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Abstract: In recent years, due to environmental awareness regarding the harmfulness of polymeric
materials, there has been a growing interest in using papers, especially those from alternative raw
materials. The importance of using all available raw materials is imperative today. Raw materials
that were once viewed as waste are now of great importance because they have the ability to replace
raw materials that are used irrationally or are lacking. Cereal straw is a lignocellulosic material that
could be used in the paper industry and in the production of increasingly prevalent paper packag-
ing. The aim of this research was to analyze the relationships between the qualitative parameters of
straw-based printed papers containing 30% agricultural residues (wheat, barley, or triticale). The
influence of two qualitative parameters (ink penetration depth and optical ink density) on the print-
through was observed using multiple regression analysis on straw-based papers produced at the
laboratory level. Throughout the research, 100% recycled wood paper was used as a reference sam-
ple. The results of the regression analysis showed that none of the variables individually make a
statistically significant contribution to the prediction of the dependent variable in a linear context,
that is, they indicate a non-linear interaction between the variables and the specific conditions under
which the dependent variable reaches local extremes and changes in the gradient. Considering the
results of the regression analysis and the visualization of the relationship, the model was addition-
ally tested with other independent variables (paper type). From the results obtained, it can be con-
cluded that the alternative straw-based paper with 30% barley pulp has the best interaction between
ink and paper, which is the most similar to the reference sample in terms of printability, while the
alternative straw-based paper with 30% wheat generally differs significantly from the reference pa-
per when all three prints are considered.

Keywords: gravure printing; ink penetration depth; multiple regression analysis; optical ink
density; paper; print-through; straw

1. Introduction

Graphic papers constitute approximately one-third of the world’s total paper pro-
duction, with packaging paper accounting for more than half of this output. Leading pa-
per-producing nations, such as China, the United States of America, and Japan, are col-
lectively responsible for half of global paper production. Over the last four decades, there
has been a staggering 400% increase in the global demand for paper, a trend that is poised
to persist [1]. Overall demand for graphic papers declined by 1.8% last year, which can be
attributed to a shortage of raw materials and soaring utility costs. Simultaneously, avail-
able data for the first nine months of the same year showed an increase in demand for
packaging paper and board of 0.5% [2]. One undeniable drive behind the increased use of
paper and cardboard is the on-going shift towards more sustainable and environmentally
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friendly materials, replacing plastics. In recent years, due to environmental awareness re-
garding the harmfulness of polymeric materials, there has been a growing interest in using
paper as an alternative raw material from non-wood sources of cellulose fibers in order to
preserve wood as the basic raw material of the paper industry in natural habitats. The
biggest changes concerning the usage of raw materials are in the area of packaging, where
it is extremely important that the materials used, in addition to the function they must
fulfill, are also environmentally friendly, sustainable, and biodegradable. Much of the cur-
rent research is focused on analyzing the utilization of non-wood sources from various
annual or perennial plants, depending on availability, from which cellulosic fibers of the
same quality as from wood sources can be obtained, which at the same time provide a
fast-growing, renewable, and cost-effective fiber source. Additional requirements in the
production of paper intended for printing must consider the interaction of the printing
substrate and printing ink, which is very important for the quality of the print. Looking
ahead, it is anticipated that even with recycling efforts, there will still be an insufficient
supply to meet the mounting demand for paper. This demand surge is primarily due to
excessive deforestation, a concern that has gained prominence among environmental or-
ganizations dedicated to preserving the Earth’s forested areas [3]. Thus, it is imperative to
explore alternative sources of cellulose fibers, distinct from wood, to bridge the potential
deficit in pulp and paper production. Although non-wood sources were used in Chinese
papermaking as early as the 1st century AD, their wide-spread utilization waned after
1840, when the German inventor Gottlob Keller developed a process for producing pulp
and paper from raw wood [1,3]. In theory, virtually every plant contains a viable amount
of fiber that could serve as a raw material for pulp and paper production. However, a
suitable plant for this purpose must possess qualities such as high yield, renewability,
excellent pulping characteristics, adaptability to the regional climates, and cost-effective-
ness [1,4].

Recent years have witnessed a growing interest in using alternative sources of cellu-
lose fibers for paper production [5]. Nevertheless, their use still accounts for less than 11%
of the global production of pulp and paper. These non-wood fiber sources are broadly
classified into three categories based on their origin: agricultural by-products (e.g., sugar-
cane bagasse, corn stalks, cotton stalks, rice straw, and wheat straw), naturally growing
plants (e.g., bamboo, esparto, reeds, Sabai grass, papyrus, Napier grass, and invasive alien
plants), and industrial crops (e.g., ramie, cotton fiber, kenaf, abaca, and jute) [6,7]. With
wheat consumption in the European Union at 108 million metric tons in 2022 and nearly
150 million metric tons in China, and global cereal consumption expected to increase by
0.8 percent in 2023/24, the remains of wheat straw after mowing are considered a potential
alternative for the source of cellulose fiber for paper production [8-10].

