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AAbstract: The folding process is one of the most commonly used print finishing operations in graphical 
production. Therefore, surface damages on coated papers and paperboards, which are frequently 
appearing during this process, can have significant negative economic and environmental impacts. To 
reduce the adverse effects, fold crack resistance has become an active field of research. In the last 
decades, there were several computer-aided visual assessment methods introduced for fold-crack 
evaluation. These techniques were based on similar concepts of digital image analysis to quantitatively 
characterise the surface damage, but they had differences in utilisation as well as in the used image 
feature. In this study,  fold crack distribution has been introduced as a new digital image feature for quality 
assessment. Fold crack distribution can be determined as a measure of crack scattering over the folding 
line. In this paper descriptive statistics, mean value, standard deviation and coefficient of variance have 
been used for qualitative characterisation of surface damage. The obtained results for mean value 
demonstrated increasing tendency by increasing the basis weight and had slightly lower value for samples 
in machine than cross direction. These results confirm the basic assumptions that on thicker substrates 
(i.e. on samples with higher basis weight) the cracks are larger, longer or grouped and that the folding 
process generates higher surface destruction is cross than machine direction. In the case of standard 
deviation, results suggest that in a case of varying mean values, crack distribution should be defined via 
coefficient of variation. Based on this analysis, the proposed approach to the calculation of crack 
distribution can serve as a new image characteristic for the qualitative measurement of the fold-crack 
resistance of coated papers. 
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Surface damages on coated papers and paperboards occurred during the folding process are one of the 
most frequently encountered problems in the printing industry. Since the folding process is one of the 
most commonly used operations in the graphical post production it could cause severe financial losses 
and significant environmentaly adverse effects (Holik, 2013; Soltani et al., 2016; FOGRA, 2020). To reduce 
the negative effects of folding process, the fold cracking resistance was gaining importance and has 
become an active field of research. Along with the commonly used mechanical testing methods, different 
computer-aided assessments have been introduced lately as new techniques for quantitative surface 
damage characterisation (Barbier et al., 2002; Rättö & Hornatowska, 2010; Yang & Xie, 2011; Barbier et 
al., 2012; Rättö et al., 2012; Sim et al., 2012; Oh et al., 2015; Oh et al., 2016; Pál et al., 2017; Rajabi Abhari 
et al., 2018; Najafi et al., 2019; Wang & Ding, 2020; Pál et al., 2021). These newly proposed methods are 
based on image processing and analysis and have similar basic concept of damage registration, 
digitization, and image feature calculus. However, they differ in sample preparation method, digitization 
process, and image processing steps. Furthermore, they have defined only one image feature, only for 
quantitative damage characterisation, instead of taking advantage of using additional features provided 
by the computer-aided assessment methods. To overcome these differences in applications and to 
introduce new digital image features for fold-crack evaluation, detailed research has been conducted.  
In this study,  a new  digital image feature, the fold crack distribution, has been introduced, analyzed and 
discussed its potential usage for fold-crack quality assessment. The fold crack distribution (in some 
literature the term distribution is also referred as dispersion) is intended to numerically determine the 
crack scattering over the folding line. For that purpose, descriptive statistics, mean values with standard 
deviations and coefficients of variation have been used. 
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2.1 Sample preparation  

For the purpose of this experiment, glossy coated offset papers have been used in five different nominal 
basis weights: 90 g/m2, 115 g/m2, 130 g/m2, 150 g/m2 and 170 g/m2 (Symbol Freelife Gloss, Fedrigoni, 
Italy). The increasing basis weight of the selected papers was intended to simulate the expanding 
tendency of surface damages. The selected papers were determined by basis weight, thickness, ash 
content, roughness and tensile strength according to the corresponding ISO and TAPPI standards (ISO 
536:2012, ISO 534:2005, TAPPI 211om-02, ISO 8791-2:2013, ISO 1924-2:2008) and the results are 
presented in Table 1. 

