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Analysis of factors and construction
of prognostic quality models of
flexographic printing process of
packaging with solvent based inks

ABSTRACT

The presented article shows the results of the analysis of the factors
influence on the flexographic printing process with solvent based inks.
The main factors influencing the printing process quality are identified,

a semantic network of influence and dependencies of these factors is
constructed. The priority of factors, taking into account their influences
and dependencies, is established by the ranking method. Using the
Pareto rule and the construction of the corresponding diagram, four main
factors are identified, the influence of which provides 70 % of the studied
process quality. It is established that the most priority factors are the
parameters of the printing plate, the rheological parameters of the ink,
the lineature of the anilox roller and the surface properties of the material
to be printed, with the following calculated values: 150, 120, 105 and 90
units, respectively. The selected factors are used to analyse their impact
on the flexographic printing process by means of fuzzy logic. Accordingly,
a universal set, corresponding terms and a fuzzy knowledge base with
the condition "If-Then" are established for these factors in the form of
linguistic variables. The formed knowledge base is tested with the help of
the Fuzzy Logic Toolbox package of the Matlab technological computing
environment and the corresponding prognostic models of the influence
of the selected factors on the printing process quality are constructed.
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Introduction

in this segment compared to other printing methods

(Siegwerk, 2017). Its development is accompanied by

Despite ecological challenges, the global solvent-based
printing inks market is expected to grow from $ 11.63
billion in 2021 to $ 13.49 billion in 2025 at a compound
annual growth rate (CAGR) of 4 %. The growth is mainly
due to the companies rearranging their operations and
recovering from the COVID-19 impact, which had earlier
led to restrictive containment measures involving social
distancing and the closure of commercial activities

that resulted in operational challenges (The Business
Research Company, 2021). Flexographic printing method
of flexible packaging with solvent based inks for food
and industrial products maintains a leading position

constant improvement of materials and technologies.
The use of new types of polymers in combination with
the latest technologies of exposure and processing
has completely changed the plate making processes.
Ukrainian flexographic printing companies are not far
behind world leaders and are actively implementing
the latest developments. These processes require
constant and thorough testing, analysis and research.
Accordingly, the analysis of the factors influence on
the flexographic printing process of flexible packaging
with solvent based inks and the creation of a prognos-
tic model of their influence is extremely relevant.
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In the work (Gurgal et al., 2013), the factors analysis of
narrow-web flexographic printing of a labels by UV inks
was carried out. If one talks about flexographic printing
technology with solvent based inks, this printing meth-
od differs from the narrow-web one in a more complex
preparation of consumables for printing. This primarily
applies to the preparation of printing inks (Harper Anilox
& Coating Division, 2020), control of its viscosity, con-
trol of the surface energy of printed materials (Kukura,
Kukura & Repeta, 2010). The influence of the surface
properties of polymer films on the optical parameters
of imprints and the adhesion of flexographic inks was
studied by Repeta (2013). It is established that the
optimal optical and adhesive values of the imprints can
be obtained at the surface energy above 38 mN/m.

Another element of the ink supply systems in flexograph-
ic printing method is a doctor blade, which is designed
to remove the excess ink from the surface of the anilox
roller and thus adjust the amount of ink supplied to the
photopolymer printing plate and consequently printed
material. Manufacturers of doctor blades produce blades
of different configurations and of different materials
(Repeta, 2018). There is no opinion about the use of a
certain universal doctor blade. According to practical
recommendations, different types of doctor blades are
used for different inks in one printing press, for example,
with white inks and inks with metallized pigments it is
necessary to install thick doctor blades, and with increas-
ing the image lineature it is recommended to select a
blade with a thinner working edge (Daetwyler, 2021).