The primary objective of this research is to study the influence of ink penetration and
optical ink density of prints on the print-through using the gravure printing process on
paper substrates containing 30% agricultural residues, with a focus on wheat, barley, and
triticale. In this research, the selection of gravure printing technology was driven by its
prominence in achieving high-quality printing with a wide spectrum of color tones, a per-
formance made possible by the inherent porosity of the paper, characterized by numerous
tiny openings called pores or voids. Given that knowledge about the possibility of print-
ing paper from alternative raw materials as a substitute for wood is incomplete, the need
for this research arose. There is a lack of data observing the reciprocal influence of quality
parameters on the printability of innovative printing substrates, especially based on im-
portant quality parameters such as ink penetration depth, optical ink density, and print-
through. This choice highlights the crucial role of the paper composition in influencing
the interaction between ink and paper as well as its impact on the permeability properties
[11]. The gravure printing process, characterized by the use of low-viscosity inks, yields
ink coverage ranging from 0.8 um to 2 um. This capability enables high-quality printing
on substrates with thicknesses ranging from very thin films (approximately 200 pum) to
thicker cardboard (approximately 800 pum) [12,13]. This technology is used in the fastest-



Appl. Sci. 2024, 14, 288

3 of 16

growing segment of the graphic industry: the production of packaging and labels. Envi-
ronmentally friendly packaging and labels make paper the first choice in the food industry
as primary or secondary packaging [14].

2. Materials and Methods
2.1. Raw Material for Paper Pulp Production

The first phase of paper pulp preparation consisted of collecting straw left over after
the grain harvest in the fields of central Croatia from three types of cereals: wheat (Triticum
spp.), barley (Hordeum vulgare L.), and triticale (Triticale sp.). After purifying and removing
grain and dirt residues, the straw of each cereal type was cut into smaller pieces (10-30
mm) and processed into a semi-chemical pulp, in which delignification was carried out
using the soda pulping method under highly alkaline conditions (16% NaOH) and a high
temperature (120 °C) for 60 min [15]. The pulp slurry was removed from the black liquor
by decantation and rinsed with tap water. The fibers suspended in a water slurry (23 L of
tap water) were refined using a Hollander Valley beater (Techlab Systems (TLS), Spain) at
24 °C for 40 min. In addition, pulp was prepared from recycled wood fibers for the pro-
duction of a reference paper sample and for blending with each cereal straw pulp at a
weight ratio of 70%.

2.2. Laboratory Production of Paper Substrates

From previously prepared pulp, paper sheets were produced under laboratory con-
ditions using the Rapid-Koéthen sheet former (FRANK-PTI), according to the EN ISO 5269-
2:2004 standard [16] presented in Table 1.

Table 1. Processes of forming paper substrates under laboratory conditions.

Disintegration Homogenization
m (pulp) 80g
V (H0) 1.6L V (H20) 10L
pH 8 pH 7.5
T 45 °C T 45 °C
t 20 min t 5 min

Opverall, four different types of paper substrates were obtained:

e  R—reference paper substrate with 100% recycled wood pulp;

e 70R30W —paper substrate with 30% wheat straw pulp and 70% recycled wood pulp;
e  70R30B—paper substrate with 30% barley straw pulp and 70% recycled wood pulp;
e 70R30T—paper substrate with 30% triticale straw pulp and 70% recycled wood pulp.

On each paper substrate, 10 samples were formed in a circular shape with a diameter
of 200 mm and a weight of approximately 42.5 g/m?2. The properties of the obtained paper
substrates are shown below in Table 2.

Table 2. Characteristics of paper substrates.

Water Vapor Permea-

Paper Th::ll::ll)ess ?OZI)I Roughness, Ra bility, WVP z:;;?z I:::;/]i;l)-
Substrate [15,17] [15,1819] (B [1518,20] (1077 g/s-m-Pa) [23]
[21,22]

R 90.10 +2.13 473 +0.22 4.15+0.34 3.39 +0.05 40.92
70R30W 101.67 £17.22 3.64 +0.07 459 +0.51 3.33+0.15 40.70
70R30B 91.67 +4.08 3.32+0.67 424 +041 3.41+0.12 41.38
70R30T 101.67 £14.72 3.99+0.15 4.40+0.39 3.84+0.23 43.55
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2.3. Printing on Paper Substrates

Printing was performed on a KPP Printing Proofer Gravure System (RK Print Coat
Instruments Ltd., Royston, UK) using Sunprop low-viscosity gravure inks (Sun Chemical,
Parsippany, NJ, USA). All paper substrates were printed with an engraved printing plate
at an angle of 37° using a diamond needle at an angle of 130° with a screen frequency of
100 lines/inch in full tone with a single layer of cyan (C), magenta (M), and yellow (Y) inks.
The printing conditions were as follows:

e temperature: 23 °C;

e  relative humidity: 50%;

e  printing speed: 20 m/min;

e  engraving plate: 100 lines/inch (40 lines/cm);

e impression roller with a mechanical hardness of 65 Shore.