Table 1: Basic parameters of the selected papers 

PProperties  SSamples  
NNominal values of  basis weight [g/m22]]  90 115 130 150 170 

BBasis weight [g/m22] 89.7
2 

111.42 125.
2 

141.65 159.76 

Thickness [μm] 
65.5
0 80.20 

92.5
0 113 122.5 

Roughness [ml/min] 33.7
7 

14.85 9.55 14.15 10.15 

Ash content [%] 
40.7
0 40.23 

45.6
3 40.15 40.26 

Tensile strength [kN/m] 
MD  4.22 4.62 4.76 6.05 7.16 
CD  2.82 3.01 3.58 4.24 4.91 

Elongation    [%] 
MD  4.67 4.50 4.40 4.85 5.47 

CD 
10.3
7 8.96 

10.2
9 10.55 9.87 

Prior to folding, the sample papers were printed on KBA Rapida 75 offset machine in full tone cyan (World 
Series Cyan, Sun Chemical) to make the cracked surface properly visible. The folding process was done on 
Horizon AFC546AKT industrial folding machine, using one buckle folding unit with standard folding rollers 
and roller gap adjustments. The folding process was performed at standard climate conditions (23°C, RH 
55%), 48 hours after the printing process. 50 samples of each paper grade were folded in both paper 
grain directions, marked further on as MD (machine direction) folded and CD (cross direction)  
folded samples.  

2.2 Digital sample acquisition

For the complete investigation, three different digitization devices were used to create digital samples of 
the folding line. However, for this analysis, only scanned samples were used. The scanning process was 
done on Canon CanoScan 5600F flatbed scanner with the following setup: scanning resolutions of 
1200spi, sRGB color space, no advanced image settings, file type BMP and color depth of 24bit. The 
scanning window was 4x25mm, and it was set up along the folding line, capturing the damaged areas 
approximately in the middle of the scanning window. During the scanning process, the paper samples 
were mounted on a holder with five different inner angles (15°, 30°, 45°, 60°, 90°), placed in a flat 
position (i.e. 180°) or were completely folded and stacked on each other (for inner angle of 0°). 20 images 
were generated for each parameter combination (paper grade, fiber orientation and inner angle) and 
used for image analysis.  

2.3 Image analysis and feature extraction

White areas on the images of the coated paper samples are correlated to the surface damages that 
occurred during the folding process (Rättö & Hornatowska, 2010; Yang & Xie, 2011; Barbier et al., 2012; 
Rättö et al., 2012; Sim et al., 2012; Oh et al., 2015; Oh et al., 2016; Pál et al., 2017; Rajabi Abhari et al., 
2018; Najafi et al., 2019b; Wang & Ding, 2020; Pál et al., 2021). To determine the white pixels` 
percentage on the digitized folded paper samples and the corresponding additional image features, an 
image processing algorithm has been developed with the following requirements (Sinha, 2000; Apro et 



al., 2011; Malek, 2012; Takemetoyo et al., 2007; Nashat et al., 2014; Goncalves et al., 2015; Sengupta et 
al., 2015): autonomous work, noise suppression, accurate surface damage mapping to the binary image, 
computationally as simple as a possible solution. The algorithm`s workflow is described below. After the 
digitization of material samples greyscale images were generated from the original RGB images via red 
channel extraction. The binary (black and white) images were formed from greyscale ones by 
segmentation using Otsu automatic thresholding technique. Due to the nature of printed surfaces, 
additional white pixels were detected alongside the folding line. Since they were not associated with the 
crack lines but to the large-scale print non-uniformity, detached coating particles, etc., they were 
eliminated by following masking technique. After the folding line detection with its exact position and 
direction determined by Hough transform, the image was divided into ten zones and weighted average of 
white pixel amount was calculated in each zone. Based on the weighted average value, the masking 
kernel`s width was determined and all the white pixels outside of the masking zone were erased. The 
resulting binary image in vertical orientation was used as the input file for image feature extraction.  
The crack distribution calculus is based on the arithmetic mean value and its corresponding standard 
deviation of white pixels` sums registered in every row of the analyzed image, according to Equation 1. 
and 2., respectively:   
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where: x is a sum of white pixel in one row of the image (later in the text: white pixel count), 
n is the number of rows in the image, 
x is the arithmetic mean value of white pixel count and 

S is the standard deviation of white pixel count.  