Double-sided adhesive mounting tapes are used to install
the flexographic plate on the sleeve or plate cylinder and
hold it firmly during the printing process. According to
the results of the study (Eggleston, 2007; 3M, 2022), it

is found that with increasing the tape stiffness increases
the solid area saturation, and squeezing begins in 2%

of the halftone value. In the case of the plate mounting
that contains solid and halftone areas at the same time,
a universal tape with intermediate stiffness is selected.

Photopolymer properties (thickness, roughness and
surface properties) and reproductive characteristics of
the printing plate are very important in terms of quality
of the finished imprint, determining the lineature of the
raster image, the accuracy of all its elements reproduc-
tion, the uniform printing of solid areas and the plate
wear resistance (Hamblyn, 2015; Valdec, Miljkovi¢ &
Cerepinko, 2018). That is why the improvement of man-
ufacturing technology of printing plates and the use of
new types of polymers have revolutionized flexography,
allowing one to raise the quality of the reproduced image
to a new level (Vest, 2017). This breakthrough would be
impossible to achieve without improving the technology
of manufacturing anilox rollers, the parameters of which
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are a determining factor in the formation of the ink layer
on the printing plate elements (Harper, 2005; Savickas,
Stonkus & Jurkonis, 2020) and a key element in the ink
transfer system in flexography (Bould et al., 2011).

The regulating element of this system is the pres-
sure between the anilox and the printing plate and
between the printing plate and the printing cylin-
der, which ensure the optimal ink application on the
imprint (Bohan et al., 2003). As for the solvent based
printing ink itself, its main technological parameter,
which requires constant monitoring during the print-
ing process, is its viscosity (Gencoglu, 2012; Kukura &
Kukura, 2008). And since the fixation of alcohol-solu-
ble inks occurs as a result of the solvent evaporation,
a significant influence on this process has the drying
temperature of the imprints (Olsson et al., 2007).

All these parameters, influencing each other, as a
result determine the final quality of the imprint,
which is characterized by the optical density
parameters as well as squeezing of printing ele-
ments in addition to the accuracy of the original
reproduction (Zotek-Tryznowska et al., 2020).

Thus, the flexographic printing process of packag-
es with solvent based inks can be considered as a
set of elements that are in certain relationships and
connections with each other, interact with each oth-
er and create a certain integrity — the system.

The aim of the article is to establish the impor-
tance of factors, determine the optimal parameters
and construct prognostic models of the impact of
selected priority factors on the quality of the flexo-
graphic printing process using fuzzy logic tools.

Methods, Results
and Discussions

Analysis of Factors by Ranking Method

Accordingly, the following factors are established that
determine the quality of the flexographic printing
process with solvent based inks:

f,—is a type of knives of Doctor Blade system (DB)

f,—is atype of an anilox roller (AN)

f,—is pressure between an anilox roller and a plate (PR1)
f,—is a type of an adhesive mounting tape (TE)

f, — are parameters of a photopolymer printing plate (PP)
f— are rheological parameters of the ink (VI)

f,—is pressure in the printing NIP (PR2)

f,—are surface properties of the printed material (SP)

f, —is thickness of the ink layer (IL)

f,,—is a drying mode of imprints (ID).



Figure 1 shows the scheme of operation of the flexo—
graphic printing press and the influence of selected
factors on the printing process.

» Figure 1: Scheme of the operation of the flexographic
printing press: f -f,, are factors that determine the
printing process quality; 1and 2 are areas where the
ink transfer happens

One of the tools for constructing the output information
field in the analysis of processes is the semantic network.

The set of factors that determine the flexographic pro-
cess quality isa set F=(f, f, f,..f). The set of factors F
and possible relationships between them are presented
in the form of semantic network (oriented graph). The
vertices of the graph (Figure 2) indicate the presence of
the set elements, and the arcs connect these vertices
according to the established connections. The use of
such a semantic model allows one to clearly describe the
basic procedures of the process, identifyty the factors of
influence, the relationship between them, and to ensure
the appropriate level of their formalization for further
study by the appropriate mathematical apparatus.