All prints were air dried for 24 h under the same conditions as the printing process.

Table 3 shows the viscosity values of the inks used, which were measured at a tem-
perature of 23 °C and a relative humidity of 50% using a DIN 4 cup. The kinematic viscos-
ity was determined from the flow time and calculated according to the DIN 53211 stand-
ard [24].

Table 3. Viscosity of cyan, magenta, and yellow printing inks.

Kinematic Viscosity (mm?/s)

Printing Ink [24]
Cyan 146.54 +5.29
Magenta 143.62 + 8.11
Yellow 135.61 +4.13

2.4. Ink Penetration Depth

The penetration of the printing ink into the paper substrate was observed on the basis
of the cross-section of the printed samples. The prepared printed samples of size 10 mm x
30 mm were dipped into an epoxy resin mixture of Epofix (containing bisphenol A diglyc-
idyl ether) and Epofix hardener (containing triethylenetetramine) in a volume ratio of
15:2. The molded samples were dried for 12 h at room temperature without pressure. Us-
ing a Buehler grinding machine and a Struers DAP-V polishing machine, the specimens
were ground and polished with different grits of abrasive paper and polishing pastes to
obtain a smooth cross-sectional surface. The cross-section was photographed with the
Olympus GX 51 light microscope at 200x magnification and analyzed with the AnalySIS®
Materials Research Lab software. The images were further analyzed using Image] 1.54
software (bundled with Java 8) on 10 sections to determine the thickness of the paper. The
maximum penetration depth of the ink (Hpm) was calculated using the following equation:

l
Hpm = %100 @

where [ is the maximum ink penetration value of the observed section and d is the local
paper thickness.

2.5. Integral Optical Ink Density

The integral optical ink density (Di) of cyan, magenta, and yellow prints was deter-
mined according to Equation (2).
Iy
D; =log — 2)
I

where Ir is the value of the light intensity reflected by the printed ink layer and Io is the
light intensity transmitted and reflected by the unprinted paper substrate.
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The average optical ink density was determined from 10 measurements using an X-
Rite Exact densitometer with illuminance D50 and a 2° standard observer.

2.6. Print-through

The surface topography plays a decisive role in ink adhesion and transfer, especially
on laboratory paper that is not additionally industrially calendered and has a rough sur-
face structure. Several factors influence the penetration of the ink into the substrate, in-
cluding the printing pressure, whether it is a single or multi-layer print, the properties of
the ink, the substrate properties, and the environmental conditions during the printing
process. The print-through, a qualitative measure, characterizes the visibility of the ink on
the reverse side of the paper substrate. This phenomenon occurs when the opacity of the
paper decreases due to the infiltration of the ink vehicle after printing, the penetration of
the ink pigments into the paper, and the inherent transparency of the paper itself. Print-
through is precisely defined as the appearance of a thin layer of ink on the paper substrate
that is visible through a white background [25,26].

The color difference (AE*w) between the CIE colorimetric values L*, a* and b* on the
white background of the printed paper substrate and the white background of the un-
printed paper substrate was used to calculate the print-through. These colorimetric values
were determined with a spectrophotometer (X-Rite Exact, D50/2°), and Equation (3) was
used to calculate the color difference.

AE = (AL’)2+(AC’)2+(AH’)2+R (AC’)(AH’) 3)

00 ™ \k,S, keSe kySy T"\keSc) \ky Sy
where AL’ represents the transformed lightness difference, AC' represents the transformed
chroma difference, AH' represents the transformed hue difference, Rr is the rotation func-

tion; ki, kc, and ku represent the factors for the variation in the experimental conditions;
and S, Sc, and Sk are the weighting functions.

2.7. Quantitative Methods

A multiple regression analysis was performed to analyze the relationships among
multiple metric variables (Density, Penetration, and Print-through) using TIBCO Statistica®
13.5.0.17 advanced analytical software.

Multiple regression analysis is a key method in the quantitative research of this
study. It is a statistical technique that enables the simultaneous investigation of the effects
of several independent variables (predictors) on a single dependent variable (criterion)
[27]. Although this method is based on the assumptions of a linear relationship between
the observed variables and the main objective is to determine how well the independent
variables predict the dependent variable and to understand the nature of their interac-
tions, it is also suitable for non-linear relationships. In cases of non-linear relationships,
multiple regression analysis can be modified to fit non-linear patterns by transforming the
independent or dependent variable through logarithmic, quadratic, cubic, or other types
of transformations to linearize their relationship [28].

In this analysis, the impact of multiple independent variables, or predictors in this
case, and types of paper on the dependent variable of Print-through was observed.