Lower values of standard deviation indicate that the surface damage is evenly distributed along the 
folding line, while higher values are corresponding to a few and/or bigger and disjoint damages. Although 
crack distribution is determined via standard deviation, the coefficient of variation is a more interpretable 
form. Therefore, results are presented in that manner. This image feature can only be applied to samples 
scanned with inner angle of 15°-180°, where only one folding line was displayed. For samples scanned 
with inner angle of 0° this approach cannot be used, since 15-20 material samples were visible at the 
same time, covering the entire observed image and the sum of white pixels in every row represents 
already an averaged value of those 15-20 folding lines. All the pre-processing, processing and feature 
extraction steps were done in MATLAB® R2011a package with the corresponding Image Processing 
Toolbox™. 

The mean values of average white pixel count, its standard deviation and coefficient of variation were 
calculated for each paper grade, folding directions and sample placement positions. The obtained results 
are presented graphically in Figure 1a-b. Similarly, the mean values of white pixels count’s standard 
deviation and coefficient of variation were also calculated along with the relevant descriptive statistics 
and the results are presented in Figure 2a-b and 3a-b, respectively. Error bars indicate the corresponding 
standard deviations. 
As it can be seen on Figure 1, the white pixel count values have an increasing tendency by increasing the 
sample papers’ basis weight and have slightly higher values for CD folded samples (Figure 1b) than for MD 
folded ones (Figure 1b), although some deviations can be observed. These results follow the literature 
data (Barbier et al., 2012; Sim et al., 2012; Oh et al., 2015; Oh et al., 2016; Pál et al., 2017; Wang & Ding, 
2020) and the primary hypothesis that papers with higher basis weight and thickness generate larger 
surface stresses during the folding process,, especially in the cross direction (CD folding), which causes 
larger or/and connected surface cracks in the coating layer. The range of obtained values for MD folded 
samples was 0.66 ÷ 5.58 and for the CD folded samples 0.99 ÷ 9.71. The step-like increment of white pixel 



count values for CD folded samples was more uniform than for MD folded samples, indicating that the 
samples` basis weight has a more significant influence on the visible white pixels amount in CD folding 
than in MD. That difference is more emphasized for lower basis weights (90 g\m2, 115 g\m2 and 130 
g\m2) and for sample placement positions from 15° to 90°. For the inner angle of 180°, results were 
noticeably less uniform, most likely due to the flat scanning position. According to the sample placement 
positions, the obtained results showed similar changes in both folding directions. For the inner angle of 
180°, results were noticeably lower compared to the other sample placement angles. These differences 
can be attributed to the flat position of the samples during the capturing process. By increasing the inner 
angle of the sample placement position (from 15° to 90°), the folded samples were slowly opened, while 
the crack lines gradually closed. Therefore, the surface cracks were reduced in size or disconnected. With 
the inner angle of 180°, the samples were in flat position, so the cracks were not visible enough 
(sometimes completely vanished) and the white pixel count values became significantly lower than for 
the other placement positions. 

a)

b)

Figure 1: Average white pixel count for machine (a) and cross folded samples (b) 

Results for the standard deviation of white pixel count (Figure 2) show some similarities with the mean 
values regarding the folding directions and the 180° placement position behavior. They have slightly 
higher values for CD folded samples (Figure 2b) than for MD folded (Figure 2a) and samples with inner 
angle of 180° gave visibly lower results, especially in CD folding direction. Besides similarities, there are 
two differences among the obtained results. One is regarding to the samples basis weight, another to the 
sample placement positions from 15° to 90°. Namely, there is no consistent step-like increment with the 
samples’ basis weight (especially in MD folding direction) and the values for different placement positions 
were similar to each other. The range of obtained values were 2.04 ÷ 3.48 for MD folded samples and 
2.50 ÷ 4.51 for CD folded ones, while for the inner angle of 180° the ranges were 1.22 ÷ 2.10 for MD 
samples and 1.44 ÷ 2.15 for CD samples. These results suggest that all samples had more or less similar 
crack dispersion over the folding line. However, after a detailed visual analysis of the original sample 
images, it has been proven not to be the case. Papers with lower basis weight have a few, minor or 
moderate crack patches along with fine crack lines randomly scattered over the folding line. On the other 
hand, on papers with higher basis weight, more intense surface cracks were registered with an even 
distribution of longer, thicker and connected crack lines with occasional larger crack patches. Thus, the 
results in this form do not reveal much about the nature of the coating damage, primarily due to the 



differences in the mean values. Therefore, the basic idea for using standard deviation for crack 
distribution metric cannot be validated without knowing the mean values. For appropriate data analysis 
in such a case of varying mean values, the crack distribution metric (at least in this study) should be 
defined via the coefficient of variation. 