1 stage ink transfer drying the inks layer

2 stage ink transfer

» Figure 2: Stages of the ink layer formation and the ori-
ented graph of the quality factors of the flexographic
printing process with solvent based inks

Factors, as elements of a semantic network (Figure 2) are
placed taking into account the stages of the ink layer for-
mation on imprints as it can be seen from Figure 1. Thus,
the factors f, — a type of an adhesive tape, f, — the param-
eters of the photopolymer printing plate, f, — the rheo-
logical parameters of the ink are involved in two stages
of the ink layer formation, which clearly makes it one of
the most important. To establish the importance of all
factors in the flexographic printing process of flexible
packaging with solvent based inks, the ranking method is
used (Senkivskyy et al., 2020; Tymchenko et al., 2022).

To begin with, the number of calculated influences and
dependencies for each of the factors is schematical-

ly shown in Table 2. Based on the semantic network
(Figure 2) partial graphical models are constructed for
each of the factors showing the hierarchy of influences
or dependencies between factors. These partial mod-
els (Figure 3) will also be the input base for numerical
values to quantify and determine their importance.

Table 1

Number of influences and dependencies of factors

The Ways f|f [f [f |f |f |Ff [f [f |f
influences O3 |12 |5|4]|]0]|2]2
dependencies | 2 |1 |3 [1 |0 |0 |5 ]|0 |4 3

Total weight and rank of factors taking into account direct
and indirect influences and dependencies is calculation
as follows: For our semantic network, the following
conditions are set (Senkivskyy, Pikh & Melnykov, 2013):

1. Let kU -is a number of influences (i =1—direct
and =2 —indirect) or dependencies
(i=3—direct, i =4 —indirect) for j—th factor
(j=1,...,n); w—is the weight of i-th type.

2. Afactor that has no relationships
is assigned a value of zero.

3. The conditional values for the weight coefficients of
direct and indirect influences in conventional units
are the following: w,=10, w, =5, w,=-10, w, =-5;

4. The total weight values are denoted by Sy

S;=kw, (i=1,2,3,4; j=1,..,n) (1)

if

where n —is the number of the factor;

5. For the semantic networks (Figure 1) in view
of (1), the formula for calculating the total
weight values for each factor is received:

4 10
Sy =§zkf,-wi (2)

j=1

6. The weight values are 5,<0 and
5,<0, because according to the given
initial conditions w, <0 and w, < 0;
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7. Toreduce the total weight values of the factor with
the lowest priority to zero and the rest to a positive
value, the formula (2) is transformed into the form:

4 10
Sy=2.> kw,+P (3)
i=1 j=1

where P = max|53j| + ma><|54j|

FIL

» Figure 3: Graphic models of the influence of factors of
the flexographic printing process (a — k)

The coefficient kv are determined direct influenc-
es. Dependencies are determined by obtaining

the coefficients are determined by obtaining the
coefficients kgj. The combined consideration of indi-
rect influences or dependencies of the factor (i.

e. the influence or dependency due to other fac-
tors) determines the coefficients kz/ and k4j.

The results of the calculations form a table with the
subsequent establishment of the ranks of the
factors (Table 2).

When determining the total weight and ranking
factors, both direct and indirect influences and
dependencies for each of them are taken into
account (Senkivskyy, Pikh & Melnykov, 2013).