Mathematically, the multiple regression analysis can be represented as:

Y = bo + lel + bzXz + b3X3+ + € (4)

where Y is the dependent variable; bo is the y-intercept; b1, b2, bs, ... are the regression
coefficients indicating the strength and direction of the influence of the independent var-
iables; X1, X2, X5, ... are the independent variables; and € is the error of the estimate [29].
Multiple regression analysis using Wald statistics is an advanced method that facili-
tates a detailed exploration of the relationship between a dependent variable and several
independent variables. The focus is on determining the significance of the influence of
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each independent variable on the dependent variable, considering the presence and influ-
ence of other variables in the model. To assess the statistical significance of each regression
coefficient, the Wald test is used, which is an essential part of this analysis. This test is
determined by squaring the ratio between the estimated coefficient and its standard error.
The resulting statistic is then compared with values from the x? distribution to determine
the p-value [30].

This method was used because it allows us to determine exactly which factors are
statistically significant and therefore crucial for understanding the dynamics of the de-
pendent variable.

3. Results

In order to define the usability of paper with agricultural residues for secondary
packaging and labels, the influence of ink penetration depth and the integral optical den-
sity of prints on the print-through was investigated. When analyzing the cross-sections of
the printed samples with and without agricultural residues in epoxy resin (Figure 1), the
maximum penetration values were recorded at 10 points where ink penetration into the
paper substrate was observed. The results are shown as mean values in Figure 2a.

R - Cyan print R - Magenta print R - Yellow print

70R30W - Cyan print 70R30W - Magenta print 70R30W - Yellow print

70R30B - Yellow print

70R30B - Cyan print

70R30T - Cyan print

70R30T - Magenta print

70R30T - Yellow print

Figure 1. Microscopic cross-sectional images of printed paper substrates (R, 70R30W, 70R30B, and
70R30T) in epoxy resin at 200x magnification.
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Figure 2. Qualitative parameters: (a) ink penetration depth, (b) optical ink density, and (c) print-
through of printed paper substrates (R, 70R30W, 70R30B, and 70R30T).

Based on the qualitative characteristics of the printed paper substrates, it is clear that
there are differences in the prints depending on the color of ink used. Observing the ink
penetration depth parameter (Figure 2a), it is evident that the prints obtained with cyan
ink show the lowest ink penetration (Hpn=25.90-51.42%) inside the paper substrate, while
the highest ink penetration was achieved with magenta (Hpn = 55.50-79.76%) and yellow
ink (Hpm = 53.16-64.08%). Regarding the optical ink density parameter (Figure 2b), which
is obtained from the light reflected by the print and describes the proportional value of
ink coverage on the paper substrate [10,31], it is possible to conclude that the yellow prints
show the lowest value of optical ink density (Di= 0.767-0.806), while the cyan prints show
the highest value of optical ink density (Di = 1.286-1.312). The print-through parameter
(Figure 2c), which can be reduced by coating and lamination, is very important for pack-
aging and labels, whether they come into direct contact with food or not, where the back-
ground must be opaque, that is, able to hide the content printed on the reverse [31,32].
Looking at the printed paper substrates in terms of the ink used, cyan prints have the
highest print values, ranging from 10.06 to 20.67, while the lowest values were measured
for the yellow prints, ranging from 3.89 to 9.42.

An analysis of the data normality was conducted using the Shapiro-Wilk test for nor-
mality. The Shapiro-Wilk parametric test is employed for small sample sizes (<50) due to
its sensitivity and precision in detecting deviations from normality.

Each variable was tested individually owing to the distinct characteristics of the var-
iables, precision in interpretation, sensitivity analysis, and potential decision-making re-
garding transformation.

The p-value is observed, and if it is >0.05, the null hypothesis is not rejected, leading
to the conclusion that the data do not significantly deviate from a normal distribution. If
the p-value is <0.05, the null hypothesis is rejected, suggesting that the data are not nor-
mally distributed (Table 4).



Appl. Sci. 2024, 14, 288

8 of 16

Table 4. The Shapiro-Wilk parametric test results for each variable.

Variable Shapiro-Wilk W p-Value
Density C 0.97756 0.59957
Penetration C 0.95067 0.07995
Print-through C 0.94642 0.05715
Density M 0.91995 0.07670
Penetration M 0.97869 0.64096
Print-through M 0.95290 0.09545
Density Y 0.64252 0.40207
Penetration Y 0.96502 0.24767
Print-through Y 0.98722 0.15908

Furthermore, for the analysis of the relationships among multiple metric variables
(Density, Penetration, and Print-through), a multiple regression analysis was employed.
This analysis observed the impact of multiple independent variables, or predictors in this
case, and types of paper on the dependent variable of Print-through.

Previous research carried out on prints made on paper substrates with triticale pulp
using the UV inkjet printing process showed a correlation between the penetration depth of
the ink and the print-through parameters. Therefore, the analysis of the behavior of these
two qualitative parameters together with the integral optical density in this study is based
on testing the interdependence of the variables using multiple regression analysis [18].

For the cyan prints, a linear regression analysis was conducted with two independent
variables, Density C and Penetration C, to evaluate their impact on the dependent variable
Print-through C (Table 5).

Table 5. Linear regression analysis results for cyan prints.

