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A Study of Oriented Mottle in Halftone Prints

Anna Andersson, Klara Eklund

Coated solid bleached board belongs to the top-segment of paperboards. One important property of
paperboard is the printability. In this diploma work a specific print defect, oriented mottle, has been
studied in association with Iggesund Paperboard. The objectives of the work were to develop a method
for analysis of the dark and light areas of oriented mottle, to analyse these areas, and to clarify the effect
from the print, coating 
and paperboard surface related factors. This would clarify the origin of oriented mottle 
and predict oriented mottle on unprinted paperboard. The objectives were fulfilled by analysing the
areas between the dark halftone dots, the amount of coating and the ink penetration, the micro roughness
and the topography. The analysis of the areas between the dark halftone dots was performed on several
samples and the results were compared regarding different properties. The other methods were only
applied on a limited selection of samples. The results from the study showed that the intensity
differences between the dark halftone dots were enhanced in the dark areas, the coating amount was
lower in the dark areas and the ink did not penetrate into the paperboard. The other results showed that
areas with high transmission corresponded to dark areas, smoother micro roughness, lower coating
amount and high topography. A combination of the information from these properties might be used to
predict oriented mottle. The oriented mottle is probably an optical phenomenon in half tone prints, and
originates from variations in the coating and other paperboard properties.
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Summary 
Coated solid bleached board belongs to the top-segment of paperboards. One important 
property of paperboard is the printability. In this diploma work a specific print defect, 
oriented mottle, has been studied in association with Iggesund Paperboard. The objectives 
of the work were to develop a method for analysis of the dark and light areas of oriented 
mottle, to analyse these areas, and to clarify the effect from the print, coating  
and paperboard surface related factors. This would clarify the origin of oriented mottle  
and predict oriented mottle on unprinted paperboard. The objectives were fulfilled by 
analysing the areas between the dark halftone dots, the amount of coating and the ink 
penetration, the micro roughness and the topography. The analysis of the areas between the 
dark halftone dots was performed on several samples and the results were compared 
regarding different properties. The other methods were only applied on a limited selection 
of samples. The results from the study showed that the intensity differences between the 
dark halftone dots were enhanced in the dark areas, the coating amount was lower in the 
dark areas and the ink did not penetrate into the paperboard. The other results showed that 
areas with high transmission corresponded to dark areas, smoother micro roughness, lower 
coating amount and high topography. A combination of the information from these 
properties might be used to predict oriented mottle. The oriented mottle is probably an 
optical phenomenon in half tone prints, and originates from variations in the coating and 
other paperboard properties. 
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1 Introduction 
The work has been performed in association with Iggesund Paperboard, to study a special defect 
on printed paperboard; oriented mottle. Iggesund Paperboard manufactures paperboard for use in 
the packaging and graphics sectors, and is a member of the Holmen group.   
 
The purpose with the study was to clarify the process that makes the oriented mottle show up in 
halftone printing unlike in full tone print or on unprinted paperboard.   Initially the aims were: 
 

• To investigate if the oriented mottle only was due to an optical phenomenon, what cause 
the phenomenon and in which part of the paperboard it takes place.  

• To describe the significant properties of the paperboard and the halftone print, regarding 
oriented mottle.  

 
During the study the aims were revised and the final objectives were; 
 

• To clarify how some specific factors affect the tendency for oriented mottle and by means 
of this find a way to predict oriented mottle on unprinted paperboard. 

• To clarify if the oriented mottle is due to an optical phenomenon or other factors partially 
by developing a method for analysing the light and dark areas in oriented mottle.  

 
Establishing the origin of oriented mottle is a complex issue with several approaches. Oriented 
mottle was studied in this thesis using image processing combined with laboratory methods from 
the company. Image processing was performed on high-resolution images of printed and 
unprinted samples. Comparisons were made among samples with different properties such as; 
different web positions, grammage, coating amount and coating recipes. The study included 
analysis of topography, ink penetration, coating variation, micro roughness and visually 
assessment. The investigations showed dark streaks between but not inside the dark halftone dots. 
These intensity differences caused the dark areas in oriented mottle, and most certainly the 
differences were caused by an optical phenomenon induced by the offset printing process and the 
paperboard structure. 
 

1.1 Background 
Coated Solid Bleached Board (SBB) belongs to the top-segment of paperboards that among other 
things are used for graphical products and luxurious packaging. This type of products expects 
very high demands on the paperboard regarding print quality and converting properties for 
instance. The high demands from costumers increase as the years go by and due to this the 
paperboard properties and functionalities continuously have to be improved. To discover possible 
defects continuous quality controls on all batches of the produced board. 
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One important property of the paperboard is its printability. The surface must be printed without 
defects, and the visual appearance must be of high-quality. In offset printing of coated 
paperboard mottle may occur on the print surface. The mottle may have a streaky appearance 
where the streaks are oriented in the same direction as the fibres in the paperboard (i.e. the 
machine direction). The streaks consist of areas that visually are experienced as light and dark 
respectively. The streakiness is normally experienced in halftone print, and has not been observed 
in full tone print or on unprinted board. In this diploma work we will call the defect: oriented 
mottle.  The degree of oriented mottle seems to be different between different paperboard 
qualities, and also between different grammages. The higher the grammage, the larger is the 
tendency for oriented mottle to appear. An image of paperboard showing oriented mottle is 
shown in Figure 1. 
 

 
Figure 1. A sample showing oriented mottle. 

 
There are several theories about the origin of the oriented mottle. Three of the theories are that 
oriented mottle originates from: 
 

• The paperboard structure 
• The printing process 
• An optical phenomenon 

 
The cause of oriented mottle is probably a combination of these factors. During the last years 
some observations have been made in this area. These observations indicate that there is almost 
no noticeable difference when comparing the intensity in halftone dots of light and dark areas. On 
the other hand the intensity in the areas between the dark halftone dots differs. Another 
observation indicates that the surface is smoother on areas with lower amount of coating. It has 
also been observed that samples from the centre of the paperboard web have less tendency to 
oriented mottle than the edges. These observations need to be further developed and studied. 

Machine direction 
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1.2 Purpose and objectives 
The objectives in this master thesis were:  
 

1. To develop a method for analysis of light and dark areas in oriented mottle. 
 

2. To clarify how the following factors affect the tendency for oriented mottle: 
• Print related factors (ink absorption and size of half tone dots) 
• Coating related factors (coat weight, coating recipe and coating technology) 
• Paperboard surface related factors (micro roughness, topography) 

 
3. To predict oriented mottle on unprinted paperboard. 

 
4. To clarify if the origin of oriented mottle can be explained by an optical phenomenon or if 

it is due to the printing or baseboard related factors, or a combination between those. 
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2 Literature review 
The literature review contains information that was relevant for this study. The following subject 
areas are presented: 
 

• Paperboard manufacturing 
• Coating of paperboard 
• Colour 
• Paper optics 
• Offset printing 
• Mottle in general 
• Principal Component Analysis 
• Digital image processing 

 

2.1 Paperboard manufacturing 
Paper is a material with a structure consisting of fibres. It is normally a flat and slightly 
stretchable material and it is easy to fold. Stiff paper or paper with high grammage is called 
paperboard (Fellers & Norman, 1998) Paperboard is a multi-layer material with numerous ranges 
of applications. This section is designated to give the reader a survey of general paperboard 
manufacturing. 

2.1.1 Paperboard applications 
Paperboard is often built up of several layers to achieve a good composition and to provide better 
stiffness in flexing (Fellers & Norman, 1998). Paperboard is the raw material for manufacturing 
packages, capsules (i.e. packaging boards) (Fellers & Norman, 1998). Paperboard is also used for 
applications in the graphical industry (Lehtinen, 2000). The paperboard can be coated to obtain 
better properties for use in the graphical industry. The coating provides characteristics desired in 
the printing process (Olsson, 1994). 
 
Solid Bleached Board (SBB), also referred to as Bleached Sulphate Board, consists of one to 
three layers and is coated on one or both sides. The end-use purposes are the graphical industry 
and packages for cosmetics, cigarettes and chocolate. Folding box board (FBB) consists of three 
layers and is always coated on the top-side and occasionally also on the backside. FBB is 
packaging board with excellent strength and stiffness. The end-use purposes are graphical 
industry, wallpaper and for packaging of food, cigarettes, cosmetic and candy. White lined 
chipboard (WLC) consist of four layers and is coated on the one side. The end-use is for 
packaging of non-food.  SBB, FBB and WLC are subgroups of box boards which are coated 
multi-layer board grades that mainly are used for packaging (Lehtinen 2000; Kartong på 
Iggesunds vis, 2004). 
 



- A Study of Oriented Mottle in Halftone Prints - 
 Anna Andersson & Klara Eklund  

 
 
 

 5

2.1.2 The paperboard machine 
Paperboard manufacturing is a carefully controlled process involving many steps that usually are 
performed in one single machine, see Figure 2. Paperboard is manufactured from stock, which 
consists of water, cellulose fibres and chemical additives. In the beginning of the paperboard 
machine, the wet end, the stock is sprayed out onto the wire with a uniform distribution. The 
stock is sprayed out in several steps where each stock layer is evenly sprayed out onto the 
previous layer. The water content of the stock is about 99.7 percent in the wet end (Borg, 1989). 
When the stock is sprayed onto the wire, most of the fibres are oriented in the direction of the 
transportation, the machine direction. This is called the forming process and it is the process 
where the bindings of the fibres take place. The layers of the paperboard are also bound during 
the forming (Fellers & Norman, 1998). The wire transports the evolving paperboard web until the 
bindings are strong enough to hold on its own (Borg, 1989).  
 

Gradual forming Drying section

Calandering

Coating section

CalanderingTop coating Reverse side 
coating

Pre coating

Machine finishing

Stock injection
Press section

 
Figure 2. The paperboard machine. 

 
The following part of the paperboard machine is intended to drain water from the stock by drying 
it in a number of ways. Firstly the water is drained through the wire and secondly pressed against 
felted cloths in press roll nips, in the press section. The dry solids content is about 30-35 percent 
after the press section (Fellers & Norman, 1998). The following part, the drying section, consists 
of a number of steam heated cylinder rolls that gradually removes the damp from the web. After 
the drying section the dry solids content is 90-95 percent. The final properties of the paperboard 
are determined in the drying section to a large extent. This depends on the mechanical and 
thermal treatment of the drying section (Fellers & Norman, 1998).   
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The drying section is followed by several surface improving steps where the paperboard is 
smoothed, coated and glossed. The coating process provides the paperboard surface with a 
coating mixture to achieve better properties. The coating process is further developed in chapter 
2.2 Coating of paperboard. 
 
The paperboard that is going to be coated is referred to as the baseboard. To achieve a coating 
with as high quality as possible it is important to have a high quality baseboard. A well 
performed coating cannot hide a badly manufactured baseboard. The forming and drying 
processes are especially important for the features of the baseboard (Fellers & Norman, 1998).  
 
The baseboard shrinks during the drying process, more across than along the direction of the 
machine. This is caused by the fibres shrinking more crosswise and the fact that most of the 
fibres are oriented along the direction of the machine. The paperboard web most often shrinks 
more in the edges than in the middle, which leads to an uneven property profile. This is caused by 
the edges drying quite freely while the area in the middle is fixed rather firmly (Viitaharju & 
Niskanen, 1993). A higher degree of shrinking leads to a higher degree of roughness; this has 
been verified by Lindem (1991) among others. A higher degree of shrinking in the edges leads to 
an uneven profile of the surface roughness across the paperboard web.  
 
The coating process provides the paperboard with a smooth surface, but there still remain some 
surface roughness from the base board, macro roughness. The coating also induces fine surface 
roughness due to the coating pigments, micro roughness. The two types of roughness are 
schematically drawn in Figure 3. The micro roughness is unevenness with wavelengths up to 10 
um, but there is no clear distinction between the micro and macro roughness (Jacobsson, 2002). 
The peaks in the macro surface roughness are called ridges.  
 

Micro roughness Macro roughness

Ridge
 

Figure 3. Schematic drawing of the micro and macro roughness and the ridges on the paperboard. 
 
The micro roughness can be affected by the printing process. The printing process can cover up 
the micro roughness with a thick ink layer, however new roughness can be induced during the ink 
film splitting (Jacobsson, 2002), see chapter 2.5 Printing technique.  
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2.2 Coating of paperboard 
The coating of paperboard is an important factor in paperboard manufacturing. Coating 
substantially improves the surface quality of the paperboard (Olsson, 1994). Information about the 
coating process, the constituents of the coating and some of the purposes of coating paperboard is 
presented in this section. 

2.2.1 The purpose of coating 
The surface of the paperboard becomes smoother regarding the macro roughness since the coating 
fills up cavities in the paperboard. The coverage of the coating is of great importance. A poor 
coverage does not cover the base paper properly and the highest fibres might be visible trough the 
coating layer (Lehtinen, 2000). Other improved surface properties induced by the coating are 
according to (Olsson, 1994); 
 

• Ink absorption decrease 
• Gloss increase  
• Opacity, lightness and surface strength increase 

 
The absorption and the smoothness are provided to give the paperboard better conditions in the 
printing process (Olsson, 1994). The ink is more evenly absorbed by a smooth surface and the 
print mottle decrease (Lehtinen, 2000). The coating provides the surface with high porosity which 
contributes to even ink absorption and this provides the print with high contrast and less ink 
bleeding (Lehtinen, 2000). The absorption is important in offset printing; however different 
requirements are made by different printing processes (Olsson, 1994). The gloss of the paperboard 
is intended to also increase the print gloss. The light scattering and light absorption of the coating 
constituents affects the opacity and lightness in the coating layer. When there is a great difference 
between the refractive index of two media, the light scatters more in the interface between them 
(Feller & Norman, 1998), see chapter 2.4 Paper optics. 
 
Unfortunately some properties deteriorate after coating. For example the mechanical strength and 
the stiffness decrease. The degree of improvement or deterioration after coating is depending on 
the amount and constituents of the coating. It is also very important to have a baseboard that is 
well manufactured. The coating cannot eliminate blemishes made earlier in the papermaking 
process. The mistakes that have been made before, for example during the sheet forming, will 
rather be highlighted in the coating operation (Lehtinen, 2000). 
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2.2.2 The process of coating 
During the coating process a thick coating mixture, coating colour, is applied onto the 
paperboard surface. One common way to apply the coating is to use blade technology. Figure 4 
shows a schematic drawing of a blade coating unit. The coating colour is transferred to 
the paperboard by a transfer roll, and the superfluous of coating is removed with a blade to obtain 
the desired coat weight. The coating layer is then dried in air borne dryers and IR dryers  
(Olsson, 1994). 

 

uncoated
base board

coating colour

coated paperboard

transfer roll

blade

rubber coated
back roll

uncoated
base board

coating colour

coated paperboard

transfer roll

blade

rubber coated
back roll

 
Figure 4. A schematic drawing of a blade coating unit. 

 
The characteristic of the coating layer depends among other things on the way the coating is 
applied and on the constituents of the coating colour. Within blade coating different blade 
techniques are available. Depending on the blade technique a coating layer can be applied as a 
contoured layer or as a surface levelled layer, see the illustration in Figure 5.  
 

 
Figure 5. Baseboard with one layer of coating; contoured layer (left) and surface levelled layer (right). 

 
The purpose of the contoured layer is to achieve an even layer that follows the contour of the 
paperboard and therefore gives a more even fibre coverage. To achieve this type of layer, bent 
blade is normally used. The purpose of the surface levelled layer is to achieve a flattening layer 
that fills up the unevenness of the board and gives a smoother surface. To achieve this type of 
layer, stiff blade is normally used. As a comparison, stiff blade can be compared with using a putty 
knife, while the bent blade resembles of a trowel (Olsson, 1994; Lehtinen, 2000). In the stiff blade 
process a steel blade is used and in the bent blade process a steel blade or ceramic blade can be 
used. Soft-tip blade is another concept that gives a contoured layer and also the same surface 
smoothness properties as with a conventional coating blade. The blade type techniques can affect 
the gloss, surface roughness and brightness of the coating layer (Carlsson et al., 2003).  
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The different ways of applying the coating contribute to different paperboard properties. When 
coating paperboard there is always a need for compromise: either the paperboard achieves an even 
surface or an even amount of coating (Feller & Norman, 1998) 
 
Paperboard is usually coated two or three times on one side. The different coating layers provide 
different properties to the paperboard. The first layer, the pre-coating, is meant to improve the 
opacity of the board and make it smooth by filling the small pores of the base board surface. The 
final layer, the top-coating, is meant to give the final smoothness and provide the paperboard 
surface with better absorption properties and gloss. When there is a need for paperboard that has a 
very high quality in surface smoothness and visual appearance a third layer of coating can be 
applied before the top coating. Today there is an increasing demand of paperboard that is also 
coated on the backside (Lehtinen, 2000). 

2.2.3 Coating colour constituents 
The constituents of the coating colour are, except for the water: 
 

• Pigments (80-95%) 
• Binders  
• Additive chemicals (1-2%) 
 

The pigment is significant to give the brightness of the coating layer. Some important properties 
of the pigment are the particles shape and size. The pore size of the coating layer is also important.  
The shape of the particles and the pore size is important regarding gloss properties. Particles 
shaped like flakes presents a lot better gloss properties than particles shaped like blocks. A 
schematic drawing of particles shaped as flakes and block respectively are shown in Figure 6.  
 
 

 
Figure 6. Schematic drawing of particles shaped as flakes and blocks. 