Analysing the semantic network, four coefficients can

be calculated for each factor that will characterize
all the options for the relationship between them.
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Table 2

Calculated data of coefficients and factor ranking

Factor |k s s |s|s Factor

numberj i 2) 3) 4) 1 2) 3) 4) F rank rj
f, 0|0 |2]1]0]0(-20]-5]45 7
f, 313103015 |-10|O0 [105 3
f, 112 (3 1]11]10]1 [-30[-5]55 6
f, 2 (1 110 (205 |-10]| O |85 5
f. 5|6 0|0 [5]|30|0 |0 [150 1
f 41210 |0|40|10 |0 | O |120 2
f, 0|0 |54 ]|0]|0(-50(-20]|0 10
f, 20|00 |20(0 |0 ] 0|90 4
f, 2 {0 |4 |4 |20|0 |-40]|-20|30 8
f, 0|0 |[3]3]|]0]0(-30][-15]25 9

As it can be seen from Table 2, the value P (formula

3) will be obtained from the sum of numerical values
maxlsgjl =50; and max|54j| =20 will be 70 units. As a
result, one obtains the resulting quantitative weight of
factors, which is the basis for establishing the appro-
priate rank for each of them, which is equivalent to
the priority of their impact on the flexographic print-
ing process of packaging with solvent based inks.

Construction of a prognostic
model of the factors influence
using the fuzzy logic tools

Using the Pareto empirical rule, the most important
factors are selected that determine 70% of the quality
of the flexographic printing process. As it can be seen
from Figure 4, these will be the following factors:

f, — parameters of a photopolymer printing plate (PP);
f, —rheological parameters of the ink (VI);

f,—atype of an anilox roller (AN);

f,—surface properties of the printed material (SP).

100%

80%
120 A

60%

=)
o

Cumulative %

40%

Factors priority

20%

o
© — =
AN N NN . 0%

INar;1e
» Figure 4: Diagram of Pareto factor selection
Having obtained four selected factors, their impact on
the quality of the flexographic printing technological

process of packaging is analysed. Taking into account
that the information obtained in the survey on the



factors influence on the process is characterized by
fuzziness, the basis of fuzzy logic is used to analyse it.

Fuzzy logic is seen as an attempt to formalize two
human capabilities: 1. The ability to communicate, con-
sider and make rational decisions in an environment
of inaccuracy, uncertainty, incomplete information,
conflicting information, partial truth and partial pos-
sibilities; 2. The ability to perform various physical
actions and mental tasks without any measurements
and any calculations (Zadeh, 2008). The concept of a
linguistic variable was introduced in the work of Latfi
Zadeh (1970), who laid the foundations of fuzzy logic.
Each lingvistic variable stands for a hypothetical propo-
sition, it may assume either of the two truth values; the
variable is not committed to either truth value unless a
particular proposition is substituted for it (Klir & Yuan,
1995). The main stage of fuzzy logic is the fuzzyfica-
tion operation, i. e. the transformation of the original
numerical data into a distribution that corresponds to
the terms of the linguistic variable. In this case, each
numerical value is described by one or more terms, and
its degree of correspondence to the term is given as
the degree of belonging to a fuzzy set (Zadeh, 1970).

The quality of the flexography printing process Q
depends on the priority factors presented as linguistic
variables such as Parameters of photopolymer printing
plate (PP), Type of anilox roller (AN), Rheological ink
parameters (V/) and Surface properties of the printed
material (SP):

Q=f(PR AN, Vi, SP) (4)

These linguistic variables, which ensure the quality of
the printing process and assessment terms, are present-
ed in Table 3.

Table 3
Linguistic variables of factors influence on
the flexography printing quality

Ne Variable Universal | Assessment
set terms
Parameters of tow
1 photopolymer printing 46-54 I/em Medium
plate (lineature) High
Low
2 Type gf anilox roller 250-420 l/cm Medium
(lineature)
High
Low
Rheological ink 16-20 sec )
3 parameters (viscosity) (Cup 4 mm) Medium
High
) Low
Surface properties of
4 the printed material 34-40 mN/m Medium
(surface energy) High

As a result, the expert knowledge base which corre-
sponds to the printing process for the highest level can
be presented as follows:

if (PP = Low) or (PP = Medium) or (PP = High)
and (AN = Low) or (AN = Medium) or (AN = High)

and (VI = Low) or (VI = Medium) or (VI = Big)
and (SP = Low) or (SP = Medium) or (SP = High)

then (Q = Low) or (Q = Medium) or (Q = High)