Regression Summary for Dependent Variable: Print-through C
R =0.19670 R? = 0.03881 Adjusted R? = ---
F(2.37) = 0.74693 p < 0.48083 Std. Error of Estimate: 4.32250

Std. Err. Std. Err.
- * -
N=40 b of b* b of b +(37) p-Value
Intercept 12.23850 41.73720  0.29323 0.77099
Density C 0.00225 0.16366 0.44678  32.43745 0.01377 0.98908

Penetration C 0.19659 0.16366 0.07734 0.06438 1.20125 0.23729

The correlation coefficient (R) is 0.19670, indicating a very weak negative linear cor-
relation between the independent variables and the dependent variable. However, it still
exists, albeit with a very low coefficient of determination (R?) of 0.03881, explaining only
about 3.88% of the variance of the dependent variable. Furthermore, the adjusted R? is
negative, which may be indicative of the model lacking predictive value, as suggested by
the F-test value of 0.74693 with a p-value of 0.48083, meaning the model as a whole is not
statistically significant (p > 0.05). The intercept coefficient is 12.23850, with a large standard
error of 41.73720 and a high p-value, further confirming the model’s lack of statistical sig-
nificance. The observed independent variable, Density C, has a regression coefficient (b*)
of 0.00225 with a high standard error relative to the coefficient itself and a very high p-
value of 0.98908, indicating that Density C is not a statistically significant predictor. Simi-
larly, the independent variable Penetration C is not a statistically significant predictor, hav-
ing a regression coefficient (b*) of 0.19659 with a relatively small standard error and a p-
value of 0.23729. The model demonstrates a very low capacity to explain the variability of
the dependent variable, and none of the predictors are statistically significant. However,
additional predictors (different types of printing substrates) could improve the explana-
tion of the dependent variable.
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The regression results indicate that none of the variables individually provide a sta-
tistically significant contribution to predicting the dependent variable within a linear con-
text. Given the very low R? and high p-values for the coefficients, it can be concluded that
the linear model is inadequate in explaining the relationship between the independent
variables (Density C and Penetration C) and the dependent variable (Print-through C).
Therefore, a non-linear spline model was used for data visualization. Spline models can
capture more complex patterns of relationships that are not strictly linear, offering greater
flexibility in data modeling. This is because spline interpolation can provide a smoother
and potentially more informative representation of the relationships among variables by
allowing adjustments to local variations in the data without assuming a specific functional
form of the relationship between the variables.

The spline model is formulated as follows:

PT=a—-bXx;+cXx2+dXx,—eXx,°+fXx3 X%, 5)

where PT is the dependent variable Print-through; x1 is the independent variable Density;
x2 is the independent variable Penetration; and a, b, c, d, e, and f are coefficients that are
specific to each Print-through variable.

Figure 3 shows a 3D surface plot that visualizes the relationship among three varia-
bles: the independent variables Density C (X-axis) and Penetration C (Y-axis), and the de-
pendent variable Print-through C (Z-axis). The visible curvature on the surface confirms
that the relationship between the variables is not simply linear.

3D Surface Plot of Print-through C against Density C and Penetration C
Print-through C = Spline

nupoNka

\
“Q\\\\\\‘

SRR
=N QQ

->24
-<24
I <20
|:|<16
<12
<3
R

Figure 3. 3D surface plot of Print-through C against Density C and Penetration C.
A linear regression analysis was also conducted for magenta prints with two inde-
pendent variables, Density M and Penetration M, to assess their influence on the dependent

variable Print-through M (Table 6).

Table 6. Linear regression analysis results for magenta prints.

Regression Summary for Dependent Variable: Print-through M
R =0.51708 R? = 0.26737 Adjusted R>= 0.22777
F(2.37) = 6.75170 p < 0.00316 Std. Error of Estimate: 2.49210

Std. Err. Std. Err.
- * -
N=40 b of b* b of b +(37) p-Value
Intercept 69.89130 1593540  4.38592 0.00009
Density M -0.51961 0.14143 -52.74733 14.36986 -3.67069  0.00075

Penetration M 0.02816 0.14143 0.00602 0.06438 0.19913 0.84325
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The correlation coefficient (b*) is -0.519160, indicating a moderate negative linear cor-
relation between the independent variables and the dependent variable and suggesting
that an increase in the independent variables does not necessarily lead to an increase in
the dependent variable. The coefficient of determination R is 0.51708, suggesting that
51.7% of the variance of the dependent variable (Print-through M) can be explained by the
independent variables in the model. The adjusted R?, which accounts for the number of
predictors in the model, is 0.26737, indicating that the model explains approximately
26.7% of the variability, representing a moderate ability of the model to explain the varia-
bility of the dependent variable. Furthermore, the F-test value of 6.75170 with a p-value
less than 0.00316 indicates that the model is statistically significant, meaning there is less
than a 0.316% chance that the results were obtained by chance. The intercept coefficient is
69.89130 with a standard error of 15.93540, while its t-value is 4.38592 and the p-value is
very small (0.00009), signifying that it is significantly different from 0 at this level of sig-
nificance, thus denoting a high statistical significance.

