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The dimensional stability of fibre webs depends mainly on fibre anisotropy and its orientation on the surfaces of the web. These parameters are influ-
enced during the manufacturing process, where the length and type of the fibres is determinant. Web quality control, in general, is performed based on
the measurement of these parameters in the bulk of the fibre webs. This paper presents an optical laser diffraction method to measure the fibre aniso-
tropy and the fibre orientation distribution only at the paper surfaces. This system has been used successfully with a set of well-characterized paper
sheets. The results show a high correlation and accurate precision when compared with the results obtained by other techniques. This method has also
been used successfully in non-woven fabrics.

La stabilité dimensionnelle de la feuille dépend surtout de l’anisotropie des fibres et de leur orientation superficielle. Ces paramètres sont influencés
pendant la fabrication, lorsque la longueur et le type de fibres sont déterminants. On effectue en général le contrôle de la qualité de la feuille en se
basant sur la mesure de ces paramètres dans l’épaisseur de la feuille. La présente communication présente une méthode de diffraction par laser
optique permettant de mesurer l’anisotropie des fibres et leur orientation à la surface du papier seulement. Le système développé a été utilisé avec
succès avec un ensemble bien caractérisé de feuilles de papier. Les résultats indiquent une corrélation élevée et une précision exacte lorsqu’on les
compare avec ceux obtenus à l’aide d’autres techniques. Cette méthode a aussi été utilisée avec succès avec des tissus non tissés.
INTRODUCTION
Due to the importance of fibre orienta-

tion distribution in fibre webs [1–3], different
methods are in use to measure the degree and
direction of the orientation of the fibres [3–10].
These methods can be grouped into two distinct
categories: direct techniques, which rely on di-
rect observations of the geometry of the fibres
in the network, and indirect techniques based
on the observation of correlated optical,
mechanical or textural properties.

Concerning the first category, an optical
method [5,9,11], based on manual marking and
counting of coloured fibres placed in the fibre
JOURNAL OF PULP AND PAPER SCIENCE:

P.T. Fiadeiro, M.J.T. Pereira and
M.E.P. Jesus

Remote Sensing Unit
Dept. Physics, Optical Center
Univ. Beira Interior
6201-001 Covilhã, Portugal
(fiadeiro@mercury.ubi.pt)

J.J. Silvy
Textile and Paper Materials Unit
Dept. Paper Sci. Technol.
Univ. Beira Interior
6201-001 Covilhã, Portugal
web during the manufacturing process, uses an
optical microscope and an observer to register
the orientation and the length of the coloured
fibres. For each sample, the observer has to re-
cord data for at least 2000 fibres distributed in
the sample (2.5 x 0.15 m). The recorded data
are then processed to obtain the fibre orienta-
tion distribution, from the density of orientation
weight in length. The observer records the ori-
entation and length, and then calculates the
density of orientation based on the fibre
lengths. The degree of orientation and the di-
rection of the fibres in the bulk can be deter-
mined by the equivalent pore model [11,12]
that expresses the fibre orientation anisotropy
through the ellipticity ratio of the distribution.
The methods using optical microscopy are sub-
jective due to problems of reproducibility by
different observers; nevertheless, they are con-
sidered to be reference methods. Another
method to measure the fibre orientation and
anisotropy uses digital image analysis, instead
of an observer, to avoid subjectivity in the re-
sult [6]. However, this method introduces some
other artefacts related to the image analysis
process. Both methods measure only the orien-
VOL. 28 NO. 10 OCTOBER 2002
tation of fibres at the paper’s surface.
The second category includes the

LIPPKE method [7,13,14], that uses a near-in-
frared laser beam to illuminate, by normal inci-
dence, the surfaces of the fibre web. The
radiation propagates through the web thickness
and the fibres behave like a light guide network.
At the fibre intersection points, the radiation is
divided and the result is a particular pattern of
light centred on the incidence point of the
beam. The shape of this pattern can be consid-
ered elliptical, with the major axis aligned with
the main orientation of the fibres (machine di-
rection (MD)) in the analyzed area. An infrared
detector, centred with the transmitted beam on
the other surface, analyzes the light dispersed
by the fibre web. By moving the web through
the beam, one can measure the anisotropy and
the fibre orientation at different points. An im-
portant limitation of this method is the thick-
ness of the fibre web. The method does not
work for thin webs (almost transparent), or for
thick webs (almost opaque).