Based on technical recommendations on the factors
influence on the flexographic printing quality, the mem-
bership functions are constructed. Accordingly, the value
of the variable "Parameters of photopolymer printing
plate (lineature)" is determined on the universal set:
u,=46I/cm; u,=48 l/cm; u,=50I/cm; u, =52 |/cm;

u,= 54 1/cm. To linguistically assess this parameter, a set
of fuzzy terms is used: T (x) = <Low, Medium, High>. In
accordance with these terms, the membership functions
of the linguistic variable "Parameters of photopolymer
printing plate (lineature)" are obtained. The value of

the variable in the form of fuzzy sets is as follows:

Lineature of Printing Plate is Low = (Lw,Mﬂ%j

Lineature of Printing Plate is Medium = [ﬂ,ml—m,ﬂj, Vem;

% @ z 5 9 i
Lineature of Printing Plate is High = (ﬂ,g,&,MLJ
O d J

For the linguistic variable "Type of anilox roller
(lineature)", the parameter is defined on the universal
set: u, =250 1/cm; u, =300 I/cm; u, = 340 |/cm;

u, =370 I/cm; u, =420 I/cm. To assess the variable,

a set of fuzzy terms is used: T(y) = <Low, Medium,
High>. Therefore, in relation to this parameter
according to these terms, the value of this variable

in the form of fuzzy sets is received as follows:

< e s g 1 0,78 0,55 0,33 0,11
Lineature of anilox roller is Low = [—;—;—;—;—], I/em;
250 300 340 370 420
Lineature of anilox roller is Medium = (ﬂoj#ojlj I/em;
250 300 340 370 420
Lineature of anilox roller is High = (ﬂg,ﬁw,Lj, I/em.
250 300 340 370 420

For the linguistic variable "Rheological ink parameters
(Viscosity)", the parameter is defined on the universal
set:u,=16s;u,=17s;u,=18s;u,=19s;u,=20s. To
assess the variable, a set of fuzzy terms is used: T{(z)
=<Low, Medium, High >. Therefore, in relation to this
parameter according to these terms, the value of this
variable in the form of fuzzy sets is received as follows:
Viscosity is Low = [l%%%ﬁw] s;
Viscosity is Medium = [M,@Lﬁ,ﬂ], s;

Viscosity is High = (ﬂﬂ,m,wL], s.
16 17 18 19 21
The linguistic variable "Surface properties of the printed
material (surface energy)", as another factor in the print-
ing process quality, is defined on the universal set:
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u, =34 mN/m; u,=36 mN/m; u,=38 mN/m;
u,=40 mN/m; u =42 mN/m.

For linguistic assessment of the parameter, a set of
fuzzy terms is used: T (r) = <Low, Medium, High>.

Different values of the variable "Surface prop-
erties of the printed material (surface energy)"
are presented in the form of fuzzy sets:

Surface energy is Low = [L,wﬁ,w,o’—;j, mN/m;

Surface energy is Medium = (E;E;L;w;w], mN/m;
34 36 38 40 42

Surface energy is High = [H,Q,E,w,ij,

A fuzzy knowledge base is formed on the select-
ed quality parameters of the flexographic print-
ing process with solvent based inks:

1. For the flexographic printing quality term «Low»:
- If «PP» is «Low», «AN» is «Medium», «VI» is «Medi-
um», «SP» is «High»

or

- If «PP» is «Medium», «AN» is «Low», «VI»

is «Big», «SP» is «Low» then Q is «Low»

2. For the flexographic printing quality term «Medium»:
- If «PP» is «Medium», «AN» is «Medium», «VI» is
«Medium», «SP» is «Medium»

or

- If «PP» is «Medium», «AN» is «High», «VI» is

«Big», «SP» is «High» then Q is «Medium»

3. For the flexographic printing quality term «High»:

- If «PP» is «High», «AN» is «High», «VI» is «Low», «SP»
is «High»

or

- If «PP» is «High», «AN» is «High», «VI» is «Medi-
um», «SP» is «High» then Q is «High».