 
A coating layer with high porosity contributes to an even ink absorption. The pigments pore size 
lies between 0.05 µm and 10 µm (Lehtinen, 2000). By studying the coating structure, roughness 
and optical properties, Elton and Preston (2006) showed that the refractive index of a given 
pigment correlates well with the pore size. Their technique is a non contact method that uses 
polarized light reflectometry to derive the origins off gloss. 
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The particle size is important and also the Particle Size Distribution (PSD). Small particles 
contribute to good opacity and gloss but increase the need of binders which in turn leads to poor 
opacity. The PSD affects the packing of the coating colour; if the PSD is narrow the packing 
loosens or decreases depending on the size and shape of the particles. A decreased packing gives 
better coating coverage and better ink absorption in the coating layer (Lehtinen, 2000).  
 
A common way to express the particle size of a pigment is by the percentage of particles smaller 
than 2 µm. A pigment can have fine, normal or coarse particle size in which this percentage is; 
over 90%, around 80% and less than 70%, respectively. A curve of the particle size distribution of 
a kaolin pigment is shown in Figure 7. In this particular pigment the percentage of particles 
smaller than 2 µm is 80%. The PSD can be seen by the shape of the graph, when the curve drops 
steeply the PSD is narrow (Lehtinen, 2000). 

 
Figure 7. The particle size distribution of a kaolin pigment (Lehtinen, 2000). 

 
The most commonly used pigments are calcium carbonate (CaCO3) and clay. Clay has particles 
shaped like flakes and therefore it has better gloss properties than CaCO3 which has particles 
shaped as blocks. On the other hand CaCO3 has better properties than clay regarding brightness 
and it needs a smaller amount of binders, it is also considerably cheaper. Most often a 
combination of these two and other pigments, such as Aluminium hydroxide (Al(OH) 3), talcum, 
plaster and plastic pigments, are used in the coating colour (Olsson, 1994). 
 
The purpose of the binders is to bind the pigment particles to each other and to the paperboard 
surface. The engendered bindings have to be strong so that the coating layer can handle the great 
forces it is subjected to by the printing procedure. The binders should be evenly distributed in the 
coating of the paperboard to get an even ink absorption. There are two types of binders; binders 
that are soluble in water and latexes. The different types of binders have properties that differ 
mainly regarding the process of coating (Olsson, 1994). Besides from pigment and binders there 
are other chemicals in the coating mixture with different purposes. For instance, some are added in 
order to increase the brightness of the paperboard or to harden and lubricate the coating layer 
(Lehtinen, 2000). 



- A Study of Oriented Mottle in Halftone Prints - 
 Anna Andersson & Klara Eklund  

 
 
 

 11

2.3 Colour 
Colour is the brains interpretation of visual stimuli, consisting of reflected wavelengths of light. 
Light consists of photons of different wavelengths. The wavelengths that can be perceived by the 
human eye are called the visual spectrum and are in the interval 400 to 700 nm (Field, 1999; 
Hunt, 1995). Sunlight is a mixture of all the colours of the visual spectrum, which can be seen in 
the rainbow. Each of the colours in the visual spectrum corresponds to a specific band of 
wavelengths, see Figure 8. 
  

400 500 600 700

Wavelength (nm)

 Visual spectra

 
Figure 8. The visual spectrum spans wavelengths from purple to red. 

 

2.3.1 Colour vision 
The human eye consists of two different types of photoreceptors, cones and rods which are 
located on the retina. The rods are more numerous than the cones but they cannot distinguish 
colour tones. Instead they are especially developed for handling night vision (Field, 1999). The 
colour sensitivity of the eye is given by the cones, these are of three kinds that give response to 
long (L), medium (M) and short (S) wavelengths respectively. Figure 9 shows the responses of 
the three types of cones which are broad but peak at 560 nm (L), 530 nm (M) and 450 nm (S) 
(Field, 1999). The total colour sensitivity of the eye peaks at the green parts of the visual 
spectrum which can also be seen in Figure 9.  
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Figure 9. Three types of cones respond to different wavelengths (left), the total response of the cones (right). 



- A Study of Oriented Mottle in Halftone Prints - 
 Anna Andersson & Klara Eklund  

 
 
 

 12

When an object is illuminated, some wavelengths are reflected and some are absorbed by the 
object (Hunt, 1995). A tomato has the property of absorbing colours of the greenish and bluish 
light but reflecting reddish light. Hence the wavelengths perceived by the human eye are reddish 
and the tomato’s colour is interpreted by the brain as red, see Figure 10. 
 

 
Figure 10. The reflected and perceived light from a tomato are in the red wavelength bands. 

 

2.3.2 Colour reproduction 
When reproducing colours there are two kinds of approaches used, either additive or subtractive 
colour mixing. Additive methods are used for computer screens, projectors and television while 
subtractive methods are mostly used in printing. The most common in both of these approaches is 
to use three colour components to give rise to several other colours. These three colours are the 
primary colours and these can be mixed into secondary colours (Hunt, 1995). 
 
The main components in additive colour reproduction are lights. Most commonly used are lights 
that are perceived as red, green and blue (Johansson et al., 1998). These three colours correspond 
to some extent to the three types of colour receptors in the human eye. When adding blue, green 
and red light all together approximately the whole visual spectra is represented and the resulted 
light is perceived as white (Johansson et al., 1998). When adding two of the colours the result is 
cyan, magenta or yellow, see Figure 11. 
 

 
Figure 11. Additive colour principle uses red, green and blue as primary colours. 
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Additive colours are used in the RGB-system. An image described in the RGB colour space 
consists of three separations corresponding to the red, green and blue segments of the visible 
spectrum respectively. The RGB-image is constructed by placing three black and white images in 
three layers. Depending on which layer the images are placed in, they constitute unique colours in 
an assembled image, the RGB-image, see Figure 12. By combining the images it is possible to 
reproduce a colour image. 
 

 
Figure 12. Construction of a RGB-image.  

 
Subtractive colour mixing is the opposite of the additive colour mixing. In additive colour mixing 
light from the red, green and blue segments can be mixed to achieve new colours. In subtractive 
colour mixing an external light source of white light is used and undesired wavelengths are 
filtered from the light spectrum. The most commonly used filter colours are cyan, magenta and 
yellow (Johansson et al., 1998). The purpose of these colours is to have the opposite properties of 
red, green and blue. When subtractively mixing cyan and magenta the resulting colour is blue, 
and in the same manner red and green can be achieved, see Figure 13.  
 

 
Figure 13. Subtractive colour principle uses cyan, magenta and yellow as primary colours. 

 
Unprinted paper has the colour of the paper itself that depends on the paper quality. Full tone 
prints in all inks blocks almost all light and consequently give rise to black. In reality the filter 
colours, used in printing, are not quite accurate and therefore the resulting colour is lighter than 
black. To obtain real black in printing a fourth filter colour, black, most often is used. The black 
filter colour is also used for printing darker colours for better printing precision and economical 
reasons (Johansson et al., 1998). 
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2.4 Paper optics 
Optical properties as reflection, lightness, whiteness, opacity and colour have a large importance 
in paperboard manufacturing. For printed paperboard these optical properties are particularly 
important. Both the pulp and paperboard process influence the optical properties (Pauler 2002). 
 
When the beams of light strike a white pigment layer, such as the coating layer on top of a 
paperboard, some of the light is reflected and the rest penetrates the surface. Inside the surface 
layer, reflection and refraction take place. Some of the light is absorbed and some leaves the 
paperboard as diffuse light or as transmitted light (Lehtinen, 2000). When light from the whole 
visible spectrum (white light) illuminates a surface and all the light is reflected the human eye 
interprets a surface as white. The surface is perceived as black if all the light is absorbed into the 
material and no light reflect from the surface (Pauler, 2002). 

2.4.1 Photons and electromagnetic radiation 
Light can physically be described as small energy particles, photons, or electromagnetic waves. 
Both uses a speed of 300 000 km/s to move and propagate. The photon concept clarifies how 
colour arises and how the whiteness in the paper increases with the Fluorescent Whitening Agent 
(FWA), see Figure 14. Colours arise when lights interact with electron structure, the photons or 
the light particles can be compared with balls that bounce from a surface. The FWA makes the 
photons active and the results are that energy is emitted as blue light; this is referred to as 
fluorescence (Pauler, 2002).  
 

              
 

Figure 14. The schematic drawings illustrate light as photons; reflection (left) and fluorescence (right).    
 
The electrical and magnetic oscillations build electromagnetic waves. Frequency is the speed that 
the waves oscillate per second and the length of a wave is called wavelength. The frequency and 
wavelength are inversely proportional to each other because the rate of propagation is constant. In 
our surroundings there are radiations from X-ray with short-wave and high-frequency to radio 
waves with long-waves and low-frequency. The wavelengths that we perceive as visible light are 
in the interval 400 nm to 700 nm, see chapter 2.3 Colour. In ultraviolet radiation (UV) the 
wavelengths are shorter than 400 nm. The UV-radiation is invisible but is important to the optical 
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property of the paperboard and pulp. If the paperboard contains FWA, the UV-radiation makes 
the paper fluorescent in the blue part of the spectrum and this visually gives a more blue-white 
impression. The UV-radiation further causes that the product tends to get yellow because of the 
photo-oxidation of the lignin in the pulp. Infrared radiation (IR) includes the wavelengths above 
800 nm, and it can cause colour changes in paper and pulp (Pauler 2002). 

2.4.2 Refractive index and optical phenomena 
The relationship between the velocity in a material and in vacuum is called refractive index. The 
refractive index determines how the light changes direction, refracts, when it penetrates into a 
material and how great part of the light is reflected. The basic optical property refractive index is 
illustrated in Figure 15 (Pauler, 2002).   
 

Light energy trans-
formed into heat

Transmitted 

Light Reflected 

 
Figure 15. Schematic drawing to illustrate refractive index. 

 
A number of different optical phenomena occur when light strikes a paper such as reflection, 
refraction, absorption and diffraction, see illustration in Figure 16. The light that directly reflects 
from the surface when a light beam has hit a paperboard is termed specular reflection. Diffuse 
reflection is light that leaves the surface after several refractions and diffractions (Lehtinen, 
2000). Inside the surface layer the reflection and refraction are caused by transition between 
different materials. In paper there are materials as; fibres, pigments, binder and pores. They all 
have different refraction indexes (Norberg, 2006). Continuously new reflections and refractions 
are generated when light hits different kinds of material. This leads to that some of the light 
reaches the top of the paper surface where it is reflected, as diffuse reflection, in all possible 
angles. All the reflections and refractions that take place in the paper structure are called multiple 
reflection or refraction. During the reflections and refractions some of the light is absorbed and 
transformed into heat and the remaining goes out as transmitted light (Pauler, 2002).    
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Transmission

Incident light
Specular reflection

Diffuse reflection

Absorption

 
Figure 16. A schematic drawing of how light reaches the material, enters, reflects, refracts, absorbs and 

transmits.   
 
The diffraction is caused when light meets pores or particles which are in the same size or smaller 
than the wavelength of the light (Pauler, 2002). Light scattering is a concept for reflection, 
refraction and diffraction, which represents all the light scattering properties of paper. The light 
may enter the paper in one direction end exit with a different direction and a different place 
(Norberg, 2006). If some photons enter a substrate in non-inked areas in a halftone print the light 
is scattered in the paper; some light is absorbed by the ink and some goes through the paper. The 
amount of light that goes through the substrate is less than the light that went in to the paper. This 
phenomenon is referred to as optical dot gain; a darkening may appear around the halftone dot. 
The phenomenon can also appear when a photon enters in an inked area and passes out in the 
non-inked area (Gooran, 2001), see Figure 17.   
 

 
Figure 17. Some possible paths for a photon in a halftone print that can generate in optical dot gain. 

 
The paperboard surface is not perfectly smooth depending on the surface roughness; the result is 
that the surface reflection gets blurred. In a rough surface the reflection spreads over a large space 
angle and the surface appears to be more matt. Gloss is a directed reflection that is generated by 
calendering, coating or varnishing of paperboard. It is important because it gives the paperboard a 
distinct colour reproduction and lustre (Pauler, 2002). If the surface was perfectly smooth the 
light would only be reflected in the specular direction Norberg (2006) referring to Béland. 
 
The amount of light that transmits through a surface is a measure of opacity. When the opacity is 
0 % all the light is transmitted. The principle for measuring the opacity is based on a comparison 
of the reflection of an opaque stack of samples, and a sample over a black background, see 
Figure 18. With increasing absorption and scattering of light the opacity increases. Parameters 
that are of high importance are basis weight, degree of calendering, components in coating and 
pulp such as pigment type (Lehtinen 2000). 
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Opaque stack
of samples

A single sample over
a black background

 
Figure 18. Principle for measuring opacity. 

 

2.4.3 Fluorescent Whitening Agents 
To increase the whiteness impression of paper products Fluorescent Whitening Agents (FWA) 
are used as affecting agents. FWA is an organic chemical that transforms absorbed ultraviolet 
radiation to visible light, blue fluorescence. The fluorescence appears at wavelengths of 440 to 
500 nm, see Figure 19. The measurements are made by two cut-off-filters. The UV-radiation 
below 395 nm is removed by one of the filters which give a residual fluorescence. The other filter 
gives a very low fluorescence; it removes all radiation below 420 nm (Pauler, 2002).  
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Figure 19. Spectral reflectance with FWA 

 

2.4.4 Kubelka-munk theory 
There are several theories about what happens when light hits a sheet of paper, the most common 
is the Kubelka-Munk theory. In most circumstances this theory works relatively well for 
understanding the influence of different materials and processes on the optical property. For dyed 
papers or very dark and unbleached papers, when the light absorption reaches a high level, the 
theory is not very good (Pauler, 2002). Parameters that are important in the equation are light 
scattering and light absorption (Gooran, 2007). Parameters as scattering particle size, refractive 
index or absorption coefficient is not considered in the equation (Borch, 2001). The distribution 
of the absorbing and scattering media must be uniformly spread through the sheet. The theory 
works best on materials where more than 50 percent of the light is reflected and less than 20 
percent is transmitted (Gooran, 2007). The theory cannot be applied when FWA have been used 
(Pauler, 2002). Paperboard with a coating layer generates a complex calculation because the 
coating seldom has the same scattering and absorption coefficients as the underlying base board. 
For these calculations the principal of light interaction is a two-layer structure (Borch, 2001). 
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2.4.5 Coating 
In a coated paperboard the light scattering and light absorption in the base paper and in the 
coating should be as equivalent as possible. If there is a large difference the visual appearance 
will be irregular on account of the uneven coating layer. To correct the differences a tint can be 
used to adjust the coating colour or the base paper (Lehtinen, 2000). The coating makes the 
opacity increase through higher light scattering and or through higher light absorption. The 
pigment and the amount of binder are the most important of the components that affects the 
optical properties. Often the same pigment is used as filler and in the coating the only differences 
being particle size. In coating smaller particle size is used. The light scattering in the coating 
layer is determined by the interference to the air (Pauler, 2002). 
 
 

2.5 Printing technique 
To reproduce a photographic image only a few inks are used. The image is divided into halftone 
dots to be able to represent the continual halftones. By using different inks and dot sizes an 
illusion of toned areas is created. The technique uses the fact that the eye cannot perceive the 
small dot structures and this is used in most printing processes (Gooran, 2004). A definition of 
printing process is a process that mechanically transfers an image from a permanent medium to a 
substrate. Conventional printing can be described in four main categories; typographic printing, 
intaglio printing, planographic printing and stencil printing. There are three forms of printing 
presses; platen press, cylinder press and rotary press (Gustavsson, 1997). 

2.5.1 Halftoning 
A transformation from an original continual tone digital image to a binary image, a bitmap 
consisting of 1’s and 0’s, is called Halftoning or Screening.  In the binary image a pixel with the 
value 1 means that a black dot should be printed or shown and the value 0 means that nothing 
should be printed or shown. To represent different areas in the original image a common way is 
to use a halftone cell (or halftone screen). Depending on the variation in the grey tone, in the 
original image, different amount of the cell will be filled. Each halftone cell consists of a number 
of smaller dots, microdots. From an 8x8 halftone cell it is possibly to represent 65 (82+1) grey 
tones. In Figure 20 two 8x8 halftone cells are illustrated. The halftone cell to the left represents  
a grey tone of 4/64 and the halftone cell to the right 44/64. The number of halftone cells per  
inch is called line screen ruling (or screen frequency) and is referred to as lpi, lines per inch 
(Gooran, 2004).  
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Halftone dots

Micro dots  
Figure 20. Illustration of two 8x8 halftone cells; 4/64 grey tones (left) and 44/64 grey tones (right). 

 
Two main types of methods are used for halftoning; Amplitude Modulated, AM, and Frequency 
Modulated, FM. In the AM method the size of the halftone dots varies while their frequency is 
constant; the halftone dots get bigger when the tone becomes darker. In the FM method however, 
the halftone dots are constant but the frequency varies; the microdots are evenly distributed in the 
halftone cell. In Figure 21 an illustration of AM and FM halftoning structure is shown. The 
structures in each column represent the same grey tone. Hybrid halftoning is a combination that 
uses both AM and FM. The main idea is to use FM in details, in highlights and shadows, and AM 
in the homogeneous areas in the image (Gooran, 2004). 
 
 

 
Figure 21. Illustration of two halftoning structures, AM (row above) and FM (middle row), (Gary, 1999).  

Each column represents the same grey tones which are shown in the row below. 
 
To reproduce a colour image using halftoning the primary inks cyan, magenta yellow and black 
are halftoned in separate colour channels. The colour mixing is a mixture of additive and 
subtractive colour mixing. When the dots from two or more inks are printed next to each other, 
the colour mixing that arises in the eye is additive. When dots from two or more inks are printed 
on top of each other subtractive colour mixing arises (Andersson & Klaman, 2003).  
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The positions of the printing plates are of great importance in multicolour print. If the positions 
differ defects can appear such as unwanted patterns or unwanted halftone inks. To reduce the 
defects different angles can be used for the different inks. The dominating ink, black, is halftoned 
in 45 degrees since the eye is least sensitive to variations in this angle (Gooran, 2004). 
 