The regression coefficient (b*) for the independent variable Density M is —0.51961, in-
dicating that an increase in this independent variable by one unit decreases the dependent
variable by 0.51961 units. With a p-value of 0.0075, this variable is statistically significant.
In contrast, the independent variable Penetration M has a regression coefficient (b*) of
0.02816 but a p-value of 0.84325, suggesting that this variable is not statistically significant
and likely does not contribute to the model. Therefore, Density M is a significant predictor,
while Penetration M is not significant in this model.

Given that the coefficients from the regression analysis have shown significance and
there is a moderate R? value, it can be postulated that there exists some form of non-linear
relationship. Therefore, for the visualization of the relationship between the three ob-
served variables, a 3D surface plot has been chosen, specifically a non-linear spline model
(Figure 4).

3D Surface Plot of Print-through M against Density M and Penetration M
Print-through M = Spline

WupnenRla

-2
-2
-<22
B <20
[1=18
[ <16
o <14
<12
B <10

Figure 4. 3D surface plot of Print-through M against Density M and Penetration M.

The X-axis represents the independent variable Density M, the Y-axis represents the
independent variable Penetration M, and the Z-axis represents the dependent variable
Print-through M. Based on the surface shape and the color gradations on the graph, it can
be deduced that there is some form of non-linear relationship between the observed inde-
pendent variables and the dependent variable. This implies that a higher density and pen-
etration lead to an increased print-through, indicating that there is an optimal level of
Density M at which Print-through M is minimized, and beyond that point, an increase in
Density M leads to an increase in Print-through M.
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In the third step, a linear regression analysis was performed for the yellow prints
with two independent variables, Density Y and Penetration Y, to assess their impact on the
dependent variable Print-through Y (Table 7).

Table 7. Linear regression analysis results for yellow prints.

Regression Summary for Dependent Variable: Print-through Y
R =0.14506 R? = 0.02104 Adjusted R*= ---
F(2.37) = 0.39768 p < 0.67472 Std. Error of Estimate: 2.42650
Std. Err. Std. Err.

= * -
N=40 b of b b of b +(37) p-Value
Intercept -5.45168 13.11423 -0.41571  0.68002
Density Y 0.14252  0.16419  14.70130 16.93664  0.86802  0.39098

Penetration Y 0.01389 0.16419 0.00281 0.03317 0.08460 0.93303

The correlation coefficient (R) value of 0.14506 indicates a very weak linear correla-
tion between the independent variables Density Y and Penetration Y and the dependent
variable Print-through Y. However, given that the R value is very close to zero, it can be
concluded that the linear relationship between the independent variables and the depend-
ent variable is negligible. Looking at the coefficient of determination, or R?, which is
0.02104, it is evident that the model explains only 2.1% of the variability of the dependent
variable Print-through Y. This is quite low and suggests that the model does not account
for a significant portion of the variability of the dependent variable. Since the adjusted R?
is even lower than the R?, it further emphasizes that the independent variables Density Y
and Penetration Y do not significantly contribute to explaining the variability of Print-
through Y. The intercept coefficient is -5.45168, but with a p-value of 0.68002 and a stand-
ard error of 2.42650, this result is not statistically significant. The regression coefficients
(b*) for the independent variable Density Y of 0.14252 and for Penetration Y of 0.01389 are
also not statistically significant, considering their p-values of 0.39098 and 0.93303, respec-
tively. The F-test value of 0.39768 with a p-value of 0.67472 indicates that the model as a
whole is not statistically significant, which once again confirms that the independent var-
iables Density Y and Penetration Y do not explain the variability of Print-through Y any
better than a model that does not include these variables. Given that none of the regression
coefficients (b*) are statistically significant, it can be concluded that there is no statistically
significant linear relationship between the independent variables and the dependent var-
iable in the model, that is, the regression model does not provide a significant predictive
utility for the dependent variable.

Considering the very low R? and adjusted R?, which suggest that the current linear
model does not adequately explain the variability of the dependent variable, a 3D surface
plot, specifically a non-linear spline model (Figure 5), has been selected again for the vis-
ualization of the relationship between the independent and dependent variables.
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3D Surface Plot of Print-through Y against Density Y and Penetration Y
Print-through Y = Spline
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Figure 5. 3D surface plot of Print-through Y against Density Y and Penetration Y.

This 3D surface plot illustrates the complex relationship between two independent
variables, Density Y on the X-axis and Penetration Y on the Y-axis, and the dependent var-
iable Print-through Y on the Z-axis. The shape of the surface and its smoothness indicate a
non-linear interaction between the variables and the specific conditions under which the
dependent variable reaches local extremes and changes in gradient. Considering the re-
sults of the regression analysis and the visualization of the relationship between the inde-
pendent and dependent variables, the model will be further examined with additional
independent variables (types of substrates) to assess its predictive power.