According to the knowledge base, fuzzy logi-
cal equations are formed to prognostic variant of
the quality of printing process of packaging:

2°7(Q) = 1™ (PP A 1™ (AN) A 1™ (VI) A 1" (SP) v 1™ (PP) A 1" (AN) A 4% (VI) A 11" (SP);
1NQ) = 1" PP A (AN) A ™ VI A ™ (SP) v 1™ (PP) A 1™ (AN) A 1" (VI) A ™ (SP); ( 5)
27(Q)= 4" (PP) A 1" (AN) A g1 (VI) A " (SP) v 1" (PP) A 11" (AN) A 2™ (VI) A 12" (SP).

When substituting the degrees of belonging to
the system of fuzzy logical equations, one of the
options for calculating the quality of the flexogra-
phy printing process of packaging is obtained:

4 =0,3370,78 70,55 70,88 0,67 70,22 7 0,881 0,33=0,33
4 =0,67 70,780,557 0,55v 0,67 10,89 7 0,88 20,55 = 0,55
" =0,970,89 70,55 70,88+ 0,920,89 70,89 70,9 =0,89

After performing the defuzzyfication operation "centre of
gravity" principle using the factors values, the numerical
value of the quality parameter of the flexography printing
process is obtained (Rotshteyn, 1999):
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Z“f ()
Q:f(PP,AN,V/,SP):/:lmi (6)

Therefore, having performed the defuzzyfication
operation, a quantitative parameter of the process
quality is obtained:

1:0,33+50-0,55+100-0,89

¢ 0,33+0,55+0,89

=606,0%

To test the formed knowledge base and construct a prog-
nostic model of the influence of priority factors, a pack-
age for developing fuzzy control systems — Fuzzy Logic
Toolbox system of the Matlab technological calculation
environment and Mamdani principle is used (Mamdani
& Assilian, 1975). Figure 5 presents the constructed
membership functions for three linguistic variables.

a ) anilox plate

b surface Jnergy
) viscosity

» Figure 5: Prognostic models of the influence of selected
factors on the flexographic printing process of packag-
ing: a - the influence of the parameters of the anilox
roller and the printing plate; b - the influence of the
viscosity of the printing ink and the surface energy of
the substrate.

The simulation results (Figure 5) show the adequacy

of the developed knowledge base and the possibility

of its use for forecasting assessment of the quality of
flexography printing process when selecting the priority
factors weight.



Conclusions

The quality factors of flexographic printing process of
flexible packaging with solvent based inks were deter-
mined. By constructing semantic networks of the influ-
ence and dependencies of factors and the ranking meth-
od, the factors priority has been established by giving
them the appropriate weight. Using the Pareto rule and
the construction of the corresponding diagram, four
main factors are identified, the influence of which pro-
vides 70 % of the studied process quality. It is established
that the most priority factors are the parameters of the
printing plate, the rheological parameters of the ink, the
lineature of the anilox roller and the surface properties
of the material to be printed, with the following calcu-
lated values: 150, 120, 105 and 90 units, respectively.

As a result of the simulation of the influence of priority
flexographic printing factors using fuzzy logic, a base of
knowledge and fuzzy logical equations are formed to
calculate the membership functions of linguistic vari-
ables with the corresponding given terms. Their logical
analysis and the defuzzyfication operation had allowed
obtaining a quantitative assessment of the quality

of the flexographic printing process. In addition, the
Fuzzy Logic Toolbox system of the Matlab technological
computing environment has constructed prognostic
models of the influence of parameters of the printing
plate, anilox roller, printing ink viscosity and surface
energy, which will a priori predict the quality of flex-
ographic printing process with solvent based inks.
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