Normally the printed dots appear bigger than they are in the bitmap. This is due to many different 
factors such as the printing process and the light scattering in the paper or substrate. When the 
size of the dots is affected by the mechanical processes of printing it is referred to as physical dot 
gain. Optical dot gain is the term used when the dot size is affected by the diffusion of the light. 
The optical dot gain is also referred to as the Yule-Nilsen effect (Gooran, 2004). The dot gains 
that are measurable and visible for the eye are the total dot gain which is the sum of the two 
components. The total dot gain is a print parameter that influences the printed image (Andersson 
& Klaman, 2003).  

2.5.2 Offset printing 
Offset is an indirect printing method; the ink does not transfer to the substrate directly from the 
printing plate. The principle for an offset printing unit is that an intermediate stage is used where 
the ink is transferred to a rubber sheeting and then pressed against the substrate. The print sheet is 
compressible; this makes it possible to print uneven surfaces without using extremely high 
printing pressure. Offset printing is used for typographic printing and planographic printing. It  
is most common in planographic printing, as lithographic offset printing (Gustavsson, 1997),  
see Figure 22. 
 
  

Water rollers Ink rollers

Plate cylinder

Offset cylinder

Impression cylinder

Paper

Water

 
Figure 22. Schematic drawing of an offset lithography printing process 
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In lithographic offset printing the printing plate influences the surface properties. The printing 
plate is made of thin aluminium with a covering that can consist of different materials. The 
common quality of all offset plates is that the printing area is hydrophobic (water-repellent) and 
the non printing areas are hydrophilic (water absorbent). Before the plate is inked the hydrophilic 
parts of the plate are moistened by the water rollers. When the plate passes the ink rollers the ink 
binds only to the non moistened areas (Gustavsson, 1997).  
 
The advantages with offset printing are that it is a low-cost printing form, no printing pressure 
distribution problems and that there are low demands on the surface smoothness. The 
disadvantages with offset printing are the complicated ink plate, the large amount of waste  
paper and the water problems. The water problems that are related to offset print is that the ink 
roller brings up water from the print plate and that some damp absorbs into the paper 
(Gustavsson, 1997).  
 
In a multicolour printing it is most common that several printing units are used after each other in 
the same printing press. Another way is that the substrate runs through the same printing press 
several times; using different ink and print plates each time. In a multicolour print several 
problems can arise; ink might smear in the following printing unit and the desired positions for 
the plates can shift (registration). Multicolour printing units are arranged in three ways; in-line, 
stack and satellite (Gustavsson, 1997), see Figure 23. 
 

In-line Stack Satellit  
Figure 23. Schematic drawing of multicolour print units.  

 
The printing ink consists simplified of three components; colorant, vehicle and solvent. The 
colorant is a pigment often an insoluble print powder, organist or inorganic. The purpose of the 
vehicle is to bind the pigment to the surface; oil is part of the vehicle. The purpose of the solvent 
is to liquefy the printing ink; it vanishes when the print dries. The printing ink is produced with 
different properties depending on the printing method and the drying-method (Gustavsson, 1997).  
 
To avoid smearing of the halftone dots it is important that the ink has high viscosity and that the 
ink film on the substrate is thin. The offset press contains a number of cylinders between the ink 
container and the printing plate. The numerous cylinders make it possible to achieve a thin ink 
film with the high viscosity ink. The ink film is divided between each of the cylinder pairs; this is 
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referred to as ink film splitting. The ink film splitting between the paper and the plate induces 
wavelike unevenness in the ink film. The wave structure levels out to some extent before the oil 
has been absorbed by the substrate. When the oil is absorbed quickly, the unevenness remains 
and this affects the gloss unfavourably (Jacobsson, 2002). 
 

2.6 Mottle in general 
There are several parameters that can cause defects in print quality. Defects that can be 
experienced are for example colour shift, bad sharpness, bad contrast and mottle (Johansson, 
2006). The term mottle is used when there is a variation in print density (Johansson, 1993). One 
of the most important factors that influence an unevenly printed image, mottle, is the uneven 
coating weight distribution (Lehtinen, 2000). In offset printing variations in print density occurs 
when the ink is irregularly absorbed into the substrate (Lehtinen, 2000).  
 
At the moment mottle is a big issue for both the printing and the paper industry. It is difficult to 
describe why and how mottle appears. There are numerous sources that can cause mottle; some 
of these will be described later in the section. The appearance of mottle has huge visual 
variations. Mottle can be described as stochastic with large variations with cloud-like pattern, see 
Figure 24, or with small variations, that can generate graininess. Mottle can also be described as 
systematic, like stripes and other ordered patterns. Mottle appears most obvious on homogeneous 
parts of an image. On an image that is rich on details mottle rarely appear and on text areas 
mottle is not visible (Johansson, 1993). 
 

         
Figure 24. Result of two different amount of mottle in offset print (STFI-Packforsk AB, 2006). 

 
One of the reasons that mottle appears depends on the coating and surface of the substrate. A lot 
of other factors can also be significant like composition of the process inks, unequal power from 
the cylinder in the offset press, and irregular water balance. A combination of these parameters is 
probably the reason that mottling appears (Johansson, 1993). 
 
The properties that might affect oriented mottle are absorption of ink components, optical  
effects and intensity differences in areas between the dark halftone dots. The specific properties 
connected with oriented mottle were not found in the literature regarding other general  
mottle types. 
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2.6.1 Categories of mottling  
Several parameters are related to the inks ability to interact with the substrate, for instance 
absorption, penetration and drying quality. Parameters that are related to the substrate are 
variation in the density, surface smoothness, fibre content, fines, filler content and surface pH. 
One common reason to why this defect appears is uneven fibre distribution in the substrate. This 
is because the substrate of the formation also includes the fines and additives. Bad spreading also 
has a negative effect on the opacity in the substrate and the light scattering coefficients 
(Johansson, 1993). 
 
Depending on the formation and structure of the substrate different kinds of mottle can appear. 
On coated paperboard and in offset printing the most common categories of mottle are: 
Backtrap Mottle, Water Interference Mottle and Gloss Mottle (Lehtinen, 2000; Armel, 1999). 
Other variations of mottle are Wet Ink Trap Mottle, Density Mottle, and Dry Trap Mottle  
(Armel, 1999). 
 
Backtrap Mottle appears when the substrate unevenly absorbs the solvent of the printed ink. 
When applying more process inks, when the printing units are arranged as an in-line printing 
press, the printed ink layer depends on the state of the previous ink layer. If an ink layer is 
applied incorrectly the following layer is going to be transferred to the substrate in an irregular 
way through the offset cylinders. (Lehtinen, 2000). 
 
Water Interference Mottle appears when the substrate inadequately absorbs fountain water from 
the first printing units. This leads to print ink being rejected in the later printing units. In most 
cases this phenomenon appears when the printing units are arranged as a satellite printing press 
(Lehtinen, 2000). 
 
Gloss Mottle appears when there is an uneven formation and variations in the coating weight of 
the substrate. Unevenness in gloss and in the surface on the unprinted substrate can generate 
mottle. Mottle that appears in one process ink can even before print be seen on the unprinted 
substrate, because the substrate shows a variation in brightness and gloss (Lehtinen, 2000). 

2.6.2 Method for classification of mottle 
STFI-Packforsk has developed an image analysis method for classification of mottle. The method 
was developed with help from perception studies and the method correlates well with the human 
visual system. The method gives a result that can be compared with other samples (Lindberg & 
Teleman, 2005). 
 
A scanner is used for collection of data for the method. The method is based on the Fourier 
transform; the standard deviation of reflectance is calculated and divided by the square root of the 
mean value of the reflectance to calculate a figure that defines mottle. The variation of the 
reflectance is analysed with spectral analysis. The wavelengths are divided into some intervals 
between 0.25-16 mm. This gives a profile of the composition of the mottle of the substrate 
(Johansson, 2006), see Figure 25. 
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Figure 25. Patterns of mottle at different wavelength bands (Johansson, 1993). 

 
From visual assessments of samples the largest difference between an irregular print and a 
regular print is detected within the wavelength range 1-8 mm. This is slightly dissimilar from the 
wavelengths that are detected with the method. The standard deviation is calculated for an 
irregular and a regular print and the two values are compared. The largest differences found with 
the method are in the wavelength bands 2-4 and 4-8 mm. The best correlation between the visual 
assessment and the result from the method is the variation within the wavelength band 2-8 mm 
(Johansson, 1993), see Figure 26. 
 

 
 

Figure 26. The correlation between the method and the visual assessment in different wavelength bands 
(Johansson, 1993). 
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2.7 Digital image processing 
Within image processing there are a lot of operations available to extract desired information from 
different types of images. In this study digital image processing has been applied to change or 
enhance specific parts of an image. In this section some of the image processing operations used 
in this study are presented. A method for concentrating an image to less image layers is also 
described in this section. The software that has been used in this work is MATLAB a high-level 
technical computing language that principally uses algorithm development, data visualisation, data 
analysis and numeric computation. The following description of thresholding and contrast 
stretching is taken from (Gonzalez & Woods, 2002). 

2.7.1 Thresholding 
A grey-level image with a light object on a dark background includes two groups of grey levels. 
In image segmentation one of the intentions is to be able to sort out the grey-level groups in the 
image. To produce a binary image a step function is used, see Figure 27. The new image is 
created from the original image where all levels below m is set to 0 and all levels above m to 1, 
which corresponds to black and white respectively.   
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Figure 27. Transformation function for thresholding. 

 
The threshold value, m, is usually defined from a grey-level histogram of the original image. To 
make the segmentation of an image with a light object on a dark background, the threshold value 
is chosen between the two peaks of the histogram. In the example below an original grey-level 
image is shown, Figure 28. The histogram and thresholded image is shown in Figure 29. 
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Figure 28. Original grey level image. 
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Figure 29. Histogram of the original image (left) and the thresholded image (right). The cross shows the 
threshold value. 

 

2.7.2 Contrast stretching  
In a low-contrast image the dynamic range of the grey levels can be increased by contrast 
stretching. The simplest form of contrast stretching is by using an S-shaped curve; see Figure 30. 
Applying the transformation function to an image will produce an image with higher contrast. 
The new image will be created from the original image by darkening the levels below m and 
brightening the levels above m. The image values below m goes towards 0 and the values above 
m goes towards 1.  
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Figure 30. Transformation function for contrast stretching.  

 
A typical way of creating the shape of the transformation function for contrast stretching is to use 
a boxstep function by locating two points (r1, s1) and (r2, s2) that controls the shape, see Figure 
31. If the points in the transformation function creates a linear function with r1= s1 and r2= s2 the 
grey levels in the images does not change. In some cases the point values are (r1, s1) = (rminValue, 
0) and (r2, s2) = (rmaxValue, 0), were rminValue and rmaxValue is a specific minimum and maximum grey 
level of the image respectively. In these cases the levels linearly stretches with the transform 
function from the original range to the full range. Contrast stretching can be applied to enhance a 
smaller part of the total intensity interval in an image. This is useful if only some of the 
intensities are of interest. The example in Figure 32 below shows the histogram of the original 
image in Figure 28 above. The crosses show the start and end position that is used for the 
contrast stretched image to the right in Figure 32. 
 

Dark                                      Light 

D
ar

k 
   

   
   

   
   

   
   

   
   

   
   

   
 L

ig
ht

 

s = T(r) 

r 

(r , s ) 2     2

(r , s ) 1     1

0                                                             1

 
Figure 31. A linear transformation function between the start and end points. 
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Figure 32. Histogram of the original image (left) and the contrast stretched image (right). The crosses in the 
histogram show the start and end points. 

 

2.7.3 Principal Component Analysis 
A method for concentrating an image to less image layers is Principal Component Analysis 
(PCA). The image is divided into base functions, where each base function corresponds to 
the variations. The largest variation corresponds to the most important base function. The  
base functions are specific for any specific image. For example, PCA can be used for  
image compression, to compress images with several dimensions. By using only the most 
important base functions the dimensions can be reduced, and most of the characteristics of  
the image will remain. 
 
The base functions describe in which directions the data from the image varies and the size of 
each variation. The base functions are calculated by computing the correlation matrix of the data 
from the original image. From the correlation matrix the eigenvectors and the corresponding 
eigenvalues are calculated. The direction is given by the eigenvector and the size of the variation 
corresponds to the eigenvalue (Tzeng & Berns, 2004). The eigenvector that has the largest 
eigenvalue is equivalent to the direction that has the greatest variation. Often the eigenvectors are 
arranged by the size of the eigenvalues, with the largest eigenvalue first. The most information 
from the image is contained in the first eigenvector, with decreasing information content in the 
following eigenvectors. 
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3 Material and methods 
This section describes the paperboard materials, the equipment and the methods that were 
used in the study. Some of the methods were developed specifically for this work to be able 
to analyse the paperboard regarding oriented mottle. The procedures in this work had the 
following steps: 
 

1. Collection of paperboard samples with a various degree of oriented mottle. 
2. Learning about the equipment, a high definition scanner (Oden). 
3. Development of a method for adjusting uneven illuminated images. 
4. Development of a method for analysis of micro roughness on paperboard. 
5. Development of a method for analysis of the bright area between the dark halftone 

dots. 
6. Using the developed method for the micro roughness for analysis of:  

- paperboard samples with a high degree of oriented mottle  
- paperboard samples with different amount of coating 

7. Using the developed method for the bright area between the dark halftone dots for 
analysis of: 
- paperboard samples with various amount of oriented mottle  
- paperboard samples originated from different position across the paperboard web  
- paperboard samples in the intersection between printed and non printed areas 
- paperboard samples coated with different coating recipes and amounts 
- paperboard samples coated with different blade types 

8. Analysis of sheets of paperboard before and after offset printing.  
9. External analysis of the amount of calcium in the coating. 
10. External analysis of cross sectional cuts of dark and light areas. 
11. Classification of samples using internal methods. 
12. Comparison between all achieved results. 
 
 

3.1 Paperboard samples 
The paperboard samples used in this study were coated Solid Bleached Board (SBB). For 
every sample both unprinted and printed paperboard samples were available. In the printed 
paperboard there were some variations of the size and angle in the halftone dots between the 
samples. Three paperboard samples were used in the study, with different amount of coating 
and grammage. In the future text the sample are named Paperboard A, B and C. In the 
following sections more specific descriptions are made of the paperboard samples that were 
used in the study. The samples in the future section will be named according to the 
corresponding tables. 
 



- A Study of Oriented Mottle in Halftone Prints - 
 Anna Andersson & Klara Eklund  

 
 
 

 30

3.1.1 Samples used for development of the methods 
Some samples of Paperboard A and Paperboard B with a high degree of oriented mottle 
were used during the development of the methods for analysis of the micro roughness and 
of the bright areas between the dark halftone dots. The samples are presented in Table 1. 
 

Table 1. Description of the paperboard samples used for developing the methods. 

Sample Grammage (g/m2)  
Paperboard A350-dev1 350 
Paperboard A380-dev1 380 
Paperboard A380-dev2 380 
Paperboard B350-dev1 350 
Paperboard B350-dev2 350 
Paperboard B400-dev1 400 
Paperboard B400-dev2 400 
Paperboard B400-dev3 400 

 

3.1.2 Samples from different positions across the paperboard web 
Some samples of Paperboard A and Paperboard B were selected from two different 
positions across the paperboard web; centre and edge. The two positions were taken from 
the same batch in the production run, except for Paperboard B300-centre2. The samples are 
presented in Table 2. 
 

Table 2. Description of the paperboard samples from different positions across the paperboard web. 

Sample Position across the web Grammage (g/m2) 
Paperboard A350-centre Centre 350 
Paperboard A350-edge Edge 350 
Paperboard B300-centre1 Centre 300 
Paperboard B300-centre2 Centre 300 
Paperboard B300-edge Edge 300 
Paperboard B350-centre Centre 350 
Paperboard B350-edge Edge 350 

 

3.1.3 Samples with different coating recipes and amounts 
Variations of sample Paperboard B were available from a trial. This set of samples included 
samples with different coat weights and also different pigment types in the pre-coat. These 
samples are described in Table 3 and are schematically drawn in Figure 33. 
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Table 3. Description of the paperboard samples with different coat weight and pigment types. 

Sample Coat weight (g/m2), 
pre-coat  +  top-coat Type of pigment in the pre-coat

Paperboard-B1 13  +  12 CaCO3 – fine (narrow psd) 
Paperboard-B2  10  +  9 CaCO3 – fine (narrow psd) 
Paperboard-B3   10  +  9 CaCO3 – coarse 
Paperboard-B4   10  +  9 CaCO3 – fine 

 
Paperboard B1

12 g/m 
13 g/m   Narrow psd

13 g/m   Narrow psd
12 g/m

2 

2 

2 

2 

Paperboard B2

  9 g/m 
10 g/m   Narrow psd

10 g/m   Narrow psd
  9 g/m

2 

2 

2 

2 

Paperboard B3

  9 g/m 
10 g/m   Coarse

10 g/m   Coarse
  9 g/m

2 

2 

2 

2 

Paperboard B4

  9 g/m 
10 g/m   Fine

10 g/m   Fine
  9 g/m

2 

2 

2 

2 

psd = particle size distribution  
Figure 33. A schematic drawing of the samples with different coat weights and coating recipes. 

 

3.1.4 Samples coated with different blade types  
Variations of sample Paperboard C were available from a coating pilot trial. These samples 
were coated with different blade types and are listed in Table 4. The different blade types 
give different amount of levelling out and contoured effect, see chapter 2.2 Coating  
of paperboard. In this case the soft-tip blades give a more contoured coating layer, i.e.  
better coverage, than the standard blades. In this trial “standard blades” used were ceramic 
(in the pre-coat) and steel blades (in the top-coat). The coat weight differed some between 
the samples. 

