) and (b).
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(a) (b)

(c)

Figure 6. Results of the segmentation process, example of a paper board sample: (a) denoised slice; (b) binarized slice;
(c) three-dimensional visualization.

one. The criterion usually takes into account the nature of
the analysed data and represents the constraints the region
must satisfy. This process creates the region progressively.
Furthermore, each starting region, called a seed, is submitted
to the evolution phase. The final result is a partition of the data
into regions R1, R2, . . . Ri .

The quality of the segmentation obtained mainly depends
on the choice of the seeds and on the way the criteria are
applied [MEH 97]. The seeds, in our case, are chosen with
a threshold, based on the histogram’s aspect (figure 5). After
the denoising step, the histogram presents at least two peaks:
the first one, centred around 0, is linked to the pores and the
second, centred around a value greater than 1.5, is linked to
the solid phase (fibres). It has been arbitrarily decided that
the region growing algorithm is to be applied to the fibres.
Consequently the seeded region must be inside the fibres. The
voxels whose values are above the second peak belong to the
fibre part. The adjacent voxels are regrouped according to a
3×3×3 neighbourhood criterion. Then the growing criterion is
applied to these regions. It was chosen according to the nature
of the data: some phase contrast can be noticed at the borders of
most of the fibres. A white fringe can be seen inside the objects

and a black one inside the pores. This variation in intensity is
used to define the homogeneity criteria, explained as follows.

Let P be a voxel adjacent to the considered region Ri , Ma

the local mean of the voxels of Ri’s border that are next to P

and Mb the local mean of the voxels both of P and of Ri’s
border next to P . If

|Ma − Mb|
Ma

� criteria-value,

then P is included in region Ri . This criterion, based on
a relative error of the mean intensity along the border of
the objects, preserves homogeneity within regions from an
intensity point of view. Criteria-value depends on the type
of objects to be segmented. The results of this segmentation
applied to this paper’s data are shown in figure 6.

3.4. Application to the separation of fibres, fillers and pores

The aim of this investigation is to characterize the micrometric
structure of paper. According to the characteristics of the
composition of the paper, the next step is to separate fibres,
fillers and pores. When studying the histograms of denoised
data of paper having fillers, three peaks can be observed, the
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(a)

(b)

Figure 7. Extracts of slices of denoised and segmented volumes of paper sample filled with fillers: (a) printing paper (504 × 504 µm2);
(b) craft paper (560 × 560 µm2).

first one corresponding to the pores, the second one to the fibres
and the third one, smaller than the other two, to the fillers.
Applying the region growing method twice with different
seeded regions and different values for the criteria, once for
segmenting fillers and fibres from pores and then to separate
fillers from fibres and pores shows that the developed algorithm
achieves its goal. The superposition of the two previous
volumes provides complete segmented volumes.

Figure 7 shows the result of applying this method on two
papers filled with different types of fillers. The printing paper
is filled with precipitates of calcium carbonate whereas the
craft paper is filled with calcium carbonate particles.

The fibres (white), fillers (grey) and pores (black) can be
observed.

4. Conclusions and perspectives

As a conclusion, x-ray synchrotron microtomography coupled
with appropriated image processing tools is a powerful method
for obtaining a thorough three-dimensional description of
fibrous samples such as paper. Despite the sensitivity to
experimental conditions, some issues like the blurring due
to the strain of the sample and the noise may be overcome.
The segmentation is successful since all the components are
separated in a very accurate way.

The next step would be to study quantitatively the different
components considering their spatial repartition and size and
to evaluate their connectivity.
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