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Application of statistical design of
experiments for the optimization
of floor tile glaze formulation
Abstract
This paper investigates the influence of the various parameters on the quality
of industrial Iranian floor tile glaze by using the experimental designs analysis, Taguchi Method. A commercial grade of engobe and green body from
one of the national tile companies have been used. Three factors namely:
particle size of glaze slurry, sintering time and temperature were selected
to identify the influence of these factors on the quality of glaze. A Taguchi
L8 Orthogonal Arrays, fractional factorial design, was used to optimize
experimental trials. This approach successfully categorized the effect of each
variable using only 8 experimental trials and identified the most important
variables affecting this glaze making process with the analysis of variance
(ANOVA). The quality control tests of floor tile such as thermal shock resistance, specking resistance and surface hardness were carried out according
to the existing Iranian standard. The optimized samples were obtained by
factorial design analysis; taking into account coarser particle size, higher
temperature and less time. The optimized sample was counter checked
using Taguchi method and by selecting effective factors in high levels. It
was demonstrated that, the particle size of the slurry is the only significant
parameter and sample with high level in particle size and temperature of
sintering is the best sample according to existing standard of floor tile.
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Introduction

Table 1
Common components of a ceramic glaze

The glaze, like the ceramic body, is made up of a series
of inorganic raw materials. The main component of the
glaze is silica glass as well as other elements that act
as fluxes (alkalis, alkaline earths), former (boron, zinc,
etc), opacities (zirconium, titanium, etc), and as coloring
agents (chromium, cobalt, Manganese, etc). Although
several glass-forming systems exist, ceramic glazes are
almost completely based on alumina-silicate glass systems. The main glass forming oxide, silica (SiO2) is modified by adding a range of other oxides. The modifiers
act to alter thermal, chemical, and physical properties
of the product, (Table 1) (Vari, 2000; Burleson, 2003).

Glass Formers
SiO2

Intermediates
Al2O3
ZrO2
TiO2

Modifiers (Melters)
BaO
CaO
SrO
ZnO
PbO
Na2O
K2O
Li2O
Bi2O3
B2O3
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In other ceramic processes (porcelain art ware, sanitary ware), glazes are formulated such a way that only
contain crystalline, natural or synthetic raw materials, which provide the necessary oxides. However, in
ceramic floor and wall tile manufactures, raw materials
of a glossy nature (frits) are normally used. These are
prepared from the same crystalline materials that have
previously undergone heat treatment under high temperature. Glaze generally comprises one or more glass
frits, filler pigments and other additives which either
vitrify or sinter, depending upon the composition of
the glaze and degree of firing. Raw glazes are typically
composed of a mixture of finely ground insoluble beneficiated natural materials-minerals and rocks such as
china clay and Nephelin Syenite. Fritted glazes are those
where all or part of ingredients have been per fused
and quenched to form one or more frits. A wide variety
of the glazes are formulated depending on the type of
product, firing temperature, and the desired effects
and properties of the final product (Burleson, 2003).
Recently, some studies investigated the application of
design of the experiments to optimizing the glaze preparation (Ghosh, 1990; Ross, 1995; Roy, 2001; Anufrik et
al., 2016). Since cost and time are two crucial parameters in industry, less cost in the least time is therefore
desired. Most of researchers and companies normally
use statistical methods to optimize the appropriate
condition. Examples of two important design methods
for process improvement are Taguchi and full Factorial
designs to achieve better condition in production.
This paper aims to investigate the possibility of
utilization of Taguchi method in designing optimum experimental procedure for floor Tile Glaze
industries and further investigates the various
parameters affecting the quality of the product.

cable over the wide range of engineering fields that
produce raw materials, sub systems, products or professional and consumer markets. In fact, the method
can be applied to any processes that manufacture be
it engineering fabrication, computer-aided–design,
blanking and service sector etc. There are five basic
phases (Figure 1) in applying the Taguchi experimental
design technique to a project. For projects in industrial
settings, it is important to follow these steps closely.
Phase Ι, experiment planning, is the most valuable. The
major steps to complete an effective designed experiment are listed in the following text. The planning Phase
includes step 1 through 9, the conducting phase is step
10, and the analysis phase includes step 11 and 12.
1. State the problem(s) or area(s) of concern.
2. State the objective(s) of the experiment.
3. Select the quality characteristic and measurement system(s)
4. Select the factors that may influence the
selected quality characteristics.
5. Identify control and noise factors.
6. Select levels for the factor.
7. Select the appropriate orthogonal array OA. .
8. Select the interactions that may influence the selected quality characteristics or
go back to step 4 (interactive steps)
9. Assign factors to OA and locate interactions.
10. Conduct tests described by trials in OA.
11. Analyze and interpret results of
the experiments trials.
12. Conduct confirmation experiment.
13. Analyze the data; predict the optimum levels and performance
14. Perform the verification experiment and plan
future action (Ghosh, 1990; Ross, 1995).