 
Table 4. Description of the paperboard samples coated with different blade types. 

 
Sample 

 
Pre-coat 

 
Top-coat 

 Blade type Coat weight 
(g/m2) Blade type Coat weight 

(g/m2) 
Paperboard-C1 Standard blade 10,0 Standard blade 10,4 
Paperboard-C2 Standard blade 10,0 Soft-tip blade 10,3 
Paperboard-C3 Soft-tip blade 10,3 Standard blade 9,9 
Paperboard-C4 Soft-tip blade 10,3 Soft-tip blade 11,0 
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3.1.5 Other samples used  
Some other samples of Paperboard A and B were selected to be used in an offset printing 
trial, for analysing the coating amount and for cross section analysis. All the samples are 
presented in Table 5. 
 

Table 5. Description of the paperboard samples that were analysed before and after printing. 

Sample Grammage (g/m2) 
Paperboard A-380 380 
Paperboard B-350 350 
Paperboard B-400 400 

 
The samples used for the offset printing trial were chosen because already printed samples 
from the same batch showed a high degree of oriented mottle. Sheets from Paperboard B-
350 were analysed and then printed in an industrial offset press. 
 
For the calcium maps samples with high grammage and high degree of oriented mottle were 
chosen to get as much information as possible. Samples from Paperboard A-380 and 
Paperboard B-350 were used. 
 
In the cross-section analysis the samples were analysed on a green area from  
Paperboard A-380 and a grey area for Paperboard B-400. Two positions on each sample 
were analysed, a dark and a light area. Both samples were taken from the edge position on 
the paperboard web. 
 

3.2 Description of Scanner Oden 
The equipment that was used for registering images of the paperboard samples was scanner 
Oden, at Linköping University. The scanner Oden is constructed to register high-resolution 
images of printed samples and substrates. The following description of Oden is taken from 
(Nyström & Kruse, 2006; Solli, 2005). 
 
Images are registered with a camera that has an image sensor of the model monochrome 
CCD which has a resolution of 1360x1024 pixels. The equipment is specially designed for 
research. The optics in the camera consists of a lens system with several extensions. A 
schematic drawing of the equipment scanner Oden is shown in Figure 34. 
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Figure 34. A schematic drawing of the equipment scanner Oden. 

 
The extensions together with the lens system compose the objective of the camera. The 
extensions are built up of intermediate rings that are placed between the camera house and 
the lens system. Considering the amount of used rings, the magnification degree decreases 
or increases. The system is calibrated for some specific extensions; listed in Table 6.  

 
Table 6. The extensions for scanner Oden, calibrated for magnification degree and image size. 

Extension µm/pixel Image size b x h (mm) 

174 1.16 1.58 x 1.19 

135 1.51 2.05 x 1.55 

106 1.94 2.65 x 1.99 

83 2.54 3.45 x 2.60 

68 3.16 4.30 x 3.24 

56 3.93 5.34 x 4.02 

50 5.46 7.43 x 5.60 

40 7.32 9.98 x 7.49 

33 10.50 14.33 x 10.79 

25 18.50 25.25 x 18.98 
 

Camera 

Measurement area 
that moves in x-, y-
direction and rotates 

Lens system and 
extensions 
(intermediate rings)  

Filter wheel  

Tungsten  
Halogen lamp 

Illumination angle  
45 o
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To focus on the samples the camera can be moved vertically. Six predetermined distances 
can be used, the longest and the shortest distance is 20 mm and 0.1 mm respectively at a 
time. The measurement area can be moved in x-, y-direction and rotate. A tungsten halogen 
lamp constitutes the illumination and optical fibres lead the light through colour filters in a 
filter wheel to the measurement area. The illumination can use two possible directions; back 
light for transmission images, or directed light from above for reflection images. The angle 
of incidence for reflection measurements can be controlled from 10 to 80 degrees. The 
default angle of the illumination is a degree of 45, which gives the standard lighting/viewing 
geometry 45/0. 

 
The camera model in scanner Oden is monochrome. This means that the sensor of the 
camera registers intensity values of the lightness of the measurement area for the whole 
visible spectra. Therefore the registered images are black and white where the highest values 
represent the lightest areas. To register information about colour in the measurement area 
different spectral filters are used with the illumination. For example, if information about the 
red components of the measurement area is desired, a spectral filter is used that only lets 
through the wavelength interval that is visually perceived as red. The filter wheel of the 
system offers the possibility of using up to twenty different filters. The filter wheels 
standard set of filters is:  
 

• First position in the filter wheel is empty (used for black and white images, BW-
filter) 

• Red-, green- and blue-filter (used for RGB-images, RGB-filter) 
• Cyan-, magenta- and yellow-filter (used for CMY-images, CMY-filter) 
• Seven neutral density filters (with varying optical density) 
• Seven broadband interference filters (used for multi-channel images) 

 
A combination of the seven broadband interference filters is used for multi-channel images. 
The purpose of these filters is to cover the whole human visible spectra. The value for each 
broadband interference filter specifies the wavelength that the filter is centred around. The 
specified wavelengths of the filters are 400 nm, 450 nm, 500 nm, 550 nm, 600 nm, 650 nm 
and 700 nm. The wavelengths correspond to colours from violet to red; see Figure 35. 
 

400nm  450nm  500nm  550nm  600nm  650nm  700nm
 

Figure 35. The wavelengths of the filters correspond to colours from violet to red. 
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To create a BW-image the empty filter is used so that intensity values of the entire visible 
spectra is registered. This kind of image consists of one layer; it means that colour values 
from one filter are put in a layer and the result is a black and white image. An RBG-image 
consists of three layers; the colour values from the R- G- and B-filters respectively are put in 
the three layers. The information from these layers is combined using additive colour 
mixing, see chapter 2.3 Colour, and the result is a RGB-image. 
 

3.3 Registration of areas on paperboard samples 
The paperboard samples used in the study were registered with scanner Oden. For each 
method different degrees of enlargement and different illumination angles where used. 
Some of the samples were registered on specific positions. To find the right positions a 
marked plastic film was used. For most samples, both transmission and reflection images 
were registered on each position. Light areas in the back lighted image shows high 
transmission which means that a lot of light has passed through the paperboard. The 
amount of light that passes through non printed paperboard depends on the paperboard 
structure. The baseboard and coating amount have importance for the transmission. 
Transmission and reflection images on printed paperboard are shown in Figure 36. 
 

 
       
Figure 36. Reflectance (above) and reflection images (below) of grey print in the left column and green 

print in the right column.  
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For the method used for adjusting uneven illuminated images, samples of unprinted 
paperboard were registered. The samples were registered on three randomly chosen 
positions with the same conditions as for the samples used in the other methods of the study. 

3.3.1 Method for analysis of the micro roughness on paperboard 
For the method used for analysis of the micro roughness, samples of unprinted paperboard 
were registered. Each registered subarea was 5.34 x 4.02 mm. The samples were registered 
with the resolution 3.93 µm/pixel and the BW-filter was used, both for back light and for 
illumination 80 degrees from the vertical. The images were registered on four randomly 
chosen positions of each sample. For each position one transmission and one reflection 
image was registered, see Figure 37. The samples were registered with consideration of the 
grain. All the samples were registered with the illumination across the grain and some also 
along the grain. 
 
 

total area
position

subarea

 
Figure 37. One image was registered in each of the four positions. 

 

3.3.2 Method for analysis of the area between the dark halftone dots 
For the method used for analysis of the area between the dark halftone dots samples of 
printed paperboard were used. Each sample was registered with the resolution 1.16 
µm/pixel, the subarea was 1.19 x 1.58 mm and the total registered area was 3 x 4.5 mm. The 
settings for the illumination and filters are shown in Table 7. 
 

Table 7. Settings for the registered samples of the bright area between the dark halftone dots.  

Illumination Filters 
Back light BW 
45 degrees from above R, G, B, Y, seven broadband interference filters 
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For each sample two different printed colours were registered, green (43C 100Y 24K) and 
grey (40K). On each colour three areas in different positions were registered, see Figure 38.  
 

total area
position

 
Figure 38. On each of the colours three areas in different positions were registered. 

 
Each of the selected areas were registered with nine images, where each image showed a 
part of the total area, a subarea, see Figure 39. The positions were chosen in the middle of a 
visually dark streak and the total registered area contained the dark streak and its lighter 
surroundings. For some of the samples the degree of mottle was low and this made it hard to 
visually choose positions with dark streaks. For these samples images were registered on 
randomly chosen areas. 
 

area
position

9 subareas

 
Figure 39. In each position nine images were registered. The total area contained the dark streak and its 

lighter surroundings. 
 
On the green print another set of images was registered. Two areas in different positions 
were registered along the intersection between the printed and non printed area of the board. 
The two positions along the intersection were located in the middle of a dark streak. 
Preferably the dark streak would visually cease to exist in the intersection. However this was 
hard to practice and many of the images did not have ideal conditions. In each position nine 
images were registered of an area containing the intersection between printed and non 
printed paperboard, see Figure 40. Three visually different types of subareas were defined 
from the intersection area; three with printed board, three with non printed board and three 
with the intersection, see Figure 41. 
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area

9 subareas

position

 
Figure 40. The intersection between the printed and non printed area of the paperboard was registered 

in two positions. The total registered area contained printed and non printed paperboard. 
 

Printed
paperboard

Intersection 

Non printed
paperboard

 
Figure 41. Three types of intersectional images were defined; printed paperboard, non printed 

paperboard and the intersection in between. 
 

3.3.3 Prediction of oriented mottle from unprinted paperboard 
For prediction of oriented mottle from unprinted paperboard images were registered using 
mostly the same settings as for section 3.3.2. Each sample was registered with the resolution 
1.16 µm/pixel and the subarea was 1.19 x 1.58 mm. The total area and the settings for the 
illumination and filters are shown in Table 8. The paperboard sheets were registered before 
and after print. 
 

Table 8. Settings used for the registration of paperboard sheets before and after printing.  

Illumination Filters Total area 
Back light BW 9 x 29.4 mm 
45 degrees from above R, G, B, Y, seven broadband interference filters 3 x 7 mm 
 
On each paperboard sheet four positions were predetermined and around each position two 
areas were registered, see Figure 42. Around each position a large total area was registered 
using back light and a small total area was registered using illumination from above.  
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The positions were chosen such that the total registered areas, after printing, would contain 
both printed and non printed paperboard. The layout of the printing form was specially 
developed for this study and the printed colours were green (43C 100Y 24K), grey (40K) 
and varnish of 40 and 100 percent. 
 

X subareas

X subareas

total area

position

 
Figure 42. Four positions were determined. Transmission and reflection images were registered in the 

large and small area respectively. 
 

3.3.4 Evaluation of the calcium maps 
For evaluation of the calcium maps, samples of unprinted paperboard were registered. Each 
registered subarea was 5.34 x 4.02 mm and the total registered area was 10 x 30 mm. The 
samples were registered with the resolution 3.93 µm/pixel and the BW-filter was used for 
transmission images. On each of the samples an area was registered at one position. 
 

3.4 Method for adjusting uneven illumination  
When registering images of the samples the standard viewing geometry was 45/0 degrees. 
The image quality in such a geometry depends on the evenness of the sample. The more 
depth variation (differences in topography) the more uneven is the illumination. An 
additional source of unevenness is the light source itself. An example is that the sample 
distance from the source affects the unevenness. In order to make the best of the 
measurements the images were adjusted for both of these factors. The adjustment of the 
uneven illumination had the following steps: 
 

• Three reference images of unprinted paperboard were registered for each quality, 
resolution, filter and light angle. 

• Three reference images were used to make an image of the variance of the 
registered area. 

• The original images were adjusted using the variance image. 
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The image of the variance was created by making an image from the mean values of the 
three reference images. Then the mean value image was low pass filtered, to achieve a 
variance image containing only the low frequencies of the mean value image. A global 
maximum value was calculated from all of the variance images. The original image was 
adjusted using the corresponding variance image and the global maximum value. The 
adjustment was made according to the equation below where Iadj represents the adjusted 
image, Iorg the original image, M the global maximum value and Ivar the variance image.  
 

varI
MII orgadj ∗=  

 
During the development of the methods for analysis of the micro roughness and the areas 
between the halftone dots, the adjustment of the uneven illumination was performed in 
another way. Three reference images were registered but only the visually most even one 
was used. The chosen reference image was divided in smaller parts and the mean value of 
each part was calculated. Thereafter the mean value was used with interpolation to estimate 
an image of the variance of the light. The variance image was centred round zero. The 
adjustment of the original image was done by subtracting the variance image from the 
original image, see Figure 43. 
 

 
Figure 43. The adjusted image was made by subtracting the variance image from the original image. 

 
 

3.5 Method for analysis of the micro roughness on paperboard 
The purpose if this method was to study some factors that might affect the tendency for 
oriented mottle. The coating makes the surface smoother regarding the macro roughness 
but it induces micro roughness with variations of smaller scale. The surface of the 
paperboard was studied regarding the micro roughness and the transmission images were 
studied regarding the baseboard and the coating amount. Two types of images were 
registered for this method, showing the variation of the micro roughness and the variation 
of the transmission of the paperboard, respectively. Image analysis was performed on the 
registered images to study the correlation between the two types of variations. The purpose 
of the image analysis was to enhance the images, to be able to make the comparisons. 
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3.5.1 Contrast stretching 
Each of the images was enhanced to bring out the intensity values (pixel values) which 
belonged to the paperboard. The images contained some extreme values displaying dust or 
smaller defects in the paperboard. Because of the extreme values, most of the pixel values 
of each image were concentrated only in a small part of the interval. The pixel values of the 
small part of the interval contained information about the micro roughness and the variation 
of the transmission respectively, which was of visual interest.  
 
The registered images mostly contained shades of grey but also a few blotches of black and 
white shades. The black and white shades of each image belonged to the few extreme 
values and the shades of grey belonged to all other parts of the image. To enhance the 
variance in the visual interesting part of the images, contrast stretching was performed. The 
enhancement was made by increasing the differences between the intensity values of the 
visual interesting parts. To do the contrast stretching the start and end points were chosen 
such that they would include 96 percent of the pixels centred in the middle of the image. 
Through this operation the contrasts were enhanced in the visual interesting areas. The 
operation was performed both for the reflection images and for the back lighted images.  
 
After enhancing the variance differences, the images were compared visually to find 
correlation between micro roughness and amount of coating. Examples from these  
images used for the comparison is shown in Figure 44. The samples are taken from  
Paperboard B350-dev1. 
 
 

       
Figure 44. The correlation was studied between the micro roughness (left) and the transmission (right).  
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3.5.2 Comparisons in a RGB-image 
To make an additional comparison between the images of the micro roughness and the 
transmission, the two images were combined in a RGB-image. After visual tests the 
reflection images, with information about the micro roughness, were put in the green and 
the blue layer. The image of the transmission of the paperboard, was put in the red layer, 
see Figure 45. The images are taken from sample Paperboard B350-dev1. The cyan 
coloured areas in the RGB-image are the green and the blue layer, and the red or pink 
coloured areas are the red layer. 
 

 
Figure 45. An illustration of how the RGB-image was created for the comparison. 

 

3.6 Method for analysis of the area between the dark halftone 
dots 

The purpose of this method was to visualise the intensity differences in the area between 
the dark halftone dots, in order to distinguish the dark streaks on the samples from the 
lighter areas. This was performed by studying some coating and printing related factors that 
affect the tendency for oriented mottle. The method is based on the comparison between an 
area with a dark streak and an area without dark streaks. The comparison is also made 
between intensity differences in the print. In this study the non printed parts in the grey 
print and the yellow dots in the green print are referred to as the bright areas. The black 
halftone dots in the grey print and the black and cyan halftone dots in the green print are 
refereed to as the dark halftone dots. The method was divided into the five following parts: 
 

• Determination of the intensity differences between and within halftone dots. 
• Determination of the darkest and lightest image in each position. 
• Highlighting the intensity difference between the darkest and the lightest image. 
• Enhancing the difference in the bright areas in the darkest image. 
• Clarifying the paperboard evenness using back light. 
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3.6.1 Determination of intensity differences between and within 
halftone dots  

The purpose of this part was to clarify how some print related factors affect the tendency 
for oriented mottle. The analysis was performed to determine if there were any intensity 
differences between a dark and light area. Two subareas from a grey printed area were  
used for the study. One subarea was registered on a dark area where a dark streak was 
located in the middle of the image. This subarea was cropped so that only the dark  
streak was included in the image. The other subarea was registered on a light area where  
no dark streak was visible. This subarea was cropped to the same size as the subarea with 
the dark streak.  
 
Two comparisons were made among the two cropped subareas, between the dark halftone 
dots and the bright areas. A mean value was calculated for the halftone dots and bright areas, 
respectively. The comparisons are shown in Figure 46. As predicted, there were large 
differences in the intensities between the dark and a light area in the non printed parts. 
However, when comparing the halftone dots in a dark and a light area, the intensities were 
similar. The intensity values in the y-axis are centred around different intervals to focus on 
the relevant parts. 
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Figure 46. Illustration of the intensity differences in halftone dots (left) and in the bright areas (right). 

The green graphs show the intensity values from a dark area and the red graphs a light area. 
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3.6.2 Determination of the darkest and lightest image in each position 
To enhance the intensity difference between the subarea images of each area, image 
analysis was applied. For the grey and green printed areas the images registered with BW-
filter and RGB-filter respectively were used in the image analysis. Thresholding was used 
to clarify the difference in the intensity. The threshold value was determined from a 
histogram. The image that was used for the histogram was supposed to contain the dark 
streak. That image was the middle image, of each total area; of printed paperboard,  
see Figure 47.  
 

 
Figure 47. The subarea image used for determining the threshold value is marked with a red square in 

the printed area (left) and in the intersectional area (right). 
 
