Measure of roughness of paper using speckle
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ABSTRACT

Roughness of a paper surface is particularly important in paper and board destined to be printed. Surfaces are often
coated and the amount of coating and method of application used depends on the roughness of the base paper. We
present a method of measure of the roughness of the paper based in the analysis of speckle pattern on the surface. Images
are captured by means of a simple configuration using a laser and a camera CCD. Then, we apply digital image
processing using the co-occurrence matrix, so this method can be considered as a non-contact surface profiling method,
that can be used online.
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1. INTRODUCTION

New use for printed paper products and search for minimization of production expenses require more accurate paper
surface characterization. At the moment, the quality control of paper product is performed in the laboratory causing a
great delay in the control of the final quality of the product. Paper web runs at speed of 30 m/s and a lag in process
control results in a major loss, since the quality between distinct runs varies remarkably.

Roughness of paper surface is an important parameter in paper manufacturing. Surface roughness measurement is one of
the central measurement problems in paper industry. Surface roughness affects the major property of paper printing
resolution [1], [2]. In addition to roughness, printing quality consists also of several other factors such as formation,
printing method and porosity. At the moment, air leak methods are standardized and employed in paper industry as
roughness rating methods. Air leak rate between measured paper surface and a specified flat land is recorded by using
specialized pneumatic devices under laboratory conditions. Such a measurement closely corresponds to the roughness of
a surface, the greater the air leak the rougher the surface. The measured roughness is given in micrometers or milliliters
per second according to Parker Print-Surf (PPS) and Bendtsen methods, respectively. Air leak methods are rather easy to
apply to paper and give stable results, although they measure roughness indirectly, need laboratory conditions, and thus
unsuitable for on-line use. To measure real topography of paper surface, it is scanned with mechanical or optical
profilometers. These methods provide accurate information on surface topography, but also demand laboratory
conditions.

In our work, the image formed by speckle in the paper surface is considered as a texture, and therefore texture analysis
methods are suitable for the characterization of paper surface. The results are contrasted to air leak methods.

1.1 Paper surface roughness

Paper surface topography is rated using smoothness or roughness. These two notations are complementary, smoothness
meaning the degree to which surface is free from irregularities and inequalities and roughness meaning degree of
unevenness or irregularity over the surface. The relation between paper surface roughness and internal pore structure of
paper cannot be defined in theory. Paper surface consists of fibber grid, where the uppermost layers are not properly
connected to lower layers. Roughness is an important factor in the final printing quality in printing papers, graphical
boards, and many packaging boards [3]. The optical properties as gloss, the absorption of ink, and the amount of coating
depend remarkably on surface roughness. A rough base paper needs more coating to cover the surface variation and in
consequence is so important to know the surface roughness. Average roughness Ra is the area between the roughness
profile and its mean line, or the integral of the absolute value of the roughness profile height over the evaluation length
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Where L is the length of profile and z(x) is the height absolute value from the reference profile in point x [4], [5].
1.2 Definition of Roughness

The paper surface is characterized with three different roughness classes [5]:

* Optical roughness at length scales < 1 pm

* Micro roughness at 1 pm - 100 um

* Macro roughness at 0.1 mm- 1 mm.

Optical roughness is connected to the surface properties of individual pigment particles and pulp fibbers. Micro
roughness consists of the shapes and positions of fibbers in the paper surface. Macro roughness derives from the paper
formation. All these three roughness classes affect paper gloss, and micro and macro roughness also paper uniformity.
Macro roughness is a dominant attribute in the printing and coating properties of paper. A direct measurement of surface
roughness is difficult. Roughness is usually defined as a deviation from an ideal, flat reference plane, where all the
surface elements are in the same level [6]. The instruments for surface roughness characterization measure typically the
deviation from a flat surface or compare the inspected surface to a reference one.

1.3 Measuring paper surface roughness

Methods that describe surface roughness are categorized to air leak, optical and profilometry methods. Each of these
methods provides numerical roughness values from the measured surfaces, but the values may characterize different type
or scale of roughness. In the air leak methods, air leak between flat land and inspected surface is measured. A smoother
surface adjusts better to a probe; therefore air leak is slower between the inspected surface and the probe edges. At the
moment, paper industry applies air leak methods, since they are easy to use and provide results, which correlate well
with each other.