Experimental design
Taguchi method
In 1926 British statistician R.A. Fischer began applying fractional factorial approaches to agricultural
experiments. In the 1960’s Professor Genichi Taguchi
applied modified factorial experiment designs for
characterizing manufacturing processes in his quality
engineering philosophy (Castela, Fonseca & Mantas,
2010; Reddy & Asadi, 2011; Sharda & Kumar, 2015).
Taguchi method is a scientifically disciplined mechanism or evaluation and implementing improvements
in products, processes, materials, equipments, and
facilities. These improvements are aimed at improving
the desired characteristics and simultaneously reducing
the number of defects by studying the key variables
controlling the process and optimizing the procedure
or design to yield the best results. The method is appli-

6

»»Figure 1: Five basic phases
The word “optimization” in Taguchi method implies,
“the determination of the best levels of control factors. The best levels of control factors are those
that maximize the signal-to-noise ratios. The signal-to-noise ratios are log functions of desired
output characteristics (Reddy & Asadi, 2011).

Factorial designs overview

N

a0 =

Factorial designs allow for the simultaneous study of
the effects that several factors may have on a process.
When performing an experiment, varying the levels of
the factors simultaneously rather than one at a time
is efficient in terms of time and cost, and also allows
for the study of interactions between the factors.
Interactions are the driving force in many processes.
Without the use of factorial experiments, important
interactions may remain undetected (Feinberg, 1996;
Mukerjee & Wu, 2006; Chen et al., 2015; Smith, 2015).

∑Y
J =1

i

(2)

N

where,
Yi: response of the experiment
Y+i : response of the experiment in high level
Y-i : response of the experiment in low level
N: number of the experiments
If ai>2SE, so this factor has a significant effect on
the response and vice versa (Feinberg, 1996).

2k full factorial design

Experimental procedure

In his method two levels of each factor will be studied in an orthogonal, balanced, array. If there are k
factors required to evaluate in a process, we need
to run the experiment 2k times. Each factor will have
two levels, “high” and “low” levels (Feinberg, 1996).

Sample preparation

Consider the two-level, full factorial design for three
factors, namely the 23 design. This implies eight runs
(not counting replications or center point runs), full factorial in a tabular form, (23 two-level design; factors X1,
X2, X3). This design is given by Table 2 (Feinberg, 1996).

Since this research is an attempt on the preparation of
industrial glazes, so a commercial grade of engobe and
green body from one of the national tile companies have
been used. Glaze formulation is presented in Table 3.
Table 3
Chemical composition of raw materials used
in opaque glaze structure (in W%)

Table 2

Frit

Kaolin

Silica

2 two-level, full factorial design table showing runs in standard order

20

10

10

3

Run

X1

X2

X3

1

-1

-1

-1

2

1

-1

-1

3

-1

1

-1

4

1

1

-1

5

-1

-1

1

6

1

-1

1

7

-1

1

1

8

1

1

1

The following equations are used to calculate
the coefficient of main and average factors.

ai =

J =1

+i

N

− ∑ Y−i
N

J =1

10

TPP

0.08

0.2

Two-level full factorial design of experiments

The effect of a factor can be defined as the
average response when the factor changes from one level to another level (e.g. from
high to low level) (Feinberg, 1996).

N

50

CMC

Frit and the other raw materials were ground in an
electric mortar (type 06, pulverisette, Germany) at
150 rpm for 30 minutes, to provide them with appropriate fineness of grinding and were then screened
by 325 and 400 mesh (44, 37 µm). The under sieve
portion were applied directly on to the engobe green
(unfired) tiles by spraying technique. After having been
dried in an oven at 105°C for 1 hour, the glazed tiles
were single fired in a laboratory electrical furnace at
two different temperatures. Thermal shock resistance,
specking resistance and surface hardness were tested
for all of them by the National Standard Institute.

Estimate of Main Effects with
calculation of main coefficients

∑Y

K-Feldspar Calcite

(1)

Individual variables (particle size of glaze slurry, particle size (PS), sintering temperature, Temp, and
sintering time, t), the effects of which on properties
of glaze tile were examined; change in different ranges of the parameters conformed to the orthogonal
2n two-level factorial design, were n=3, of the form
presented in Table 2. According to the design, 8
experiments should be preformed in which individual
variables a1, a2 and a3 are given code values at upper
(+1) and lower (-1). High and low settings for each
input variable were selected according to the schedule shown in Table 4. In addition, Table 5 illustrates
the design of experiment using factorial method.
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Table 4

cantly affect the quality of floor tile glaze. The
orthogonal Array L8 is represented in Table 6.