Finally, an ultrasonic method, which is
faster than the other methods, measures tensile
stiffness orientation and elastic properties [15].
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(a) (b)

ig. 2. Scanning electron micrography of (a) the bottom surface replica of a common paper
heet and (b) the corresponding paper surface. Magnification X60, 20 kV, scale 500 �m.

(b)(a)

ig. 1. Scanning electron micrography of (a) the top surface replica of a common paper sheet
nd (b) the corresponding paper surface. Magnification X60, 20 kV, scale 500 �m.
The method is based on the propagation of ul-
trasonic signals through the fibre web. The
emission and detection of the transmitted sig-
nals are achieved using multiple sensors, which
are arranged in a circle (eight pairs of emitters
and receivers), to record the elapsed time be-
tween emission and detection. Knowing the
distance between them, one can calculate the
propagation speed of the ultrasonic signals in
different directions, which is related to the spe-
cific elastic modulus of the sample. In this way,
the directions of maximum and minimum elas-
tic stiffness in the sheet can be identified. This
property is called tensile stiffness index (TSI).
The angle difference between the maximum
elasticity and the MD is the tensile stiffness ori-
entation angle (TSO). Usually, the TSO value
is assumed by the paper industry to be equal to
the angle of fibre orientation. This is true only if
the web structure is free of any internal tension
or elongation. For machine-made papers, the fi-
bre web structure is not free of internal tension
and elongation [16,17] and the TSO value is
equal to the fibre orientation plus tension and
elongation. Another parameter derived from
this ultrasonic analysis is the TSI ratio (related
to fibre anisotropy), which is the ratio of the
TSI along the MD and cross-direction (CD).

This paper proposes and describes a new
optical method based on laser diffraction analy-
sis to measure the anisotropy and the fibre ori-
entation distribution in surface replicas of the
fibre web. For this reason, it can be included in
the second category. The results obtained from
a set of reference paper sheet samples are pre-
sented, and compared with published results
[6,10] that have been obtained using the meth-
ods described above.

PRINCIPLE OF THE
PROPOSED METHOD

The proposed method is based on the
analysis of laser diffraction patterns produced
by transparent replicas of the fibre web sur-
faces. Using a plane-parallel beam of laser light
to illuminate a transparent surface replica, one
can create a Fraunhofer diffraction pattern by
focussing the light diffracted by the surface rep-
lica using a lens. The diffraction pattern ob-
tained, which is the two-dimensional Fourier
transformation of the paper replica, is an ellipti-
cal shape with a specific ellipticity ratio, a/b,
and orientation, where a and b are the major and
the minor axes of the ellipse. The major axis al-
ways appears rotated 90� with respect to the
main orientation of the fibres.

The density of orientation of straight fi-
bre segments in a fibre web can be expressed by
the radius of curvature of an equivalent contour
involved by fibres in the texture plane. This
concept is called the equivalent pore model,
where an elliptical contour fits the structure fea-
ture [11,12]. Thus, only two parameters are suf-
ficient to represent the fibre distribution: the
ellipticity ratio of the elliptical contour (fibre
anisotropy), and the direction of its major axis
(fibre orientation angle).
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EPLICA PRODUCTION
ROCEDURE