In optical methods the surface roughness measurement is based on the interaction between light and paper surface. One
of the optical methods uses the projection of fringes over the surface and calculates the surface roughness from the
deformation of the fringes. Another approach in optical methods is to measure light scattering, a rougher surface scatters
more light than a smoother one. Finally, laser speckle measurement which is the method we use in this work uses the
properties of speckle to measure the roughness of the surface.

1.4 Air Leak Methods

At the moment, the surface roughness is standardized to be measured with air leak methods. The air leak rate between
measured paper surface and a specified flat land is recorded using specialized pneumatic devices; see Figure 1 for
illustration of the Parker Print Surf (PPS) method. The air leak methods (Parker Print Surf, Bendtsen) have been
developed till 1970 and only small adjustments have been made since then. The methods differ in the pressure on which
the measuring land is pressed to paper, measured quantity (time, volume), softness of flat land or measured area.
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Figure 1: Parker Print Surf roughness head section. a) Seen from side b) seen from below.



1.5 Profilometers

Profilometers measure the real topography of a surface. They have significantly better spatial resolution than air-leak
devices. Profilometers are able to produce a 3D-image from the measured surface compared to a single value from the
air-leak devices. The problem is that profilometers are too slow for on-line use. The basic idea of profilometers is that
they have a stylus, which travels on a surface. Stylus is mechanical or optical. Mechanical stylus literally “sense” the
surface by moving across the surface with a very sensitive probe. The spatial resolution is restricted to the stylus size,
which is at smallest 10pum.

Optical profilometers use laser as a stylus. In autofocusing instruments, a detector measures reflected laser light focused
on the examined surface, and the light reflected from the surface is analysed by a detector, which observes deviations
from the ideal focus position, the advantages to mechanical stylus are non-contact measurement and better resolution.
The speed is still a problem with optical profilometers.

1.6 Speckle

Surface roughness measurement can be also accomplished by a speckle based instrument. A surface speckle pattern,
which is a grainy structure in the space produced by scattered light from a rough surface when illuminated by coherent
light, contains rich information about the surface fine geometrical properties, such as the surface roughness [7]. The
speckle pattern images taken by an image sensor present texture form. The surface roughness information immersed in
the speckle pattern images may be extracted by texture analysis.

Since the invention of lasers, researchers have discussed the relationships between surface roughness and speckle pattern
statistical properties as a new method for off-line as well as on-line surface measurements. Using different properties of
speckle fields and the different setup of optical systems have also developed a variety of speckle methods for surface
roughness measurements [8], [9], [10]. For instance, surface roughness measurements may be implemented by the
speckle pattern illumination methods, the speckle contrast methods, and the speckle correlation methods. Surface
roughness measurement by means of speckle pattern illumination is convenient to determine roughness in the
submicrometer range but requires a complicated optical illumination system consisting of a diffuser and a lens. The
speckle contrast methods [11], [12], [13], [14], which are based on the first-order statistics of surface speckle patterns,
can usually evaluate surface roughness values less than Ra < 0.3pm.

Speckle correlation methods [15], [16], [17], [18], which are based on second-order statistics, may work on surface
roughness Ra between 1 and 30um. However, they often need two speckle pattern images, which may be obtained by
one of the following methods: changing the incident light angle from the surface, rotating the surface to be measured,
using two laser light beams. Such correlation methods are difficult to use for the in-process surface roughness
measurement of moving objects, except for using two-laser light illumination.

Surface roughness extraction by means of texture analysis has been explored by some researchers [19], [20]. The surface
roughness characterization method using the gray level co-occurrence matrix of surface texture images, which are
captured by a vision system, has been investigated [21], [22], [23]. However, very little literature about surface
roughness characterization, directly from speckle pattern texture images using texture analysis, can be found.