High and low Settings for the variables
Variable

Low setting

High setting

1100

1150

Temperature (TEM, °C)
Time (TE, min)
Particle size of slurry (PS, µ )

30

120

X<37

44 <X<37

Table 6
L8 (25) Array
Run
1
2
3
4
5
6
7
8

Table 5
Two-level factorial design of experiments for
three variables considered in this study
Experiment No.

TEM

TE

PS

1

+1

+1

+1

2

-1

+1

+1

3

+1

-1

+1

4

-1

-1

+1

5

+1

+1

-1

6

-1

+1

-1

7

+1

-1

-1

8

-1

-1

-1

PS
TEM
PS×TEM TE TEM.×TE hardness
X<37
1100 °C
1
30
1
4
44 <X<37 11000°C
1
120
2
4
X<37
1150 °C
2
30
2
3
44 <X<37 1150 °C
2
120
1
4
X<37
1100 °C
2
30
1
4
44 <X<37 1100 °C
2
120
2
5
X<37
1150 °C
1
30
2
5
44 <X<37 1150 °C
1
120
1
6

Results and discussion
As this study investigates an industrial sample according to standard of floor tile, so response of some
tests were given qualitative. The only quantifiable
response is hardness, so calculations were based on
this response. The response of experiments was presented in Table 7. SE (Standard Error), coefficients
of main and interaction were given in Table 8.

Taguchi design of experiments
Selection of experimental plan

According to factorial concept if ai>2SE, so the influence
of the particle size of glaze slurry (variable X1) in hardness
of glaze has been significant. The samples 1 to 3 were
not acceptable according to standard; so they were
eliminated. The residual samples (5, 7) with low level
of particle size, were also eliminated. This shows that
an appropriate sample should be selected from three
residual samples (4, 6 and 8). Therefore, sample 4 with
high level in particle size and temperature of sintering

We concluded that some parameters can significantly
influence the final quantitative results of floor tile glaze
and the statistical design of experiments technique
is highly effective for this type of evaluation used.
The experimental research allows investigating
on the influence of N variables and the interactions. It can be further studied the effect of three
parameters and two interactions which signifiTable 7

Predicated properties of floor tile glaze for different values of studied parameters
Y4
Hardness

Y3 specking
Methylene
K2MnO4
blue

Y2 Thermal
shock

Y1
Autoclave

X1

X2

X3

RUN

4

Class 3

Class 3

acceptable

unacceptable

30

1100 °C

X<37

1

4

Class 3

Class 3

unacceptable

unacceptable

30

1100 °C

44 <X<37

2

3

Class 3

Class 3

unacceptable

unacceptable

30

1150 °C

X<37

3

5

Class 2

Class 1

acceptable

acceptable

30

1150 °C

44 <X<37

4

4

Class 2

Class 1

acceptable

acceptable

120

1100 °C

X<37

5
6

5

Class 1

Class 1

acceptable

acceptable

120

1100 °C

44 <X<37

4

Class 2

Class 1

acceptable

acceptable

120

1150 °C

X<37

7

6

Class 1

Class 1

acceptable

acceptable

120

1150 °C

44 <X<37

8

Table 8
Calculation of the main and interaction coefficients

8

a0

a1

a2

a3

a12

a13

a23

a123

2SE

4.37

0.62

0.125

0.3750

0.375

0.125

0.125

-0.125

0.58

Table 9
Analysis of variance with confidence level 90% (F=4.5448)

Run

Factors

Freedom
degree

1
2
3
4
6

PS
Temp
PS ×temp
time
temp ×time
error
Total

1
(1)
1
1
(1)
4
7

Sum of square
3.125
(0.125)
1.125
1.125
0.5
5.875

Variance

1.125
1.125

F

Purity
Variance

Participation
percent

25

3

51.063
0.000
17.021
17.021
0.000
14.895
100.00%

9
1
9
1
POOLED (CL=65.03%)

0.125

Table 10
Analysis of variance with confidence level 99 % (F=3.7760)

Run

Factors

Freedom
degree

Sum of square

Variance

1
2
3
4
6

PS
TEM
PS ×TEM
TE
TEM×TE
error
Total

1
(1)
(1)
(1)
(1)
6
7

3.125
(0.125)
(1.125)
(1.125)
(0.125)
2.750
5.875

3.125

is the best sample according to existing standard of
floor tile. The analysis of variance with two confidence
levels of 90 and 99% are shown in Tables 9 and 10.

F

Purity
Variance

25
3
POOLED (CL=61.56%)
POOLED (CL=97.04%)
POOLED (CL=97.77%)
POOLED (CL=65.03%)

0.458

Participation
percent
51.063
0.000
0.000
0.000
0.000
48.937
100.00%

quality measure. Therefore this sample was prepared
as the optimized conditions of eighth experiments
and can be regarded as the proposed sample.