High-quality surface replicas of fibre
ebs can be obtained using a 0.25 mm thick
olystyrene plastic film (ref. 12-4763-00, Plas-
ic Films Co., Schiller Park, IL, USA). The
egative replica of the surface can be registered
y pressing the film against the web surface us-
ng pressure in the range 300–350 kPa at 115ºC
or 20 min. One can simultaneously produce
eplicas of both surfaces using these conditions.
he quality of the replicas is evaluated and con-
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rolled by microscopic observations (optical
icroscopy or scanning electron microscopy)

o guarantee 5.0–10 �m depth penetration, de-
ending on fibre thickness. Figures 1 and 2
how the two surface replicas of a common
rinting paper sheet (a), and the corresponding
aper surface (b) observed by scanning elec-
ron miscroscopy. The image of the replica is a
irror image of the paper surface, and it is very

ifficult to distinguish the paper surface from
he replica, although the replica corresponds to
he negative print of the surface.
PER SCIENCE: VOL. 28 NO. 10 OCTOBER 2002
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Fig. 3. Optical apparatus for diffraction analysis.
EXPERIMENTAL OPTICAL
APPARATUS

To capture the Fraunhofer diffraction
patterns created by surface replicas for later
computer processing, an experimental optical
apparatus has been developed and implemented
in the laboratory, as shown schematically in
Fig. 3. It uses a He–Ne laser beam (� = 632.8
nm), a spatial filter SP and a collimating lens L1
to produce a plane-parallel beam of light to illu-
minate the replica web surface Q, where the y
direction corresponds to the MD of the paper
sample. All of the light passing through and de-
viated by the replica is collected by a large aper-
ture Fourier lens L2. This lens creates a
Fraunhofer diffraction pattern at the focal point
where a solid-state sensor, charge-coupled de-
vice (CCD), is placed for digital image acquisi-
tion. The solid-state sensor is connected to a
frame grabber that is installed in a digital com-
puter. Thus, it is possible to record the diffrac-
tion pattern intensity distributions as digital
images with 512 x 512 pixels and 256 grey lev-
els (8 bits per pixel).

Figure 4 shows typical images of the dif-
fraction pattern intensity distributions obtained
using the described apparatus. In particular,
Figs. 4(a) and (b) show the top-side and
bottom-side patterns for an anisotropic paper
JOURNAL OF PULP AND PAPER SCIENCE: V

Fig. 4 . Typical diffraction intensity distributio

Fig. 5. Results of the diffraction analysis. Ani
sample, and Fig. 4(c) shows a pattern for a
quasi-isotropic paper sheet sample. The corre-
sponding MDs and CDs are shown in the fig-
ures.

The apparatus was constructed to per-
form a controlled scan of the replicated web
surface using an XY positioning table. The
scanned area goes up to 200.0 x 200.0 mm and
the scan steps can be adjusted to between 40 �m
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ns. Anisotropic paper: (a) top side and (b) botto

sotropic paper surface: (a) top side and (b) botto
nd 20.0 mm for a sequential XY scan. Random
cans are also possible within a predetermined
rea of scan. The diameter of the collimated
aser beam can be adjusted to between 4.0 and
0.0 mm.

During the scanning process, the com-
uter saves all the data acquired from the CCD
etector at each predetermined position. Sev-
ral algorithms, specifically implemented to
343

m side. (c) Quasi-isotropic paper.

m side. (c) Quasi-isotropic paper surface.



evaluate anisotropy and fibre orientation, may
then be applied to the recorded data to complete
the analysis.

In general, the basic algorithm applied to
analyze each diffraction pattern intensity distri-
bution finds the best equi-intensity contour to
compute the ellipticity ratio and the direction of
its major axis with respect to the MD in a few
seconds. The first iteration gives a set of possi-
ble contours, which are automatically refined to
give a minimum root mean square error of the
difference between the contours, and the angle
difference between the major and minor axis of
the contour that is nearest to 90º.

Using the diffraction pattern images
shown in Fig. 4, the results obtained with the
described algorithm are shown in Fig. 5. The
344

Fig. 6. Map of a sequential XY scan. Sampled
area – 78 x 78 mm; beam size – 6 mm; mean
angle – 0.73°;mean ratio a/b – 1.29;beam step
– 6 mm; standard angle – 7.44°; standard ratio
a/b – 0.072.