A one-dimensional histogram can only be created from an image with one layer. The 
registered images with BW-filter (grey printed areas) consisted of one layer, but the RGB-
filter (green printed areas) included three layers. PCA was applied on the RGB-image to 
create a linear combination of the three layers. The linear combination was created from the 
second eigenvector (from the green layer), since it contained the most valuable information. 
An example of a linear combination image is shown in Figure 48 together with the original 
colour image.  
 

      
Figure 48. The original RGB image (left) and a linear combination of the RGB filters (right). 
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In an image registered on a grey print the dark halftone dots represents the dark parts, the 
low values in the image. The bright areas represent the light parts, the high values in the 
images. In Figure 49 two histograms are shown from a grey and a green printed area, the 
crosses show were the threshold values were selected visually. The peaks in the histogram 
from the grey image correspond to the black halftone dots and the bright areas. In the green 
image histogram the peaks correspond to the black, cyan and yellow halftone dots. 
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Figure 49. The black crosses show the positions of the visually chosen threshold values of the 
histograms of the grey printed area (left) and of the green printed area (right). 

 
On the images from the grey and green print the threshold value was applied on each 
subarea of the total area. For the intersectional area the threshold value was only applied on 
the three images of printed paperboard. The darkest and the lightest images were 
established through calculating and comparing all of the white pixels in each image. The 
main reason for the thresholding was to classify the darkest and the lightest images, another 
reason was to visually show the intensity difference in the nine images. If the threshold 
values were chosen on the opposite side of the peak the values from the darkest and lightest 
images were the same, but the visual experience of the intensity difference was reduced. In 
Figure 50 two thresholded areas are shown, to the left a printed area and to the right an 
intersectional area. 
 

 
Figure 50. The thresholded images of a printed area (left) and of an intersectional area (right). 
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Besides the theoretical calculation of the darkest and lightest image a visual control was 
made on the thresholded images. If some defects appeared on the registered image or if two 
images had practically the same amount of white pixels, the darkest and the lightest images 
were chosen visually among the threshold images.  

3.6.3 Highlighting the intensity difference between the darkest and 
the lightest image 

To compare the appearance of the lightest and the darkest images they were cropped so that 
the halftone dots had the same positions and the same amount. Histograms were created of 
both the darkest and the lightest image. For the grey printed area the histogram was created 
from an image registered with BW-filter. For the green printed area PCA was applied and a 
linear combination of the RGB-image was used for the histogram. 
  
The images from the printed areas and from the printed part of the intersection were used 
for this part of the method. The parts of each image that were of special interest were the 
bright areas. It was in these areas the intensity difference appeared on the printed 
paperboard. To enhance the difference in the specific area histograms were created from the 
darkest and the lightest images. To be able to compare the histograms they had to be 
corrected according to each other by contrast stretching. The start and end points included 
99 percent of the pixels centred in the middle of the image. Through the contrast stretching 
the extreme values were removed and the interesting areas were enhanced. The start and 
end points of the contrast stretching is shown in Figure 51 along with the result. The green 
graphs are the histograms of the darkest image and the red graphs are the histogram of the 
lightest image. The transformed histograms have been smoothed to focus on the more 
prominent peaks in the histograms. 
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Figure 51. The histogram of the darkest and the lightest images before (left) and after (right) the 
transformation.  
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The intensity values from the transformed histograms varied mainly in a specific interval. 
In this interval there were intensity differences between the darkest and the lightest image. 
The interval was chosen on the left part of the peak of the bright areas, it represents the 
darker intensities in the bright areas, see Figure 52. A visualisation was performed by 
highlighting, with a red colour, the areas in the image where the darkest and the lightest 
image varied. For the registered images on the green print the linear combination of the 
RGB-image was used for the visualisation. 
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Figure 52. The blue rectangles mark the specific interval in the transformed histograms of the grey 

printed area (right) and of the green printed area (left). 
 
The highlighting of the intensity differences was also applied on images registered with the 
yellow filter. The purpose of this test was to see if the intensity differences increased or 
decreased by using the yellow filter. The yellow filter was chosen for two reasons; 
 

• To see if the variations in the yellow halftone dots would increase.  
• To examine if the inactivated FWA would make a difference.  

3.6.4 Enhancing the difference between the dark halftone dots 
To emphasise the dark streaks and the intensity differences the seven broadband 
interference filters were used. The seven normalised multi-channel images of two subareas 
from grey and green print respectively are shown in Appendix 1. The corresponding 
histograms of the images are shown in Appendix 2. 
 
This method was implemented on the printed area and on the area with intersection. Some 
smaller adjustments were made for the intersectional area so that the results would give as 
much information as possible. The method was only applied on the subarea that was 
defined as the darkest on each area of the printed paperboard. For the intersectional area 
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this method was applied on three subareas. The first subarea was the one established as the 
darkest in the printed part. The second and third subareas were the two subareas vertically 
below the darkest subarea, see Figure 53. The reason that three subareas were used was to 
see if the dark streak from the printed paperboard could be clarified visually on images 
from the non printed paperboard.  
 

Darkest

 
Figure 53. The three subareas that were of special interest in the intersectional area. 

 
PCA was applied on the seven multi-channel images of the subareas to give information 
about which of the interference filters that best represented the differences in the bright 
areas. To perform the PCA a correlation matrix was created of the pertinent data which was 
selected with a mask. The mask for the grey printed subarea was created from a linear 
combination of the seven multi-channel images. The linear combination was created from 
the eigenvector that corresponded to the highest eigenvalue. The mask for the green printed 
subarea was created from the green multi-channel image (filter with 500 nm) since it was 
the most representative image according to the PCA. The masks were formed by 
thresholding, see Figure 54. The mask was used on all the seven multi-channel images and 
the pertinent values were placed in the correlation matrix. The threshold values for the 
printed areas were global values, produced from all the evaluated data.  
 

 
Figure 54. The mask for the relevant data of the grey printed paperboard. 
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In the intersectional areas the masks for the subareas of the printed paperboard were formed 
in the same way as above, with global thresholding values. The formation of the mask for 
the intersection and the non printed subareas on the other hand, were instead visually 
marked from each of the subarea histograms. The positions that were marked visually in the 
histograms are shown in Figure 55. 
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Figure 55. The black crosses show the position of the visually chosen threshold values from the 

histogram of the intersection subarea (left) and the non printed subarea (right). 
 
The eigenvalues and eigenvectors of the multi-channel images were calculated from the 
correlation matrix. In the first eigenvector the information that is most similar to the 
original information is stored. Therefore, the first eigenvector was used to identify the 
significance of each interference filter for recreating the original data. The eigenvalue of the 
first eigenvector represents 99 percent of the original data for grey print, and 98 percent for 
the green printed area. The values in the eigenvector were arranged in the same order as the 
multi-channel images. The largest value in the first eigenvector corresponded to the most 
important multi-channel image; the next largest value corresponded to the next most 
important multi-channel image and so on. The three multi-channel images that 
corresponded to the three largest values in the first eigenvector were combined in a  
RGB-image. The most important multi-channel image was placed in the red layer.  
The multi-channel images of decreasing importance were placed in the green and blue  
layer respectively.  
 
For the grey printed area the multi-channel images registered with the filters 450 nm, 500 
nm and 650 nm were the most representative. For the green printed area the multi-channel 
images registered with the filters 500 nm, 550 nm and 600 nm or 700 nm were the most 
representative. The most representative interference filters from the intersection were 550 
nm, 700 nm and 650 nm. For the non printed paperboard the most representative 
interference filters were 600 nm, 700 nm and 650 nm. 
 
The three most representative multi-channel images were used to enhance the bright areas 
in the subarea. The improvement was made by increasing the differences between the 
intensity values of the bright areas in each of the three multi-channel images. In each 
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subarea the histograms from the three multi-channel images were shown and the new start 
and end positions were marked visually on each histogram. Contrast stretching was 
performed between the new start and end points. In Appendix 3 histograms are shown with 
the new start and end points for grey and green print. The contrast stretched histograms 
from the intersection subarea and the non printed subarea are shown in Appendix 4.  The 
visualisation was performed to clarify the streak and the irregular trends that were visually 
observed on printed paperboard. The creation of the RGB-image is illustrated in Figure 56.  
 

 
 

Figure 56. An illustration of how the RGB-image was created to enhance the streaks in the subarea. 
 

3.6.5 Clarifying the paperboard evenness using back light 
The purpose of this part was to clarify how coating and baseboard related factors affect the 
tendency for oriented mottle. The analysis was performed to determine if there were any 
variations in the transmission images between a dark and light area. The variation in the 
transmission image gives some information about the variation in the paperboard structure. 
To show the great differences in the transmission, subareas of back lighted paperboard were 
registered and image analysis was applied. A comparison between thresholded transmission 
and reflection images from the same area was made. The purpose of the comparison was to 
see if the differences in the paperboard transmission corresponded to the areas in the 
reflection images with large intensity differences, the areas where the oriented mottle 
visually could be seen. 
 

Fi
rs

t  
Se

co
nd

  
Th

ird
  



- A Study of Oriented Mottle in Halftone Prints - 
 Anna Andersson & Klara Eklund  

 
 
 

 51

For both the coloured printed area and the intersectional area from the transmission images, 
histograms were created for each sample of paperboard. For each sample threshold values 
were globally chosen. On the printed areas only one threshold value was applied. On the 
intersectional areas two threshold values were applied to represent the printed paperboard 
and the non printed paperboard. The threshold values for the printed areas and the printed 
parts of the intersectional area were visually marked on the top of the peak that 
corresponded to the bright areas. The purpose of marking this position was to enhance the 
intensity differences in the transmission images. In the intersectional area the second 
threshold value was visually marked on the top of the peak that corresponds to non printed 
paperboard, see Figure 57.  
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Figure 57. Mean histograms from the 3 parts of the intersectional area. The cross marks the chosen 

threshold values. 
  

The thresholded reflection images from section 3.6.2 were used in this part. The reflection 
images were thresholded with the same values as the transmission images in this part. From 
the transmission images a mask was created containing only the dark halftone dots.  
 
A comparison was made between the thresholded images, which enhances the intensity 
differences in the transmission and reflection image. The comparison was performed by 
combining the images in a RGB-image. The thresholded reflection images were placed in 
the red layer and the transmission images in the blue layer. In the green layer a totally black 
image was placed. The dark halftone dots were masked from the RGB-image. The 
procedure of the comparison is shown in Figure 58. 
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Figure 58. An illustration of how the RGB-image was created to the back light image. 

 
Contrast stretching was also performed on the transmission subarea images. For each 
sample of the coloured printed area and the intersectional area two positions were marked 
on the histograms and used as global values. The area between the positions corresponded 
to the bright areas in the images. Each subarea image was transformed to a new image with 
higher contrast by contrast stretching. The two marked positions were used as the new start 
and end points. There were the large variations between the histograms from one 
paperboard sample, see Figure 59. Therefore the global start and end points were  
chosen from mean values. The global values made it possible to compare the  
contrast stretched images from the same quality but it did not give ideal start and end 
positions for each image.  
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Figure 59 Histograms from the three total areas of a grey printed area from one paperboard sample 
(left). The red, green and blue graphs are mean histograms from the three total areas (right). 
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3.6.6 Modified part of the method 
During the development of the method another attempt was made to compare the 
histograms. The histogram of the lightest image was adjusted according to the histogram of 
the darkest image. Firstly the highest position in the lightest image histogram was adjusted 
to the highest position in the darkest image. Secondly the width was adjusted by a specific 
bin that represented 10 percent of the total amount of the pixel values in the image. The 
specific bin was calculated both for the darkest and the lightest image. The histograms of 
the images were revised so that the darkest and the lightest specific bin were placed on the 
same position, see Figure 60. This part did not give credible results since the lightest image 
histogram values turned out to be negative in some cases. 
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Figure 60. An illustration of the comparison of the histograms during the development of the method.  

The red graph corresponds to the darkest subarea and the yellow to the lightest subarea. 
 

3.7 Prediction of oriented mottle from unprinted paperboard  
The purpose of this analyse was to examine the possibility to predict oriented mottle on 
unprinted paperboard. The analysis was performed by examining the connection between 
the paperboard structure and the oriented mottle. Unprinted paperboard was examined 
regarding the transmission of the paperboard. The paperboard was then printed in an offset 
press and examined regarding to oriented mottle. The purpose was to compare the results 
from the two analyses to find a correlation between them. 

3.7.1 Image analysis before and after printing 
The same kind of image analysis was applied on the subareas registered before and after 
printing. The image analysis was applied on the images registered with back light. Two 
global values were chosen from all the histograms from the non printed and the printed 
subareas, respectively see Figure 61. Contrast stretching was applied between these values 
to enhance the intensity differences in the visually interesting part of the images.  
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To enhance the intensity differences thresholding was also applied on the non printed and 
printed subareas. The enhanced subarea images from the non printed and printed 
paperboard were put together to achieve images that showed the total registered areas. 
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Figure 61. The histograms of the paperboard before (left) and after printing (right). The crosses show 
the new start and end positions for the contrast stretching. 

 

3.7.2 Comparing the analysed images from before and after printing 
The comparisons were performed on the images registered of a sheet before and after 
printing. To be able to compare the images a matching was performed using the contrast 
stretched images from the unprinted and non printed parts of the total areas. When the 
matching was made, the aim was to analyse the images with illumination from above 
according to chapter 3.6 Method for analysis of the area between the dark halftone dots. 
 

3.8 Other laboratory methods used 
Several laboratory methods were used to classify the performance of the paperboard 
surface. The methods Burn-out and Topography were used to make visual and measurable 
judgements whether there was a tendency for mottle to appear on printed paperboard. The 
method Mottle Ruler was used for visual assessment of the degree of oriented mottle  
of printed paperboard. The internal methods are described according to internal reports 
within Holmen. 
 
At external laboratories, cross sectional cuts of printed paperboard were produced for 
estimation of ink penetration into the coating layer, and Calcium maps were performed in 
order to estimate the distribution of the coating. These methods are briefly described in 
the following section. 
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3.8.1 Cross sectional cuts of printed paperboard 
The purpose of this test was to see if the pigments in the printing ink penetrated into the 
coating layer and into the baseboard. Another purpose of the test was to see if oil from the 
printing ink penetrated into the paperboard. 
 
For cross sectional cuts the sample of the paperboard was prepared and hardened for two 
days. Thereafter, a 3µm thin slice was cut out of the paperboard with a diamond knife. The 
sample was illuminated with back light and different kinds of magnification were applied to 
achieve the result images. To get information about possible oil penetration a fluorescence 
microscope with UV-light was used. 

3.8.2 Calcium map 
The purpose of this test was to estimate the distribution of the coating of the paperboard. 
The test uses the fact that the coating contains a lot of well distributed Calcium Carbonate 
(CaCO3). The estimation of the amount of Calcium on a specified area was done by 
irradiating a sample with x-rays. The fluorescence and transmission of the x-rays was 
detected and used for the calculations of the amount of Calcium (Berggren, 1997). The 
result was a two dimensional matrix that contained the measured values with a resolution of 
10 values/mm. The amount of Calcium was demonstrated by creating a colour map of the 
distribution on the measured area of the paperboard, see Figure 62. 
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Figure 62. Calcium map of the measured area of the paperboard. 

 

3.8.3 Burn-out  
The Burn-out test was used for evaluating the amount of coating and the uniformity of the 
coating layer on the paperboard. A solution was applied on the paperboard and the sample 
was placed in an oven. The solution that was used during the process was a saturated 
solution of Ammonium Chloride (NH4Cl), ethanol and water. In high temperature the 
cellulose material was charred when exposed to the saturated solution, but the coating was 
not affected. Depending on the amount of coating the charred cellulose could be seen 
through the coating in varying grey colour tones. The light grey areas corresponded to a 
high amount of coating and dark areas to a low amount of coating. In Figure 63 two 
examples of Burn-out result are shown. 
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Figure 63. Burn-out results with small variations (left) and large variations (right) in the coating 

distribution. 
      

There were different ways to classify the results from the Burn-out test. One classification 
was made visually according to a five level scale. The highest value of the scale represented 
the most variations in the coating amount. Each step of the scale was represented by a 
template samples. There are two template scales, one for Paperboard A and one combined 
for Paperboard B and C. The values of the assessment are shown in Appendix 5. The 
samples are arranged according to the largest variations. 

3.8.4 Topography measurement 
The method is used for measuring the difference in altitude of the paperboard surface.  
A laser beam scans the board surface orthogonally to the fibre direction. The topography 
data can be visualized by a two dimensional map of the measured surface. To be able  
to show the topography values they need to be filtered from low frequencies belonging  
to the natural curvature of the paperboard. The visualised topography values are shown  
in Figure 64.  
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Figure 64. The topography shown in a map of the measured area. 
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3.8.5 Oriented Mottle Ruler 
An internal method for assessing the degree of oriented mottle was the Mottle Ruler. 
Samples of paperboard were assessed according to a ruler of 16 steps. Every step of the 
ruler represented a degree of oriented mottle. The lowest step had the least degree of 
oriented mottle.  For every other step the degree of mottle was represented with a template 
sample, see Figure 65. 

 

Figure 65. The oriented Mottle Ruler (Photo by Gunnar Forsgren). 
 
The samples were classified by comparison with the template samples and an assessment 
according to the ruler scale. The distance between the steps was developed to be visually 
equal; the steps are based on entities of Just Noticeable Difference (JND). The JND is a 
well known concept denoted as the smallest difference that visually can be apprehended. 
The assessment can be performed by one or more people. The quality of the assessment is 
dependent on the ability and desire to make a just judgement. The results are more 
objective if the assessment is performed by several people than for one person only. The 
mean values from the assessment are shown in Appendix 6. The corresponding variance is 
marked in the figure. The samples are arranged according to the degree of oriented mottle. 
 