To compare three alternative types of paper with a 100% wood-based paper as the
standard, the paper was used as the reference category in the model, which means that all
effect estimates were made in relation to this paper. For this purpose, dummy coding of
the categorical variable ‘type of paper’ was performed in such a way that for reference
paper (R), the dummy variable was assigned a value of 0 to serve as the reference value.
The Wald test was used because it can be applied to both linear and non-linear models;
this test evaluates the significance of individual coefficients (parameters) of the model by
squaring the ratio of the estimated parameter to its standard error.

Regression analysis of measurement results obtained for cyan (C), magenta (M), and
yellow (Y) prints is presented in Table 8.

Table 8. The results of the multiple regression analysis for samples printed with cyan, magenta, and
yellow gravure inks.

Test of All Effects
Distribution: NORMAL; Link Function: LOG
Print-through C Print-through M Print-through Y
Degree of Wald Degree of Wald Degree of Wald
Effect Frfedom Statistics p-Value Fregedom Statistics p-Value Fregedom Statistics p-Value
Intercept 1 433690  0.03729 1 0.03662 0.84825 1 0.27780  0.59815
R 0 0 0

70R30W 1 46.06860  0.00000 1 12.36398 0.00044 1 80.78472  0.00000
70R30B 1 42.59720  0.00000 1 41.52183 0.00000 1 1.41681  0.23393
70R30T 1 100.59890  0.00000 1 39.60972 0.00000 1 9.81380  0.00173
Density 1 0.01780  0.89380 1 1.92370 0.16544 1 0.08607  0.76923
Penetration 1 0.00080  0.97701 1 1.60490 0.20521 1 9.56031  0.00199
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The results of the multiple regression analysis for samples printed in each ink (cyan,
magenta, and yellow) show the impact of each variable on the print-through (Print-through
C, Print-through M, and Print-through Y) using a logarithmic transformation (log link func-
tion) due to the normal distribution of responses.

By observing the obtained values of the Wald statistics and p-values, it can be con-
cluded that for the alternative paper 70R30W (Wald statistics = 46.06860 and p < 0.0001),
there is a statistically significant influence of the paper substrate composition on the print-
through (Print-through C) in comparison to the reference category, that is, the reference
paper R. Given the low p-value, the impact is significant. Furthermore, for the alternative
paper 70R30B, the values of Wald statistics (42.59720) with a p-value < 0.0001 indicate that
there is also a statistically significant influence of the paper composition on the print-
through (Print-through C) in comparison to the reference category. For the third alternative
paper 70R30T, by observing the values of Wald statistics and p-values (Wald statistics =
100.59890 and p < 0.0001), it has been determined that there is a pronounced statistically
significant influence of the paper on the print-through (Print-through C) compared to the
reference category.

When observing the other variables, optical ink density (Density C) and ink depth
penetration (Penetration C), it cannot be concluded that they have a significant impact on
the print-through (Print-through C), because the obtained values of Wald statistics for Den-
sity C are 0.01780 with a p-value of 0.89380, while for Penetration C, the values of Wald
statistics are 0.00080 with a p-value of 0.97701. From the above, it can be concluded that
relative to the reference value, that is, the reference paper R, the type of paper (70R30W,
70R30B, and 70R30T) has a significant impact on the variable print-through (Print-through
C), while the variables optical ink density (Density C) and ink depth penetration (Penetra-
tion C) are not statistically significant in this model.

Considering the p-value for each of the three alternative papers (70R30W: p < 0.0001,
70R30B: p < 0.0001, and 70R30T: p < 0.0001), all three types of alternative papers exhibit
statistically significant differences compared to the reference paper R concerning the
print-through variable (Print-through C). However, to determine which one is closest to
the reference paper, it is essential to look at the effect size, that is, the values of Wald sta-
tistics (7OR30W: 46.06860, 70R30B: 42.59720, and 70R30T: 100.59890). Paper 70R30T has the
highest Wald statistic, indicating the most significant difference compared to the reference
paper. Papers 70R30B and 70R30W have lower Wald statistics compared to 70R30T, mean-
ing these two types of alternative paper are statistically closer to the reference paper from
recycled wood pulp. Since Wald statistics measure how much the estimated coefficient
differs from zero, a higher absolute value of Wald statistics indicates a higher likelihood
that the corresponding coefficient is not zero, pointing to a greater significance of the var-
iable in the model.

Hence, it can be concluded that alternative paper 70R30T has the most substantial dif-
ference compared to reference paper R, while alternative papers 70R30W and 70R30B also
show significant differences, but the differences are less pronounced than in the case of pa-
per with triticale straw pulp (70R30T) when observing the print-through on samples printed
with cyan ink.