COMPILATION OF ALL THE AN

Paper
Identification

Colorimetric
[10]

(Bulk)

LIPPKE
[10]

(Bulk)

15
16
18
19
20

1.71
1.41
1.97
1.42
1.13

1.82
1.47
2.14
1.80
1.23

ANISOTROPY (ELLIPTICITY
DIFFRAC

Paper
Identification

Fibre 
Elliptici

Top side Bot

15
16
18
19
20

1.66 ± 0.07
1.41 ± 0.07
1.74 ± 0.09
1.60 ± 0.11
1.29 ± 0.07

1.5
1.5
1.7
1.5
1.3
best contour found was superimposed on the
pattern for display purposes. For the
anisotropic paper sample, the computed ellip-
ticity ratio (anisotropy) has a value of 1.55 at
0.0º (top side), while the bottom side reveals an
anisotropy of 1.85 at �0.4º. It is clear from these
results that there are differences in anisotropy
on both sides of the same paper sample. Con-
cerning fibre orientation, one can conclude, as
mentioned, that the fibres are aligned more with
respect to the major axis of the computed el-
lipse. Fibre orientation is measured as the mis-
alignment of the major axis of the ellipse with
respect to the MD. For the quasi-isotropic paper
sample surface (only one side shown), the com-
puted ellipticity ratio has a value of 1.04. The
value of the calculated angle for the orientation,
49.0º, is not a relevant parameter to be consid-
ered in this particular case.

Figure 6 shows the map of a complete
scan of a paper surface replica over an area of
78.0 x 78.0 mm. The map displays a segment
for each scanned point, where its length is pro-
portional to the anisotropy and its direction de-
termines the local fibre orientation. The header
of the map states the scan conditions and the
global computed results. All of the results pre-
sented have been obtained using the laser beam
diameter set to 6.0 mm and the scan steps set to
6.0 mm. Thirty minutes are required to produce
such map.

EXPERIMENTAL RESULTS
A set of paper samples has been tested

with the described experimental optical appara-
tus to measure the anisotropy and the fibre ori-
entation distribution on both surfaces. With
these results, it was possible to establish a com-
parison with the corresponding results obtained
by other authors using different methods, i.e.
colorimetric, LIPPKE and TSI, but with the
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TABLE II
ISOTROPY MEASUREMENT RESULTS FOR THE

Method

Image Analysis [6]

Top Bottom Avg. To

1.69
1.50
1.80
1.59
1.30

1.66
1.62
1.76
1.56
1.33

1.68
1.56
1.78
1.58
1.32

1.6
1.4
1.7
1.6
1.2

TABLE I
 RATIO) AND FIBRE ORIENTATION ANGLE MEA
TION ANALYSIS FOR THE PAPERS 15, 16, 18–2

Anisotropy
ty Ratio (a/b)

tom side Average Top side

7 ± 0.07
3 ± 0.09
0 ± 0.07
4 ± 0.08
5 ± 0.09

1.62 ± 0.07
1.47 ± 0.08
1.72 ± 0.08
1.57 ± 0.09
1.32 ± 0.08

0.77 ± 1.92
�0.73 ± 2.95
�1.31 ± 1.94
0.50 ± 2.69
0.73 ± 7.44
ame papers [6,10].
The set of paper sheet samples used in-

ludes papers sheets referenced 15, 16, 18–20,
hich are pilot-plant papers manufactured, at a

ate of 80 m/min, by the École Francaise de
apeterie et des Industries Graphiques de
renoble (EFPG). These paper samples are
00% kraft bleached softwood pulp, beaten to
30 CSF (30ºSR). Samples were sent to various
aboratories [6,10] for their measurements of
nisotropy and misalignment angle.

Replicas of both surfaces of these refer-
nce samples have been produced using the de-
cribed procedure. The replicas cover a total
rea of 100.0 x 100.0 mm. The experimental
pparatus has been set for sequential XY scan-
ing over the predefined area. The laser beam
iameter and scan steps were set to 6.0 mm. For
ach surface replica (two per paper sheet sam-
le), four scans were carried out to evaluate the
verage ellipticity ratio and the corresponding
rientation angle for each scanned point. The
otal average ellipticity ratio and the orientation
ngle for the entire sample was also computed.
he results obtained are summarized in Table I.