In this work, we will investigate the statistical properties of speckle pattern texture on the surface of paper from the point
of view of computer texture analysis and present a simple method for characterizing a paper surface roughness from a
single laser speckle pattern image, which is taken by a simple configuration setup consisting of a laser, beam expander
and a CCD camera. The surface roughness is extracted by using the gray-level co-occurrence matrix (GLCM) of the
speckle pattern texture image and quantized by the features of the GLCM.

2. METODOLOGY
2.1. Theory and System Setup Configuration

The basic configuration of the setup for surface roughness measurements by means of speckle pattern images are shown
in Figure.2. The setup is built with a CCD camera UNIQ UM-301 with effective pixels 752 x 582 and a SmW He-Ne
laser with a wavelength of 632.8 nm, the power of which can be adjusted to avoid the digital camera signal saturation.
The camera is located in the sample normal direction. The angle between the incident laser light beam and the normal
direction is fixed to be as small as practically possible to reduce the effect of the direction of surface microstructure in



the surface roughness evaluation. In the setup, the angle is 11°. By means of the simple setup, different speckle pattern
images from paper surface roughness samples are obtained.
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Figure. 2. The basic configuration of the setup for surface roughness measurements
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Figure. 3. Speckle pattern variations against the paper surface roughness.

From left to right of the images, it is apparent that the speckle pattern contrast becomes weaker and the image signal
approaches saturation with the surface roughness Ra increasing. This implies that he speckle pattern texture properties
change with the surface roughness, and it is possible to extract the surface roughness from the speckle pattern texture
images using texture analysis.

2.2. Computation of the Speckle Pattern Texture

Information extraction from texture images can be obtained by different texture analysis methods, which are classified
into four categories: statistical methods, geometrical methods, model-based methods, and signal processing methods.
The gray-level co-occurrence matrix is based on second-order statistics, which deal with the spatial relationships of pairs
of gray values of pixels in texture images. The texture image gray-level co-occurrence matrix indicates how often pairs
of gray levels of pixels, which are separated by a certain distance d and lie along a certain direction 0, occur in a texture
image, as defined in [24].

2.3 Co-occurrence matrix

To calculate the co-occurrence matrix we consider (Figure 3) a direction and an offset. For a given direction and offset
we determine the number of times gray level is repeated, this value normalize is the value of the cell of the co-occurrence
matrix. In Figures 4 and 5 we show a test image with five gray tones and the calculation of the co-occurrence matrix for
this test image.



135°[-d, -d ] 90°[-d, 0] 45°[-d. d ]

Reference )
pixel — _I_I"'" 0°[0,d ]

Figure. 3. Co-occurrence matrix offset and its direction definition.

Tone O 1 2 3 4
4 14 (13 (00 0 Number | Number | Number | Number | Number
0 [0 [0 [0 |0 (0,0)=7 | (0,1)=0 | (0,2)=2 | (0,3)=0 | (0,4)=0
1 1o 1o [2 |2 1 Number | Number | Number | Number | Number
1,0)=2 1,1)=1 1,2)=0 1,3)=1 1,4)=0
o o 2 > (1,0) (1,1) (1,2) (1,3) (1,4)
2 Number | Number | Number | Number | Number
L3 (22 (2,00=0 | (2,1)=0 | (2,2)=3 | (2,3)=0 | (2,4)=0
) ) ) 3 Number | Number | Number | Number | Number
Flgure 4. Test mage with 5 gray tones (3’0):1 (3, 1):0 (3,2):1 (3’3):0 (3,4):0
4 Number | Number | Number | Number | Number
(4,00 | (4,1)=0 | (4.2)=0 | (4.3)=1 | (4.4)=1

Figure 5. Co-occurrence matrix for 0° and d=1, before normalization

A co-occurrence matrix is capable of texture analysis by using texture features extracted from gray-level co-occurrence
matrix GLCM (equation 2). Haralick [24], [25] suggested 14 textural features that can be used. Here, we chose four
features, contrast, correlation, energy, and homogeneity, for speckle pattern texture analysis. The contrast (equation 3)
feature measures the local variations in the gray-level co-occurrence matrix; correlation (equation 4) measures the joint
probability occurrence of the specified pixel pairs; energy (equation 5), which is also known as uniformity or the angular
second moment, provides the sum of squared elements in the GLCM; and homogeneity (equation 6) measures the
closeness of the distribution of elements in the GLCM to the GLCM diagonal.:
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3. RESULTS