3.9 Analysis of the distribution of the FWA  
The purpose with this analysis was to get a visual representation of the coating variation by 
studying the contribution from the FWA. One condition for this analysis was that FWA 
were evenly distributed in the coating layer. The visual representation was intended to be 
comparable to the laboratory method Burn-out. The proceeding was to study images 
registered with two different lights, one with the FWA activated and one without. The 
procedure for this analysis is shown in Figure 66.  
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Visual representation 
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active image

 
Figure 66. An illustration of the procedure for analyse the distribution of the FWA. 
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To achieve an optimal result UV-light should be used to be certain that FWA was activated. 
Due to lack of time (this was not planned originally) and that Oden is not yet calibrated for 
UV-lights, the analysis was only applied to a few samples by comparing images registered 
with blue and yellow filter. In the images registered with the blue filter the FWA was 
activate but in the images registered with yellow filter the FWA was non active. The result 
from the analysis was not satisfying. No visual representation of the coating variation was 
shown in the resulting image.  
 

3.10  Evaluation of the calcium maps 
Two samples of paperboard were sent for external analysis of the amount of calcium. The 
amount of calcium correlates well with the amount of coating. The results, the calcium 
maps, were compared with registered transmission images and topography maps and with a 
split version of the same area. A purpose of the method was to see if the amount of calcium 
on the Paperboard B (with coating on both sides) was proportionally distributed on the two 
sides. The procedure for this was to measure a sample, then split it, and measure it again. 
The two calcium maps were compared regarding to the variations.  
 
Another purpose of the method was to see if the variation in the transmission images 
correlated to the amount of coating in the paperboard. Back lighted images were used in 
several parts of this study; for comparing the transmission of the paperboard with the 
printed surface and the micro roughness respectively. A further comparison was made to 
see if the topography of the paperboard surface corresponded to the variations in the 
coating amount.  

3.10.1 Comparison with transmission images 
The registered transmission images were adjusted to get a more similar appearance to the 
calcium maps. The transmission images were put together to get an image of the total 
registered area. The assembled image was rescaled to get the scale as for the corresponding 
calcium map, 10 pixels/mm. The image was high and low pass filtered to enhance the 
frequencies that represented the variations. 
 
To be able to see the variance in the calcium maps the values were mapped to colours. The 
colour mapping stretched from red, for the highest values, via orange, yellow, green and 
cyan, to blue, for the lowest values. The transmission image was compared with the 
corresponding calcium map. A comparison was made by mapping the grey values of the 
transmission images to the same colours as the calcium maps. The grey value scale and the 
corresponding colour scale are shown in Figure 67. The colour images were compared 
visually to find similar variance. 
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Figure 67. The grey colour values were mapped to colour values from blue to red. 

 
Another comparison was made by scaling the values of the calcium map to a grey level 
image. The grey level image and the transmission image were combined in a RGB-image, 
see Figure 68. 
 

 
Figure 68. The transmission image and the grey mapped calcium map were combined in a RGB-image. 
 

3.10.2 Comparison with topography maps 
The colour mapped values of the calcium maps were visually compared with the colour 
mapped values of the topography. To get an easier visual comparison the topography values 
were reversed so that the low values of the topography had the same colour representation 
as the high values of the calcium maps. 
 

3.11 Analysis of cross-sectional cuts in dark and light areas 
Two samples of paperboard were sent for external cross-section analysis, one dark and light 
area on each sample were analysed. The first sample was Paperboard B-400 on a grey print 
and the second sample was Paperboard A-380 on a green print. The analyses on the 
registered images were performed according to chapter 3.6 Method for analysis of the area 
between the dark halftone dots. The purpose of this test was to examine if dark streaks 
between the halftone dots may be a result of: 
 

• A difference in coating layer thickness between the dark and light areas. 
• A difference in penetration of ink pigments into the coating layer and into the fibre 

matrix. 
• A difference in oil penetration into the fibre matrix. 
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3.12 Comparisons between all achieved results 
The methods and analyses of this study were used to compare all the samples and to 
compare groups of samples with similar properties regarding different factors. A 
comparison was made between the internal classifications Mottle Ruler and Burn-out. 
Another comparison was made between the internal classifications and the developed 
method, chapter 3.6 Method for analysis of the area between the dark halftone dots. The 
three methods were also used for comparisons among groups of samples with similar 
properties regarding different factors. A comparison was also made between the Calcium 
and Topography maps to study the connection between the surface related and the coating 
related factors. 

3.12.1 Comparison between internal and new classifications 
A comparison was made between the classification from the internal laboratory methods, 
Burn-out and Mottle Ruler. The purpose of this comparison was to see if the samples with a 
high assessment from the Mottle Ruler would correspond to large variations in the coating 
amount and vice versa. A comparison was also made between internal methods above and 
the developed method, chapter 3.6. The purpose of the comparison was to see if the result 
from the developed method corresponded to the assessment from the internal methods.  

3.12.2 Comparison among groups of samples 
To clarify how printing, coating and surface related factors affects the tendency for oriented 
mottle several comparisons were preformed. All the samples in each group had the same 
conditions except for one separating property. The comparisons were made between the 
developed method, chapter 3.6 and the internal laboratory methods Burn-out and Mottle 
Ruler. The comparison of the groups of samples had the following purposes:  
 

• To establish the differences between the samples of the same grammage but with 
various amount of oriented mottle. 

• To establish the differences between the samples from the same batch and with 
different positions across the paperboard web. 

• To clarify how different coating recipes and different coating amounts affect the 
tendency for oriented mottle. 

• To clarify how coating with different blade types affect the tendency for oriented 
mottle. 
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4 Results and Discussion  
This section contains the results from the performed method developments and all analyses. 
Firstly the results from each method development are shown, and secondly a comparison 
between all achieved results is presented. The results clarified the difference between light and 
dark areas of oriented mottle. However, the desire to predict oriented mottle on unprinted 
paperboard was not completely fulfilled. The results clarified that the following factors might 
affect the tendency for oriented mottle: 

 
• Printing related factors 
• Coating related factors 
• Paperboard surface related factors 
 

4.1 Analysis of the micro roughness on paperboard 
The purpose of this analysis was to find a correlation between the variation in the paperboard 
surface, visualised in micro roughness images, and the variation in the transmission of the back 
lighted paperboard. The variation in the transmission images was studied regarding the 
baseboard and the coating amount.  
 
There were three resulting images; two of them showed each of the variations (micro roughness 
and transmission respectively) and the third was a combination of those two variation images. 
The correlation between the micro roughness and the transmission could easier be determined in 
the combined image. The results from Paperboard B were satisfying but the results from 
Paperboard A left more to be desired.  
 
The resulting images from Paperboard B (with coating on both sides) showed that a fine micro 
roughness correlated with high transmission. When the paperboard was rotated in the analysis, 
the result was confirmed. The resulting images of the variation from Paperboard B350-dev2 are 
shown in Figure 69 and the RGB-image is shown in Figure 70. The fine micro roughness; i.e. 
the smoother surface, was located in the bright areas of the transmission image, which is shown 
as the pink areas of the RGB-image. The rougher surface corresponded to the dark areas, shown 
as the cyan areas in the RGB-image. 
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Figure 69. The resulting images of the variation showing the micro roughness (left) and the transmission 

(right) for Paperboard B350-dev2. 

 

     

smoth surface
large transmission

rough surface
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Figure 70. The resulting RGB-image showing the micro roughness in combination with the transmission for 
Paperboard B350-dev2. 

 
For Paperboard A (with coating on one side, the analysed side) the resulting images showing 
micro roughness and transmission did not visually correlate well. The reason for this might be 
that the surface structure of Paperboard A was rougher than of Paperboard B, or had more 
macro scale topography than Paperboard B in this specific case (has not been verified though). 
This made it harder to visually separate the fine from the rough parts of the surface. In the 
images of the micro roughness some larger shaded areas were found. These shaded areas were 
not found in Paperboard B. In some cases the shaded areas seemed to correlate with areas of 
high transmission. The rotated images were also examined to confirm if there was a connection 
between the shaded areas and the high transmission. The rotated images did not show any clear 
correlation. The shaded areas could correspond to the macro roughness, and it is probable that 
the macro roughness (large scale topography of the surface) could not be displayed by the rotated 
light. Images for Paperboard A350-dev1 are shown in Appendix 7. Some additional tests and 
adjustments would be needed to be able to determine if there is correlation.  
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The results form Paperboard B indicates that the smoother micro roughness correlates with high 
transmission which is affected by the baseboard structure and the coating amount. A smooth 
macro roughness on the other hand is usually related to large amount of coating. The micro 
roughness depends on the particles in the coating. An idea of why the areas with low topography 
also have a high amount of coating is that these areas might contain more large particles than the 
areas with low amount of coating. This might affect the surface micro roughness. Another idea 
concerns the coating colour which includes water and therefore a lot of water exists in the areas 
with a high amount of coating. This might generate swelling of the fibres in these parts and this 
might also affect the roughness. These two ideas have not been verified.  
 
The micro roughness could be studied on printed paperboard by using a photometric stereo 
method, see chapter 6 Suggestion of future work. However the printing process might affect the 
micro roughness of the surface according to Sundström (2002) which 
 

4.2 Analysis of the area between the dark halftone dots  
This method was developed for analysis of light and dark areas in the oriented mottle. The 
developed method produced satisfying results. In the result images the area between the dark 
halftone dots were enhanced. From the analysis three types of result images were produced by: 
 

• Highlighting the intensity differences between the darkest and the lightest image. 
• Enhancing the difference in the bright area between the dark halftone dots. 
• Clarifying the paperboard evenness with back light 

 
The resulting images had more apparent differences in the grey printed areas than the green 
printed areas. The result from establishing the darkest and the lightest image was also generally 
clearer in the images from grey printed areas. 

4.2.1 Classification of the result images  
The resulting images of the highlighted intensity differences and the enhanced areas were 
visually classified according to the amount of differences. Both of the classification scales had 
four levels (later shown in Table 9 and 10). The levels were set by examining the variation of all 
of the samples. The classifications were then made by assessing each sample separately by the 
authors at one occasion.   
 
The classification was deficient for some reasons. The criterion for each of the levels was hard to 
define and this made the boundaries indistinct. All the samples, except the most visually extreme 
ones, were hard to classify according to the defined levels. The classification levels were not 
evenly distributed; the difference between two levels was not the same for all levels. One step up 
or down in the classification did not necessary mean significantly better or worse visually. The 
classification should be regarded as a guideline and not a fact. To achieve a reliable classification 
a number of evaluations would have been needed. The results would also be more accurate if the 
assessments would have been performed by more people.  
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In the following parts of the study, when individual samples were compared to each other, the 
results sometimes seemed to be reversed. This is probably due to the unclear crossing between 
the levels. The classification gives an indication of the appearance of the samples, but to achieve 
a more accurate result the following comparisons were supplemented by a visual inspection. 

4.2.2 Determination of the darkest and lightest image in each position 
The purpose of the thresholded images was to classify the darkest and lightest images and to 
show the intensity difference in a total area. The results of the thresholding were mostly 
satisfying. In some of the samples no visual streak or structure areas were found. In these 
samples there were occasionally small differences in the amount of white pixels for the darkest 
and the lightest images. The results from the grey printed area were more distinct than from the 
green printed area. The results from the intersectional areas were not as evident as from the 
printed areas. This is probably due to the difficulty to find streaks in the intersectional areas 
during the registration. 

4.2.3 Highlighting the intensity difference between the darkest and the 
lightest image 

The resulting images showed the location of the intensity differences between the darkest and 
lightest image. The differences in a specific interval, corresponding to the bright areas between 
the halftone dots, were highlighted in the darkest image. All of the resulting images were 
classified with respect to the amount and shape of the highlighting. The classifications varied 
slightly between the grey and green samples. The samples were classified according to a four 
level scale, the scale is presented in Table 9 and all the samples classifications are presented in 
Appendix 8. Images classified as 1 and 4 are shown from a grey printed area in Figure 71.  
 

Table 9. Classification levels of the images with highlighted intensity difference. 

Level Distinct feature 
1 No noticeable streak or connected red areas 
2 A noticeable streak or small connected red areas 
3 A visible streak or medium-sized connected red areas 
4 A distinct streak or large connected red areas 

 

 
Figure 71. Highlighted images from a grey printed area with classification 1 (left) and 4 (right) 
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The results from the classification of all samples of a total printed area are shown in Figure 72. 
For each sample the mean value of the three total areas is shown along with the corresponding 
variance. The samples are arranged according to the classification levels. The samples from the 
intersectional areas were classified with similar results as for the printed total areas. 
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Figure 72 The classification of the highlighted intensity images. 
 
The highlighting of the intensity differences was also applied on images registered with the 
yellow filter. The purpose of this test was to see if the intensity differences increased or 
decreased by using the yellow filter. The result from this test showed no significant difference 
between the images registered within the entire visible spectrum and within the yellow part of 
the spectrum. Therefore the results from highlighted intensity differences from the entire visible 
spectrum were used continuously.  

4.2.4 Enhancing the difference between the dark halftone dots  
The resulting images enhanced the intensity differences in the dark streaks. Three of the multi-
channel images were contrast stretched in a specific interval. The three images were combined to 
an RGB-image. The darkest subarea image of each sample was classified with respect to the 
intensity differences. The classification varied marginally between the grey and green samples. 
The samples were classified according to a four level scale. The scale is presented in Table 10 
and all the samples classifications are presented in Appendix 9. Images classified as 1 and 4 are 
shown from a grey printed area in Figure 73.  
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Table 10. Classification levels of the enhanced images. 

Level Distinct feature 
1 No noticeable streak and only small intensity differences 
2 A noticeable streak or small connected areas with intensity differences 
3 A visible streak or medium-sized connected area with intensity differences 
4 A distinct streak or large connected areas with intensity differences 

 

 
Figure 73. Enhanced images from a grey printed area with classification 1 (left) and 4 (right). 

 
In Figure 74 the results from the classification of all samples are shown. The mean value of the 
three total areas of each sample is shown along with the corresponding variance. The samples are 
arranged according to the classification levels. 
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Figure 74. The classification of the enhanced images. 
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The purpose with the images from the intersection was to see if the darkening in the bright areas 
could be found on the non printed paperboard. This would indicate that the ink gave rise to the 
dark areas in some way. The resulting images from this test were not completely sufficient. The 
result images from one registered area from the intersection are shown in Figure 75 with 
different positions used in the contrast stretching. The images are enhanced according to the 
printed area, both the printed and non printed area and according to the non printed area.   
 

 
Figure 75. The images are enhanced according to the printed area (left), both the printed and non printed 

area (middle) and the non printed area (right). 

 
The intention was to register images of areas where a dark streak ceased to exist in the 
intersection, but this was hard to carry out. Fewer of these registered images showed the intended 
dark structured areas, from the oriented streaks, in comparison to the printed total areas. The 
high contrast in the intersection, between printed and non printed paperboard, made it hard to 
visually see the lower contrasts between a dark streak and its surrounding. In the resulting 
images the dark structured areas were seen in the printed area but no dark area was found on the 
non printed paperboard. This indicates that the ink does not absorb into the fibre matrix and 
cause the darkening. This result may indicate that the darkenings in the bright areas between the 
halftone dots can be related to an optical phenomenon. 

4.2.5 Clarifying the paperboard evenness with back light 
The resulting thresholded transmission image showed the great differences in the transmission of 
the back lighted paperboard. The resulting thresholded transmission and reflection images were 
compared and combined in a RGB-image. The result of the comparison was as expected. The 
light areas of the transmission images correlated with the dark areas of the reflection images and 
vice versa.  The results were satisfying for the areas that contained a visible streak or connected 
areas with intensity differences. But for many of the images the intensity differences did not 
contain any distinct structure. In these images the correlation was harder to establish because of 
the disorder. Two resulting RGB-images of the correlation are shown in Figure 76, one with a 
structured and one with a disordered area. The colours in the resulting images depended on the 
intensity values in each layer. The blue and red areas showed a high correlation between the 
thresholded images, while the black and magenta areas showed a low correlation. In the red parts  
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the light areas of the reflection image correspond to low transmission. In the blue parts the dark 
areas of the reflection images correspond to high transmission. In the black and magenta areas 
both images are dark or light respectively. 

 

 
Figure 76. Resulting RGB-images showing the correlation between the transmission image and the reflection 

image for a structured (left) and a disordered area (right).  

 
The result images were classified regarding the structure of the colours in the RGB-image. The 
classification had two levels; structured or disordered images. The results from the classification 
are shown in Appendix 10. 
 

4.3 Prediction of oriented mottle from unprinted paperboard  
In this study an attempt was made to predict oriented mottle from analysis of unprinted 
paperboard. The connection between the structure on unprinted paperboard and oriented mottle 
after offset printing was examined, and two sheets of samples were analysed before and  
after printing. 
 
In this analysis, transmission images of the unprinted paperboard were compared with the 
reflection images from the printed paperboard. To be able to make the comparison, it was 
necessary to find the exact same area in the images produced before and after printing. To find 
the same areas, the contrast stretched transmission images for each position were compared 
before and after printing and a search for the same fibre structure in each position was 
performed. The search was very hard to perform, the same fibre structures were not found in the 
unprinted and printed areas in any of the positions. Some fibres on the unprinted and printed 
sheet did correlate, but the fibres within the structure were not in relation to each other. To 
remove the suspicions that different positions were registered before and after printing, an 
additional search was performed. The search was performed on the whole intersection between 
the non printed and printed area, on the grey and green print on one sheet. The result from the 
additional search was that no clear correlation could be discovered. This resulted in that the 
intended analysis of the sheets of paperboard was not feasible, and a prediction of oriented 
mottle from unprinted paperboard could not be obtained.  
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A possible reason that no matching was possible could be that the fibre structures changed 
during the printing process due to the addition of water. To be sure that exactly the same areas 
are compared before and after printing, it would have been desirable to mark the positions on  
the sheet before printing. Maybe this comparison then could have been completed and given  
some results. 
 