Anisotropy measurements (Table II) en-
ble a correlation to be made between them and
esults from the laser diffraction method.

With the results obtained, for both sides
f the paper, one can establish a comparison be-
ween the values of the ellipticity ratios ob-
ained by diffraction analysis and by image
nalysis, as shown in Fig. 7. The correlation
actor is above 95% for both sides.

Most of the results obtained by other au-
hors correspond to a bulk analysis, although
or different samples from the same set of
apers. To compare them with the results of dif-
raction analysis, the average value of the mea-
ured anisotropy for both surfaces has been
omputed to represent the anisotropy of the
PER SCIENCE: VOL. 28 NO. 10 OCTOBER 2002

 PAPERS 15, 16, 18–20 OF EFPG

Laser Diffraction TSI
[10]

(Bulk)p Bottom Avg.

6
1
4
0
9

1.57
1.53
1.70
1.54
1.35

1.62
1.47
1.72
1.57
1.32

3.69
2.39
4.53
2.81
1.72

SUREMENTS OBTAINED BY
0 OF EFPG

Fibre Orientation Angle, Degrees
(with respect to MD)

Bottom side Average

�1.01 ± 1.83
�1.46 ± 3.25
0.13 ± 1.52
6.07 ± 4.31

�1.83 ± 6.40

�0.24 ± 1.88
�1.10 ± 3.10
�1.18 ± 1.74
�5.57 ± 3.59
1.10 ± 6.94



Fig. 7. Correlation graphs between equivalent anisotropy measure-
ments made by image analysis and diffraction analysis for all refer-
ence papers. (a) Top side, (b) bottom side.
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Fig. 8. Correlation graphs between the representative anisotropy
mean and the corresponding anisotropy measurements for all refer-
ence papers made by (a) colorimetric analysis, (b) LIPPKE analysis,
and (c) TSI analysis.
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whole paper sample. Figure 8 shows the corre-
lation graphs and the correlation factors for the
representative average and the corresponding
anisotropy measurements for paper samples
obtained by the colorimetric, LIPPKE and TSI
methods. The correlation factors are high for
these comparisons also. For the colorimetric,
LIPPKE and TSI methods, all the correlation
factors are above 90%.

CONCLUSIONS
One can conclude that replicas give an

accurate representation of fibre web surfaces as
shown in Figs. 1 and 2. Replicas from both sur-
faces of the web can be produced simulta-
neously.

Laser diffraction analysis of transparent
replicas enables the measurement of anisotropy
and fibre orientation angle at the surfaces of fi-
bre webs. The diffraction patterns obtained
with the proposed method reveal an elliptical
shape, in which the ratio between the length of
major and minor axis corresponds to fibre ani-
sotropy, and the angle between the ellipse’s ma-
jor axis and the MD axis corresponds to fibre
orientation angle.

The results for fibre anisotropy and fibre
orientation angle are presented in the form of a
map. From this map, one can observe and iden-
tify local variations in anisotropy and fibre ori-
entation. The proposed method is reproducible
and accurate and very sensitive to changes in
JOURNAL OF PULP AND PAPER SCIENCE: V
fibre anisotropy and orientation in a web,
making it a good tool for investigating fibre
structures such as paper.

Very good correlation factors (above
95%) for both surfaces have been found be-
tween these results and the results obtained by
the image analysis method. For the other meth-
ods, one can compare only the average values
since their results correspond to bulk measure-
ments on the web. Nevertheless, knowing that
the paper is the same, but the samples are not
the same, there is a good correlation factor
(above 90%) between them. Concerning the
TSI method, the correlation factor obtained is
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ood but the dispersion of the results is greater
ompared with other methods. Moreover, the
SI method always gives anisotropy values
bove the average [16]. In fact, TSI measure-
ents are influenced by fibre tension and fibre

longation that exists in the web structure dur-
ng the manufacturing process.
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