We have used the setup of figure 2. To test the method of the texture analysis using the matrix of co-occurrence we have
used the energy descriptor of the matrix of co-occurrence obtained from images of speckle pattern over the surface of the
paper we have use two handmade papers with fibers of eucalyptus and pine. In figures 6 and 7 we have plotted the
energy descriptor of the matrix of co-occurrence with respect the offset for the four directions (0°, 45°, 90° and 135°),
corresponding to the pine and eucalyptus sheets. The slopes of the lines that fit the data have a mean value equal to
-0.00339 for the pine sheet and to eucalyptus sheet -0.00171. In table 1 we show the results obtained in twelve tests for
the pine and eucalyptus sheets. The mean value of the slopes in the two sheets shows a difference that corresponds to the
difference of the Bendtsen test for the two sheets.

0.81 ] v  Energyl35° 0.81 B Energy0®
0.80 4 0.80 {~"__
1 V\ . 5
0.79 AN 0.79 L=
1 \v ‘\.\kl
0.78 v 0.78 .
. .
0.77 4 0.77 .
1 Y\' slope =-0.00417 .
? 0.76 ] \,\'\ E‘; 0.76 slope=-0.00247 . .
) ) i
;5 0.75 v :-1 0.75 —_
. v
0.74 \ 0.74 -
0.73 4 \ 0.73 4
0.72 ¥\ 0.72
i v
0.71 0.71
- T - T - T - T - T - - T - T - T - T - T
0 4 8 12 16 20 0 4 8 12 16 20
0.81 - (a) Offset Pixel 0.81 - (b) Offset Pixel
] ® Energy45° =+
0.80 1% gy 0.80 }\A\\ A Energy90°
0794 ~ ® 0.79 Al
1 o Al A,
0.78 0.78 ~a_
i A
—~A
0.77 1 0.7+ A,
1 A
= A
@ 0.76 4 5 0.76 - slope=-0.00258 \
2 ] 2 T
E 075 1 e oooid g 075 o
0.74 1 slope=-0- . 0.74
0.73 0.73
0.72 0.72
. .
0.71 S 0.71
- T - T - T - T - T - - T - T - T - T - T
0 4 8 12 16 20 0 4 8 12 16 20
(c) Offset Pixel (d) Offset Pixel

Figure 6. Plots of the energy of the matrix co-occurrence with respect the offset for the four directions (0°, 45°, 90° and
135°), corresponding to the pine sheet. The slopes of the lines that fit the data have a mean value equal to -0.00339.
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Figure 7. Plots of the energy of the matrix co-occurrence with respect the offset for the four directions (0°, 45°, 90° and
135°), corresponding to the eucalyptus sheet. The slopes of the lines that fit the data have a mean value equal to -

0.00171.

Table. 1. Values of the Bendtsen parameter for the samples of eucalyptus and pine papers sheets in twelve tests with the mean value.

Smoothness Bendtsen (mL/min)
Eucalyptus Pine
1 600 1300
2 700 1100
3 600 1200
4 700 1000
5 700 1100
6 700 1000
7 700 1000
8 600 1200
9 700 1100
10 600 1100
11 700 1100
12 700 1100
Mean 667 1108




4. CONCLUSIONS

We have put forward a surface roughness measurement technique through investigating the features of the texture image
gray-level co-occurrence matrix of the surface speckle pattern. There are many texture features that can be extracted
from the gray-level co-occurrence matrix. In our research, the four commonly used features contrast, correlation, energy,
and homogeneity are studied with respect to surface roughness. We have found that the variation of the energy feature
with different offset establishes a clear difference between two papers that have very different values of the Bendtsen
parameter, which measures the roughness of the paper through air leak. The work has just begin, we need to characterize
more papers in order to probe the method and know what capabilities the system could have.
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