4.4 Evaluation of the calcium maps 
A purpose of this comparison was to establish the correlation between the amount of coating and 
the variation in the transmission of the paperboard. Another purpose was to examine correlation 
between the coating amount and the topography maps. A further purpose was to see if the 
amount of calcium was proportionally distributed on both sides of Paperboard B (with coating 
on both sides).  
 
Paperboard B-350 was analysed and then split into two halves. One of the split halves was 
analysed and compared to the calcium map of the original sample. The variations on the samples 
correlated well. This indicates that the coating is proportionally distributed on the two sides of 
the paperboard. The original calcium map of Paperboard B-350 is shown along with the split 
sample in two different scales in Appendix 11.  

4.4.1 Comparison between the calcium maps and the transmission 
images   
The result of the comparison between the intensity in the transmission images and the amount of 
calcium, from the calcium maps, was not completely satisfying. Some correlation in specific 
areas could be found between the two images. For the sample of Paperboard B-350, the result 
was slightly better than for the sample of Paperboard A-380. Several correlating areas in the 
calcium map and the transmission image images could be pointed out in the sample of 
Paperboard B-350. For Paperboard A-380 only a few correlating areas could be found. The 
comparison between the calcium map and the transmission image for Paperboard B-350 is 
shown in Figure 77. The comparison for Paperboard A-380 is shown in Appendix 12. 
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Figure 77. The transmission image compared to the calcium map for Paperboard B-350. 

 
The resulting RGB-image showed that some areas in the images above correlated slightly well 
for Paperboard B-350, see Figure 78. The yellow to black colours shows large correlation 
between the images. In the yellow parts the high amount of calcium corresponds to low 
transmission. In the colours between yellow and black the amount of calcium decrease and the 
transmission increase until the black parts where the low amount of calcium correspond to high 
transmission. The correlation decreases when the colour goes towards red or green where both 
the amount of calcium and transmission is high and low respectively. The resulting image from 
Paperboard A-380 is shown in Appendix 12. 
 

largesmall small

correlation

 

 

 
Figure 78. The resulting RGB-image for Paperboard B-350 that shows the correlation between the 

transmission image and the calcium map. 
 
The reason for the unsatisfying results could be that the comparison was not completely 
straightforward. The values from the calcium maps and the intensity values of the transmission 
image were not distributed evenly. These problems could probably be improved with some 
additional and more adapted image processing. In spite of these improvements some of the 
variations in the transmission images would probably remain, since the transmission also is 
affected by the baseboard structure. 
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4.4.2 Comparison between the calcium maps and the topography maps  
The measurements of topography were performed at the same positions as the calcium maps, for 
Paperboard A-380 and Paperboard B-350 respectively. The visual comparison of the 
measurements showed a correlation between a high amount of calcium and low topography and 
vice versa. The resulting maps of the calcium amount and the topography values for Paperboard 
A-380 are shown in Figure 79.   
 

Calcium map

Topography

High amount
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Low amount
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Low
topography

High
topography  

Figure 79. Maps of the calcium content and topography levels for Paperboard A-380. 

 
The correlation was visually found in the large variations (low frequencies) but the smaller 
details (high frequencies) did not correspond to each other. This result was expected and can be 
derived from the coating process. One of the purposes of coating paperboard is to make the 
surface more even. The coating fills up cavities and unevenness of the baseboard, but some 
height differences remain, these highest points will have a lower amount of coating. An earlier 
initial study compared the signals of calcium and topography from a line measurement. No 
correlation between the signals was found in that study. The results of this study show larger 
areas which easier can be compared visually. 
 

4.5 Analysis of cross-sectional cuts in dark and light areas 
The purpose of this analysis was to examine if the darkening in the bright areas between the 
halftone dots may be a result of differences in the coating or penetration of the ink constituents. 
The resulting images from the cross sectional cuts showed the pigment and oil from the printed 
ink, the coating layer and some of the fibre structure in the paperboard. The resulting images 
were visually assessed and compared with registered reflection images and transmission images 
for the same areas.  
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4.5.1 Analysis of the coating layer thickness  
The purpose of this study was to see if there was a difference in the coating layer thickness 
between the dark and the light area. The thicknesses were not measured and the comparison was 
only visual. As expected, the images of the cross-sectional cuts clearly indicated that the amount 
of coating in the light area is thicker than in the dark area. The difference in the coating layer 
thickness between the light and the dark area happened to be greater for Paperboard B-400 (grey 
print) than for Paperboard A-380 (green print). This was probably only a result of the choice of 
areas to analyse.  
 
Corresponding to the results above, the image analyses from the registered reflection and 
transmission images showed intensity differences between the dark and light areas. The purpose 
of the image analysis was to enhance the intensity differences in the light and dark areas, the 
areas that oriented mottle probably originate from. The intensity difference between the light  
and the dark area was greater for Paperboard B-400 (grey print) than for Paperboard A-380  
(green print). 
 
A possible reason that oriented mottle arises can be that an area with thin coating layer might 
visually appear as darker because the fibres can be visible through a thin layer of coating. In a 
thinner coating layer the light might reach down to the fibre structure which can lead to more 
light absorption and less light reflection, resulting in dark streaks. Another reason can be an 
optical phenomenon derived from the variation in the coating layer. Small intensity differences 
probably exist in the unprinted board and these are accentuated in printing. This is due to the 
optical dot gain and that the differences in non printed areas achieve a greater importance. This 
further discussed in chapter 6 Suggestion of future work.  
 
The cross-section images from Paperboard B-400 (grey print) are shown in Figure 80; the cross 
section has a magnification of 860. Cross-section images from grey and green printed areas are 
shown in Appendix 13 with a magnification of 260. The result images from the developed 
method, chapter 3.6 Method for analysis of the area between the dark halftone dots, for 
Paperboard B-400 (grey print) are shown in Appendix 14. 
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Figure 80. Cross-section images of a grey print (Paperboard B-400), showing different coating layer thickness 

between the light area (above) and the dark area (below). 

 

4.5.2 Analysis of ink penetration 
The purpose of studying the ink penetration was to see if some of the ink penetrated into the 
coating and the fibre layer resulting in dark streaks between the halftone dots. The images of the 
cross-sectional cuts showed that there was no visual difference between the samples regarding 
the dye penetration test. The ink seems to stay on top of the paperboard and does not penetrate 
into the coating or fibre layer. 
 
The green printed sample had almost the same ink pigment thicknesses in the light and the dark 
area, around 1.15 µm, see images in Figure 81 (with magnification of 1200). For the grey printed 
sample the thicknesses of the ink pigment layers were similar; 0.98 µm for the dark area and 1.07 
µm for the light area, see images in Appendix 15. 
 

      
Figure 81. The thickness of the ink pigment layer was the same for the light area (left) and the dark area 

(right) in the green print (Paperboard A-380). 
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4.5.3 Analysis of oil penetration 
The purpose of studying the oil penetration was to see if some of the oil from the ink penetrated 
into the coating and the fibre layer and thereby caused darkenings in the bright areas between the 
halftone dots. The examination of the oil penetration was only applied on Paperboard A, the 
green print. The resulting images from the cross-section showed that oil penetrated into the top-
coating but not down in the pre-coating. The oil penetration in the top-coating was evenly 
distributed and there were no significant visual differences between the dark and the light area. 
The colour of the ink penetration was more distinct in the light area than in the dark area, but the 
thickness of the diffuse penetration was similar in both areas. The oil did not reach the fibre 
matrix, which eliminates the hypothesis that fibre “look-a-like” darkened streaks between the 
halftone dots should be a result of oil absorption into the fibres. 
  
In Figure 82 the oil penetration of the light area is shown, with a magnification of 850. The 
cross-section of the dark area is shown together with the corresponding image of the oil 
penetration from fluorescence microscope in Appendix 16. 
 

   

 

 
Figure 82. The images show the oil penetration (above) and the corresponding cross-sectional cuts (below), of 

a light area on a green print (Paperboard A-380). 

 

4.6 Comparison between all achieved results 
The comparison was made among all the groups of paperboards samples, except for the samples 
used for developing the methods.  The results from the Method for analysis of the area between 
the dark halftone dots, the Mottle Ruler and the Burn-out were used for the comparison. From 
the first method the result images were used with their corresponding classification levels. From 
the internal laboratory methods the visual assessments were used. These methods were used to 
for comparison of all the samples used in the study and also for groups of samples with similar 
properties regarding different factors. 
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4.6.1 Comparison between the internal classifications  
The classifications from the Burn-out test and the Mottle Ruler were compared. The expectation 
for this comparison was that the samples with larger variations in the coating would correspond 
to a high assessment from the Mottle Ruler and vice versa. The comparison showed that the 
degree of oriented mottle generally corresponded to the variation in the coating amount. There 
were some deviations for the samples with different coating techniques. The Burn-out 
classification was low for these samples but the visual assessment varied some. Some of the 
samples with high grammage were classified higher according to the coating variation than to the 
Mottle Ruler. The diagrams from the comparison are shown in Appendix 17, the values from the 
Mottle Ruler and Burn-out are showed on the y-axis to the left and right, respectively. The 
samples were sorted regarding the assessment according to the Mottle Ruler.  

4.6.2 Comparison between internal and new classifications 
A comparison was made between the developed method and the visual assessment according to 
the Mottle Ruler. The classification from the Burn-out method was also compared with the 
classifications from the method. A comparison was made between the classifications from the 
Mottle Ruler the highlighted images and the enhanced images. The classifications used in the 
comparison had different scales. The Mottle Ruler had a scale from 1 to 16 and the developed 
methods were classified into four levels. The comparison is shown in Figure 83, the values from 
the Mottle Ruler and developed methods are showed on the y-axis to the left and right, 
respectively. 
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Figure 83. The comparison between the classifications of the Mottle Ruler and the method. 
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The result from the comparison was that the assessment according to the Mottle Ruler mostly 
corresponded to the classification levels of the developed method. The classifications were 
similar for 50% of the samples. Less than 30% of the samples showed a clear difference. The 
result from these samples hade two different trends; 
 

• A lower classification according to the Mottle Ruler corresponded to higher level for 
the resulting images.  

• A higher classification according to Mottle Ruler corresponded to lower levels for the 
resulting images. 

 
An alternative graph showing the correlation between the different classifications is shown in 
Figure 84. Each of the dots shows the value from the classification and assessment. If the 
classifications and assessment had perfect correlation the line drawn between the dots would be 
continuously rising. The samples in the graph below with assessments between five and seven 
deviate from the wanted result. 
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Figure 84. The graph shows the correlation between the different classifications from the method and the 

assessments according to the Mottle Ruler. 
 
The purpose with the resulting images from the developed method was to enhance the intensity 
differences in each sample. All paperboard contains natural intensity differences. When a certain 
area of the paperboard is enhanced, by contrast stretching, all the intensity differences in that 
interval are enhanced. The tendency for oriented mottle is probably related to a smaller part of 
the intensity differences. When contrast stretching is applied on paperboard with a low 
classification from the Mottle Ruler all the natural intensity differences are enhanced. This can 
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visually be apprehended as irregular structure. Smaller parts of the interval might have 
represented the relevant intensity differences, from the oriented mottle, in a better way. In this 
way the differences between the classification levels might have been increased. However the 
developed method levels needs to be further developed to attain trustworthy results. 
 
The classification is not proportional. The difference between the levels of the classification 
scale varies, and the distance between the levels is small and the levels may even overlap. The 
six total areas, from the same sample, do sometimes have a large variation in the classification 
levels. For instance, sample B1 in the diagram has a rounded level of 2 if the classification only 
hade been applied for the green printed areas; the level would have been 1. This might have 
given a more trustworthy result since the assessment of the Mottle Ruler is made only for the 
green printed area. 
 
A comparison was made between the Burn-out assessments and the classifications from the 
developed method. The comparison could not be made level wise since the Burn-out 
classification has five levels and the methods only four. The comparison was made to see if the 
coating variation corresponded to the intensity variations. The high classifications from the 
methods corresponded to some extent to the high classifications from the Burn-out and vice 
versa. The highlighted images showed slightly more correlation with the Burn-out classifications 
than the enhanced images. The classifications from the comparison are shown in Figure 85. 
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Figure 85. The comparison between the classifications from the Burn-out and of the intensity images. 
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The comparison between the classification from the back lighted images and Burn-out method 
gave satisfying result. The samples with a high grade from the Burn-out assessment were 
classified as structure and the samples with a low grade as disorder. The samples that were 
classified with the middle grade 3 from the Burn-out had an ambiguous result from the back 
lighted images. An alternative graph showing the correlation between the different classifications 
is shown in Figure 86. The small squares show the mean value of the classifications, according 
to the method, from each paperboard sample. Each of the large squares shows the mean value 
from all the samples with the same Burn-out classification (i.e. the mean value of the small 
squares of the same column). If the classifications and assessment had perfect correlation the line 
drawn between the large squares would be continuously rising.  
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Figure 86. The graph shows the correlation between classifications from the method and the Burn-out. 

 

4.6.3 Samples with various amount of oriented mottle 
The main purpose of this comparison was to establish the differences between the samples of the 
same grammage but with various amount of oriented mottle. The various amount of mottle was 
obtained by choosing samples from different production runs or from different positions across 
the web. The differences between the samples from the same batch and with different positions 
across the paperboard web were also established.  
 
The results were mainly satisfying and the differences between the samples were as desired. The 
centre samples contained less highlighted- and enhanced differences than the edge samples of 
the same grammage. The assessment according to the Mottle Ruler was in accordance with the 
expectations; the centre samples obtained a better assessment than the edge samples. The back 
lighted images from the edge samples presented slightly more correlated structure than the centre 
samples. According to the Burn-out classifications the centre sample was better than the edge  
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samples except for one sample. Even though the results were decent they would most likely have 
been improved if there had been larger differences between the different samples. All the 
samples and the classifications are shown in Table 11. 
 
Table 11. Classifications of samples with various amount of oriented mottle and from different positions. 

 
Classifications 

 
Sample 

 
 

Mottle 
Ruler 

Burn- 
out Highlighted Enhanced Back light 

Paperboard A350-centre 14.2 5 3.33 3.67 Structure 
Paperboard A350-edge 15.8 4 3.67 3.67 Structure 
Paperboard B300-centre1 6.3 2 3.17 2.67 Disorder 
Paperboard B300-centre2 2.2 1 1.33 1.17 Disorder 
Paperboard B300-edge 10.0 3 2.00 2.00 Disorder 
Paperboard B350-centre 7.3 3 2.00 3.00 Structure 
Paperboard B350-edge 10.2 4 2.00 3.00 Structure 

 
When choosing the centre and edge samples of Paperboard A350 they were visually very 
similar. The assessment according to the Mottle Ruler and the classification levels from resulting 
images were also much alike. Even though the differences were small, the edge samples had 
solely more intensity differences and structure. However the Burn-out classification showed 
more variation in the coating layer for the centre sample. The Burn-out classification was lower 
for the edge sample. 
 
The comparison between the centre and edge samples from Paperboard B300 was made using to 
different centre samples. This comparison showed that according to the Mottle Ruler both of the 
centre samples had lower amount of oriented mottle. The Burn-out classification shows the same 
thing. The classification levels from the intensity images were alike for both centre samples and 
the edge sample. Paperboard B300-centre1 had slightly more intensity differences than the edge 
sample. For Paperboard B300-centre2 there were large variances between the classifications of 
the different positions in the highlighted images. 
 
For Paperboard B350 the centre sample had lower assessment according to the Mottle Ruler. 
The Burn-out classification followed the same pattern. The classification levels from the 
highlighted intensity images were identical, but visually there were some differences between the 
samples. The back light images had slightly more structure for the samples from the edge than 
from the centre. The edge sample from grey print visually had more intensity differences. From 
the green print one position from the centre sample had distinct connected area. 

4.6.4 Samples coated with different coating recipes and amounts 
The purpose of this comparison was to clarify how coating related factors such as coating recipe 
and coating amount affect the tendency for oriented mottle. The different pigment properties and 
packing in the coating should generate different light scattering properties. The results from the 
comparison of the samples with different coating amounts were expected. All the classifications  
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for the sample with a higher amount of coating were lower, i.e. showed a lower tendency for 
oriented mottle. The results from the comparison of the samples with different types of recipes 
did not give any intensity differences. The samples and the classifications are shown in Table 12. 
 
Table 12. Classifications of the samples coated with different coat weight and pigment types. 

 
Classification 

 
Sample 

 
 

Coat 
weight 
(g/m2) 

Pigment 
type 

 Mottle 
Ruler 

Burn- 
out 

High-
lighted Enhanced Back light

Paperboard-B1 13  +  
12 

CaCO3 – 
fine 

(narrow 
psd) 

1.6 1 1.67 1.67 Disorder 

Paperboard-B2 10  +  9 

CaCO3 – 
fine 

(narrow 
psd) 

5.7 2 2.83 3.00 Disorder 

Paperboard-B3 10  +  9 CaCO3 – 
coarse 7.1 2 2.00 1.67 Disorder 

Paperboard-B4 10  +  9 CaCO3 – 
fine 6.4 2 2.67 2.50 Disorder 

 
Paperboard B1 and Paperboard B2 were compared regarding to the amount of coating. The 
sample with higher amount of coating, Paperboard B1, generally contained lower intensity 
differences and structure in the result images. The assessment according to the Mottle Ruler and 
the Burn-out was lower for Paperboard B1. In Paperboard B2 the enhanced intensity showed 
contours of fibres, which probably depend on the thin coating layer, see Figure 87.  
 