a)

b)

Figure 2: Standard deviation of white pixel count for machine (a) and cross folded samples (b) 

a)

b)

Figure 3: Coefficient of variation for white pixel count of samples folded in machine (a) and cross direction (b) 



Results of coefficient of variation for white pixel count [%] (Figure 3a-b), in general, have decreasing 
tendency by increasing the sample papers’ basis weight and have significantly lower values for CD folded 
samples than for MD folded ones. Although, there are some minor deviations mostly for the thickest 
paper (170 g\m2), the results follow gradual stepwise changes as suspected by (Barbier et al. 2012, Sim et 
al. 2012, Oh et al. 2015, Oh et al. 2016, Pál et al. 2017 Wang and Ding 2020). Papers with higher basis 
weight and thickness generate larger, longer or/and connected surface cracks in the coating layer which 
are evenly distributed along the folding line, thus resulting in low values of coefficient of variation. For 
samples folded in cross direction, this trend is more emphasized and extends to  thinner papers. These 
results indicate that even samples with lower basis weights get long and connected crack lines during CD 
folding. The more uniform, step-like decreasing of coefficient of variation values for MD folded samples 
(Figure 3a) indicates that basis weight has a more significant influence on the crack distribution in MD 
folding than in CD. That trend is more noticeable for lower basis weights (90 g\m2, 115 g\m2 and 130 
g\m2) and for the sample placement positions from 15° to 90°. The range of obtained values for the 
mentioned samples were 84.03% ÷ 164,39% for MD folding, and 44.66% ÷ 86.28% for CD folding. 
Samples with the two highest basis weight (150 g\m2 and 170 g\m2) and the same inner angles had 
ranges from 58.38% up to 84.09% for MD folding and from 42.17% up to 57.04% for CD folding. The 
surprisingly similar values for all CD folded samples with inner angles between 15° and 90° suggest that 
sample placement position has little or no effect on crack distribution.      
By comparing the results according to the sample placement, similar changes could be noticed in both 
folding directions. For the inner angle of 180°, results were noticeably higher than the other sample 
placement angles (the ranges were 113.58% ÷ 231.78% for MD samples and 109.64 ÷ 169.09 for CD 
samples). This could refer to the fact that by increasing the inner angle of sample placement, crack lines 
were gradually closing at the very tip of the folding line, reducing the total area of surface damage. At an 
angle of 180°, the samples were completely flat, and only large crack spots remained visible, randomly 
scattered along the fold line, giving rise to typically high values of the coefficient of variation. 

In this study, the applicability of crack distribution via descriptive statistics as a new digital image feature 
for fold-crack assessment has been presented and analyzed.  
The obtained results, in general, demonstrated that the mean white pixel count has an increasing 
tendency by increasing the basis weight of the substrates and had a slightly lower value for samples 
folded in the machine than cross direction. These results confirm the basic assumptions that on thicker 
substrates (i.e. on samples with higher basis weight), the crack lines are larger, longer or grouped and 
that the folding process generates higher surface destruction in cross than machine direction.  
The basic concept of using standard deviation for crack distribution measure seems to be correct since 
lower values indicate evenly distributed surface damages, often in the form of long and thick crack lines 
over the entire folded area. In comparison, higher standard deviation values correspond to a few, small or 
medium, but usually disjoint cracks. However, instead of the standard deviation, the coefficient of 
variation can provide more accurate results for a more realistic characterization of crack scattering, 
regardless of the difference in mean values. Based on the obtained results, it can be concluded that the 
proposed approach to the calculation of crack distribution can serve as a new image characteristic for the 
qualitative measurement of the fold-crack resistance of coated papers. 
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