By observing the obtained values of Wald statistics and p-values for magenta prints,
it can be concluded that for the alternative paper 70R30W (Wald statistics = 12.36398 and
p = 0.0004), there is a statistically significant influence of the paper on the print-through
(Print-through M) compared to the reference category, that is, reference paper R. The low
p-value (p = 0.00044) indicates that this difference is statistically significant. For the alter-
native paper 70R30B, the values of Wald statistics (41.52813) indicate an even more signif-
icant statistical impact of the paper on the print-through (Print-through M) compared to
the reference category, due to a very low p-value (p = 0.0000). The Wald statistic value for
the third alternative paper 70R30T of 39.60972 and a p-value of 0.000 indicate a very sig-
nificant difference compared to the reference paper R when considering the print-through
(Print-through M).
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Looking at the variables of density (Density M) and penetration (Penetration M), it can
be concluded that there is no statistically significant relationship between them and the
print-through (Print-through M), given the obtained values of Wald statistics of 1.92377
with a p-value of 0.16544 for density (Density M) and Wald statistics of 1.60490 with a p-
value of 0.20521 for penetration (Penetration M).

The results of this analysis demonstrate that the type of paper, unlike density (Density
M) and penetration (Penetration M), has a statistically significant impact on the print-
through (Print-through M). All three types of alternative papers showed significant differ-
ences compared to the reference paper R, although they are more pronounced for papers
70R30B and 70R30T.

However, when observing which alternative paper exhibits properties most similar
to the reference paper, the Wald statistic values (7OR30W: 12.36398, 70R30B: 41.52183, and
70R30T: 39.60972) and p-values were compared again. It can be concluded that the
70R30W paper has the highest p-value, meaning it is least likely to differ from the refer-
ence paper concerning the print-through variable (Print-through M). Therefore, based on
these data, 70R30W would be closest to the reference paper when observing the print-
through of papers printed in magenta color.

Observing the obtained values of the Wald statistics and p-values for yellow prints, it
can be concluded that for the alternative paper 70R30W (Wald statistics = 80.78472 and p
=0.0000), there is a very significant difference between paper with the addition of wheat
straw pulp and the reference paper R made only from recycled wood pulp in terms of
print-through (Print-through Y). Furthermore, for the alternative paper 70R30B, the values
of Wald statistics (1.41681) with a p-value of 0.23393 suggest that there is no statistically
significant difference between it and the reference paper R. This indicates that its charac-
teristics in terms of print-through (Print-through Y) are equivalent to those of the reference
paper. For the third alternative paper 70R30T, the values of Wald statistics (9.81380) and
p-value (0.00173) indicate that there is a statistically significant difference in the impact of
the paper composition on the print-through (Print-through Y) compared to the reference
paper R.

From the analysis of the optical ink density variable (Density Y), it can be concluded
that there is no statistically significant association with print-through (Print-through Y),
given the Wald statistics value of 0.08607 and a p-value of 0.76924. However, when observing
the impact of ink depth penetration (Penetration Y) on the print-through (Print-through Y),
the analysis results indicate a significant influence of penetration on the print-through, as
evidenced by the Wald statistics value of 9.56031 with a p-value of 0.001988. This suggests
that as ink depth penetration increases, the value of the print-through also rises.

All the above leads to the conclusion that the alternative paper with the addition of
wheat straw pulp (70R30W) significantly differs from the reference paper R when observ-
ing the print-through. The alternative paper with the addition of triticale straw pulp
(70R30T) also shows a difference, but not as much as 70R30W, while paper with the addi-
tion of barley straw pulp (70R30B) is most similar to the reference paper as there is no
significant statistical difference when observing the print-through on papers printed with
yellow ink.

4. Conclusions

Based on the partial analysis of the results for each of the three prints (cyan, magenta,
and yellow), the following can be concluded:

e  The findings from the multiple regression analysis indicate that none of the variables
independently provide a statistically significant impact on forecasting the dependent
variable within a linear framework. The employed non-linear spline models reveal
the presence of non-linear interactions among the variables, highlighting specific con-
ditions where the dependent variable exhibits local extremes and shifts in gradient.
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e  For prints made with cyan gravure ink, alternative paper 70R30W significantly dif-
fers from reference paper R, paper 70R30B has some significant differences compared
to the reference paper but is not as drastic as the 70R30W, and paper 70R30T is the
most similar to reference paper made only from recycled wood pulp.

e  For prints made with magenta gravure ink, alternative papers 70R30W and 70R30T
have significant statistical differences compared to reference paper (70R30W some-
what more than 70R30T), while paper 70R30B is the most similar to reference paper
R, although some differences exist.

e  For prints made with yellow gravure ink, the alternative paper 70R30W has a signif-
icant statistical difference compared to reference paper; for paper 70R30T, it is slightly
less pronounced; and the paper 70R30B is again proven to be the most similar to ref-
erence paper R, although some differences exist.

As an overall conclusion, it can be highlighted that the alternative paper 70R30W
generally significantly differs from reference paper R in prints obtained with all analyzed
inks, that paper 70R30B is the most consistent in similarity with reference paper printed
with M and Y gravure inks, and that paper 70R30T is similar to reference paper when
printed with C gravure ink.

Therefore, alternative straw-based paper 70R30B seems to be the best candidate that
is the most similar to the reference paper R in printability when all three prints are con-
sidered.
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