 
Figure 87. The images of the enhanced intensity differences shown for Paperboard B1 (left) and Paperboard 

B2 (right). In Paperboard B2 the fibres in the paperboard structure are shown. 
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A comparison was also made between Paperboard B2, B3 and B4 because of their different pre-
coating recipes (different carbonate types). The expectations regarding the light scattering 
properties was that Paperboard B2 would be better than B4 which should be slightly better than 
B3. This was in accordance with the assessments from the Mottle Ruler. The Burn-out tests did 
not show any variation. The highlighted and enhanced intensity images were visually very 
similar for all the samples. Even though the classification levels gave different results for the 
enhanced intensity images; visually all the samples had the same appearance. The enhanced 
intensity images on grey print showed contours of fibres on all samples but the fibres were most 
distinct in Paperboard B2. The back lighted images were disordered but all samples except for 
Paperboard B2 had one area with structure. A larger difference between the samples with 
different carbonate types in the pre-coat was expected. However, the samples were very similar 
from the initial internal classifications, and therefore no large intensity differences from the new 
methods could be expected. 

4.6.5 Samples coated with different blade types 
The purpose of this comparison was to clarify how different blade types (soft-tip and standard 
blade) in the coating affect the tendency for oriented mottle. The soft-tip blade gives a more 
contoured coating layer than the standard blades (steel and ceramic blade). The different blade 
types used in coating process can generate in different light scattering properties. Variations in 
the coating layer and the light scattering properties can affect the tendency for oriented mottle. 
All the samples and the classifications are shown in Table 13. 
  

Table 13. Classifications of the samples coated with different blade types. 
 

Pre- + Top-coat
 

Classification 
 

Sample 
 
 Blade Mottle 

Ruler 
Burn- 

out 
High- 
lighted Enhanced Back light

Paperboard-C1 Std + Std 7,3 2 1.83 2.00 Disorder 
Paperboard-C2 Std + Soft-tip 6,3 1 2.50 1.33 Disorder 
Paperboard-C3 Soft-tip+ Std 8,0 1 2.00 2.00 Disorder 
Paperboard-C4 Soft-tip+ Soft-tip 5,3 1 1.67 2.17 Disorder 

 
For Paperboard C1 and C2 a steel blade and a soft-tip blade respectively were used in the top-
coating. For both samples a ceramic blade was used in the pre-coating. The assessments 
according to the Mottle Ruler were slightly better for the sample with the soft-tip blade top-
coating. The classification of the Burn-out was also better for Paperboard C2 which was 
expected. The highlighted images contained more visual intensity differences in Paperboard C1 
but according to the classification level there were more differences in Paperboard C2. The 
enhanced intensity images showed more intensity differences in Paperboard C1 both regarding 
the visual appearance and according to the classification. 
 
For Paperboard C3 and C4 a steel blade and a soft-tip blade respectively were used in the top-
coating. For both samples a soft-tip blade was used in the pre-coating. For the assessments 
according to the Mottle Ruler the sample with soft-tip blade in the top-coating showed a better 
result. The visual comparison between the samples gave similar result for both the highlighted 
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and enhanced images. According to the classification levels the results were also very similar. 
The classifications of the Burn-out were low in accordance to the expectations for contoured 
levelled layers. 
 
Paperboard-C4 which had the largest influence of a contoured coating layer among the samples 
was expected to give the best results. This expectation was in accordance with the Mottle Ruler 
and the highlighted classification. The samples of Paperboard C2 and C4 which had a contoured 
coating layer in the top-coating had the lowest assessments according to the Mottle Ruler. The 
sample C3 which had the contoured layer in the pre-coat had the highest assessments according 
to the Mottle Ruler among all samples. This might indicate that it is more important to achieve 
an evenly thick coating layer in the top-coating than in the pre-coating in order to minimise 
oriented mottle. However the differences between the assessments are rather small and further 
samples should be analysed to achieve credible results. 
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5 Conclusions 
In this section the conclusions are presented with the objectives of the study. The 
methods and analyses will be referred to as follows: 

 
• Method 1 – 3.5 Method for analysis of the micro roughness  
• Method 2 –3.6 Method for analysis of the area between the dark halftone dots 
• Analysis 1 – 3.7 Prediction of oriented mottle from unprinted paperboard 
• Analysis 2 – 3.10 Evaluation of calcium maps  
• Analysis 3 –  3.11 Analysis of cross-sectional cuts in dark and light areas 
 

1. To developed method for analysis of light and dark areas in oriented mottle. 
• A method based on image analysis of reflection images was developed 

(Method 2). The method worked well for all samples, and the classifications 
from this method corresponded to the assessments of the Mottle ruler. The 
method could be improved to show more variations between samples of high 
and low degree of oriented mottle. 

• The analysis showed differences between the dark and light areas of the 
oriented mottle. The distinction between the areas consisted of intensity 
differences in areas between the dark halftone dots (from Method 2) and 
differences in the coating amount (from Analysis 2). 

 
2a. To clarify how the print related factors affect the tendency for oriented mottle.  

• Analysis 2 showed that the ink does not significantly affect the tendency of 
oriented mottle regarding the pigment and oil penetration. 

• The analysis of the intersection (using Method 2) indicated the same, since the 
intensity differences were not visible in the non printed areas of the 
intersection.  

 
2b. To clarify how the coating related factors affect the tendency for oriented mottle.  

• Analysis 2 showed some correlation between high transmission of the 
paperboard and low coating amount. The method worked fairly well. The 
compared values originated from different measurement technologies, which 
made the comparison complicated.  

• Method 2 showed that the transmission of the paperboard was high in the dark 
areas. 

• Analysis 3 showed less amount of coating in the dark areas than in the light 
areas. 

• These results combined indicated that the tendency for oriented mottle is 
affected by variations in the coating amount. 
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2c. To clarify how the paperboard surface related factors affect the tendency for 
oriented mottle. 

• Analysis 2 showed some correlation between high topography and low 
amount of calcium. The method worked fairly well. The compared values 
originated from different measurement technologies, which made the 
comparison complicated.  

• Method 1 worked well for Paperboard B but not for Paperboard A. This 
might be due to that the appearance of micro roughness is dissimilar for the 
samples. For Paperboard B the method showed correlation between smoother 
micro roughness and high transmission. 

 
3. To predict oriented mottle on unprinted paperboard.  

• Method 1 indicated that high transmission correspond to areas were oriented 
mottle would arise. Analysis 1 was not feasible due to insufficient marking of 
the measurement area. Therefore it was difficult to match the same areas 
before and after printing.  

• The other analyses showed that the amount of calcium had some correlation 
with the transmission. The transmission also correlated with the micro 
roughness, the topography and the dark areas. If the correlation also exists 
among these properties a combination of this information could be used to 
predict oriented mottle on unprinted paperboard.  

 
4.  All the methods and analyses in this study were performed to clarify the origin of 

oriented mottle. 
• The comparisons made among groups of samples showed classification 

differences regarding the coating amount, blade techniques and web position. 
Lower classifications were given to samples with high amount of coating, 
samples from the centre position of the paperboard web and to samples where 
soft-tip blade was used in the top-coating. 

• The micro roughness, the topography and the dark areas correlates with the 
transmission. The transmission had some correlation with the coating amount 
and low amount of coating correlated to dark areas. These properties together 
might affect the tendency for oriented mottle. 

• The dark areas in the oriented mottle did not seem to originate from the ink 
penetration, and the intensity differences are were not visible on the non 
printed part of the intersection. Therefore the oriented mottle is most likely 
originated from an optical phenomenon induced by the offset print and the 
paperboard structure. The interaction of the light and the halftone pattern 
differs for the dark and light areas. The variations in the coating layer affect 
the interaction by changing the refraction and absorption. Another aspect is 
that the fibres can be visible through the thin coating layer. The Fluorescent 
Whitening Agents, FWA, might also affect the paperboard optics. 
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6 Suggestions of future work 
Establishing the origin of oriented mottle is a complex issue with several approaches.  
During this study image processing was used for the analysis combined with 
laboratory methods commonly used in the paperboard industry. There are 
opportunities to improve all developed methods of this study. The results would be 
improved if the methods were applied on additional samples with different properties. 
It would be preferable to apply the methods before and after an offset printing trial. 
To perform the comparison before and after printing, the samples should be marked 
using pinpricks for example. 
 
A development of the method for analysis of the micro roughness would be to 
consider the ridges of the paperboard in the registration. To achieve a better picture 
of the micro roughness and surface topography a photometric stereo principle could 
be used. The method could be applied on both unprinted and printed paperboard. 
 
The study has shown that oriented mottle most likely originates from an optical 
phenomenon. The phenomenon is induced by the offset print and the paperboard 
structure, where the variation in the coating layer has influence. Visual intensity 
differences can appear if the light-scattering coefficient of the coating is essentially 
higher then of the base board. In the thinner parts of the coating layer there is less 
light scattering and that might cause darker areas. If this is the case visual intensity 
differences should appear on unprinted and printed paperboard. In the unprinted 
paperboard there are no visual intensity differences, however the might be 
measurable intensity differences. This could be investigated by measuring the 
intensity variance on the board before and after printing. When the halftone structure 
is applied on the board the intensity differences are accentuated. This might be due to 
small intensity differences in the unprinted paperboard and to optical dot gain. In the 
non printed areas of the halftone structure the small intensity differences have greater 
importance than they would have in a larger unprinted surface. In the areas with less 
amount of coating the optical dot gain increase; this might result in darker areas. 
These aspects should be further studied.  
 
The Kubelka-Munk theory could be used to determining the absorption and scattering 
of the baseboard. This would be a way to establish where in the paperboard structure 
the optical phenomenon takes place; on the surface, in the coating layer or in the 
baseboard. One way to additionally verify that oriented mottle is an optical 
phenomenon can be to use other halftone structures. By using other structures such as 
stochastic structures, varying dot size or different angles the tendency for oriented 
mottle might decrease. 
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Literature to study regarding optical phenomena and related areas are the Ph.D. 
Dissertations:  
• Mathematical Modelling and Numerical Tools for Simulation and Design of Light 

Scattering in Paper and Print (2007) by Per Edström   
• High Quality Frequency Modulated Halftoning (2001) by Sasan Gooran  
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Appendix 1 

 
Figure 88. The seven normalised multi-channel images from a grey printed subarea. 
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Figure 89. The seven normalised multi-channel images from a green printed subarea. 
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Appendix 2 

400 nm

500 nm

600 nm

700 nm

450 nm

550 nm

650 nm

1

N
um

be
r o

f p
ix

el
s

Intensity values0

1

N
um

be
r o

f p
ix

el
s

Intensity values0

1

N
um

be
r o

f p
ix

el
s

Intensity values0

1

N
um

be
r o

f p
ix

el
s

Intensity values0

1
N

um
be

r o
f p

ix
el

s
Intensity values0

1

N
um

be
r o

f p
ix

el
s

Intensity values0

1

N
um

be
r o

f p
ix

el
s

Intensity values0

 
Figure 90. The histograms of the seven normalised multi-channel images from a grey printed subarea. 
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Figure 91. The histograms of the seven normalised multi-channel images from a green printed subarea. 
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Appendix 3 
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Figure 92. The histograms of the multi-channel images from the grey print (left column) and of the green 
print (right column). The first histogram in each column represent the multi-channel image with the largest 
value in the first eigenvector, the second histogram represents the image with the next largest value and so on. 
The crosses show the positions visually marked for the contrast stretching. 
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Appendix 4 
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Figure 93. The histograms of the multi-channel images from the intersection subareas (left column) and of the 
non printed part of the intersection (right column). The first histogram in each column represents the multi-
channel image with the largest value in the first eigenvector, the second histogram represents the image with 
the next largest value and so on. The crosses show the positions visually marked for the contrast stretching. 
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Appendix 5 
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Figure 94. The classifications for the Burn-out of all paperboard samples.  
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Appendix 6 
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Figure 95. The visual assessments according to Mottle Ruler for all paperboard samples. 
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Appendix 7 

     
Figure 96. The resulting images of the variation showing; the micro roughness (left) and the transmission 

(right) for Paperboard A350-dev1. 

 
Figure 97. The resulting RGB-image showing the micro roughness in combination with the transmission for 

Paperboard A350-dev1. 
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Appendix 8 
Table 14. Table of the classification for each position for the highlighted images. 

Sample Highlighted intensity difference 
 Printed total area Printed total area 
 Pos 1 Pos 2 Pos 3 Pos 1 Pos 2 Pos 3 

Paperboard B300-edge 3 1 3 1 2 2 

Paperboard B300-centre1 4 4 3 4 2 2 

Paperboard B300-centre2 2 1 2 1 1 1 

Paperboard B350-centre 2 2 2 2 3 1 

Paperboard B350-edge  2 2 2 2 3 2 

Paperboard A350-centre 4 3 3 3 2 3 

Paperboard A350-edge 4 3 4 4 4 4 

Paperboard-B1 1 1 1 2 2 3 

Paperboard-B2 3 3 3 3 3 2 

Paperboard-B3 3  2 2 3 2 

Paperboard-B4 2 3 3 3 3 2 

Paperboard-C1 2 2 2 2 2 1 

Paperboard-C2 3 1 3 3 2 3 

Paperboard-C3 3 3 2 2 1 1 

Paperboard-C4 2 2 2 1 2 1 
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Appendix 9 
Table 15. Table of the classification for each position of the enhanced images. 

Sample Enhancing the difference 
 Printed total area Printed total area Intersection area
 Pos 1 Pos 2 Pos 3 Pos 1 Pos 2 Pos 3 Pos 1 Pos 2 

Paperboard B300-edge 2 3 2 1 2 2 2  

Paperboard B300-centre1 3 4 3 2 3 2   

Paperboard B300-centre2 1 1 1 2 1 1 2 1 

Paperboard B350-centre 3 3 3 3 4 3 2  

Paperboard B350-edge  3 3 3 2 3 1 3 2 

Paperboard A350-centre 4 3 4 3 3 4 4  

Paperboard A350-edge 4 3 4 3 3 4 3 3 

Paperboard-B1 2 2 2 2 1 1 1 2 

Paperboard-B2  3 3 3 3 3 3 3 2 

Paperboard-B3   2  1 2 3 2 2 2 

Paperboard-B4 2 2 3 3 3 2 3 2 

Paperboard-C1  2 2 2 2 2 2 2 2 

Paperboard-C2  1 1 2 3 1  2 2 

Paperboard-C3  2 3 1 3 1 2 2 1 

Paperboard-C4  2 2 2 3 3 2 3 1 
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Appendix 10 
Table 16. Table of the classification for each position of the back lighted images. 

Sample The paperboard evenness with back light 
 Printed total area Printed total area 
 Pos 1 Pos 2 Pos 3 Pos 1 Pos 2 Pos 3 

Paperboard A350-centre  Structure Structure Structure Structure Structure 

Paperboard A350-edge Structure Structure Structure Structure Structure Structure 

Paperboard B300-centre1 Disorder Disorder Disorder Disorder Disorder Disorder 

Paperboard B300-centre2  Disorder Disorder    

Paperboard B300-edge Structure Disorder Disorder Disorder  Disorder 

Paperboard B350-centre Disorder Disorder Structure  Structure Disorder 

Paperboard B350-edge Structure Structure   Disorder Structure Structure 

Paperboard-C1 Disorder Structure Disorder Disorder Disorder Disorder 

Paperboard-C2 Disorder Disorder Disorder Disorder Disorder Disorder 

Paperboard-C3 Disorder Disorder Disorder Disorder Disorder Disorder 

Paperboard-C4 Disorder Disorder Disorder Disorder Disorder Disorder 

Paperboard-B1 Disorder Structure Disorder Disorder Disorder Disorder 

Paperboard-B2 Disorder Disorder Disorder Disorder Disorder Disorder 

Paperboard-B3 Disorder  Disorder Disorder Structure Disorder 

Paperboard-B4 Disorder Disorder Structure Disorder Disorder Disorder 
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Appendix 11 
 

Calcium map Paperboard B
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Figure 98. Three images of the calcium maps for Paperboard B; original (above), one half of the split sample 
(middle) and an adjusted version of the split sample (below). 
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Appendix 12 
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Figure 99. The calcium map and the transmission image for Paperboard A-380 
 

largesmall small

correlation

 
 

Figure 100. The correlation of the calcium map and the transmission image of Paperboard A-380 
 shown in an RGB-image. 
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Appendix 13 

 
The cross-section image from Paperboard B-400 (grey print) light area 

 

 
The cross-section image from Paperboard B-400 (grey print) dark area 

 

 
The cross-section image from Paperboard A-380 (green print) light area 

 

 
The cross-section image from Paperboard A-380 (green print) dark area 

 
Figure 101. Images from the cross-sectional cuts, magnification 260, from Paperboard B-400 (above) and 

Paperboard A-380 (below). The images showing part of the fibre matrix, the coating layer and the ink layer  
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Appendix 14 
 

 
 

Figure 102. On the same area that the cross-sectional cuts were performed on Paperboard B-400 (grey print), 
analyses by the developed method were performed according to chapter 3.6. The resulting images are shown 

from the dark area (left column) and the light area (right column). The images in each column shows the 
thresholded reflection images (above), the intensity enhanced images (middle) and the back lighted images of 

the total area (below). 
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Appendix 15 

 
 
 

 
 

Figure 103. The cross-section images are from a light (above) and dark (below) area from Paperboard B-400  
(grey print). The magnification of the images is 1200. The thicknesses of the pigment from the printed ink are 

1.07 µm for the light and 0.98 µm for the dark area. 
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Appendix 16 
  

 
 

 
 

Figure 104. The cross-section images are from dark area on Paperboard A-380 (green print). The images show 
the oil penetration (above) and the corresponding cross-section area (below). 
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Appendix 17 
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Figure 105. The comparison between the assessments according to the Mottle Ruler and the Burn-out 
classifications. The classifications levels are shown for the Mottle Ruler and Burn-out on the y-axis to the left 

and right, respectively 