According to the analysis of variance with confidence
level of 90%, those parameters which are bolded are
significant. By increasing confidence level, the number of effective factors was decreased and the particle
size of glaze slurry is only significant parameter. In
addition, selection other factors are not required.
The simplest method to obtain the optimized levels is
drawing chart of the average of responses. The effect
of low and high levels of variables in hardness of glaze
obtained using statistical software was shown in Figure
2. Table 11 suggests the optimized levels of variables.
Table 11

»»Figure 2: The effect of levels of parameters on floor tile
hardness

Conclusions

Proposed levels of factors in optimization condition
Factor

Proposed level

TE

120

TEM

1150 °C

PS

44 <X<37

Table 11 and Figure 2 confirm each other. This shows
that the examined factors, selected in high levels,
i.e.; hardness, is in the highest level in terms of the

The factorial design analysis revealed that if (a1>2SE),
the influence of the particle size of glaze slurry (variable
X1) in hardness of glaze has been significant. The samples 1-3 were not acceptable according to the existing
standards of floor tile so they were eliminated. Among
of the residual samples, the samples 5 and 7 with low
level of particle size were eliminated. Therefore, the
appropriate sample should be selected from three
residual samples (4, 6 and 8). The sample 4 with high
level in particle size and temperature of sintering is the
best sample according to the standard of floor tile.

Journal of Graphic Engineering and Design, Volume 8 (1), 2017.
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Based on the Taguchi method and according to the
analysis of variance with a confidence level of 90%, F
is equal to 4.5448. Comparing this F with the critical F
shown above the Table 10, the influence of variables is
obvious. So the parameters which are bolded are significant. With a rise in confidence level to 99%, the numbers of effective factors were decreased. Moreover, the
particle size of slurry is the only significant parameter.
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Modeling of deformation phenomena
in volume label during its operation

Abstract
BIt was considered in the article the research of physical and mechanical
properties of materials based on PVC film ORACAL and RITRAMA that used
in the production of volume labels. In particular, it was shown the changes of
dependences between linear deformation of printed and unprinted films and
the value of stress with regard to their minimum and maximum values. It
was also established that deformation properties of the films are different in
the transverse and longitudinal directions, which should be considered when
producing labels. It was conducted the modeling of stress-strain state of
volume label when gluing it to the surfaces of various shapes. We considered
the boundary conditions for displacement and stress of labels layer components with regard to the chemical structure of epoxy resins and their physical
and mechanical characteristics.
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Introduction
Today label is an integral part of the packaging of any
product, which is serves as its identifier. Therefore, the
goal of products manufacturers is not only improve the
design of labels-stickers, but also the development of
new technologies of their finishing and protection to
enhance operational properties. Volume labels take a significant place in this sense. Polyurethane or epoxy resins
of three types are usually used for the manufacture of
volume labels in advertising and souvenir industry: a soft
resin (for sticking to object of circular, cylindrical or irregular surfaces), solid resin (for labels, which are planned
to stick on a hard surface), and medium hardness resin. It
was formed a so-called “lens” with thickness 1.5-2.5 mm,
which becomes transparent and flexible after polymerization through polymer composition (resins and the
hardener in a certain proportion) deposited on top of
the label printed image. Self-adhesive labels may have
additional coverage, such as UV coating, lamination, foil
stamping and more. Each method of such decoration was

designed to provide special personality, more abrasion
resistance and precision for product. The advantageous
feature of these labels is their ability to self-regenerate,
resistance to fading and mechanical damage, exposure
to chemicals. Plastic polymer resin has the ability to
recover its original shape, so that small scratches disappear after a few minutes, and it becomes smooth
again (Rehbinder, 1978; Pocius, 2002; Sheludko, 2013).
The aim of research was to carry out a modeling of
stress-strain state of volume labels produced on adhesive
material - PVC film like “Oracal” and “RITRAMA” during its
use and explore their physical and mechanical properties.

Materials
An important moment in volume labels manufacturing
technology is the choice of resin. The choice of resin
is determined by such parameters: initial components
viscosity; viscosity of the obtained composition; mixing
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proportions; resin hardness after polymerization, and
the necessary rigidity and polymer thickness, features
of labels shape. Polymer coatings can have different
stiffness, which determines the resistance of the coating to abrasion. It was established that the greater
the viscosity of the resin, the greater the height of the
lens can be formed on the surface of the label, which
is important when applying polymer on large areas.
The choice of resin depends on the time of viability and
full curing. Curing of resin become faster when higher its
temperatures, it is easier to remove bubbles from it, but
at the same time unfortunately decreases the viscosity
and therefore the height of obtained lens will be smaller.
The choice of self adhesive materials depends on the
labels operating conditions and surface properties to
which the label is applied. Resin polymerization occurs
at room temperature for about 8 hours in a strictly horizontal position and in compliance with the humidity
and temperature in the room. However, this time can be
significantly reduced by using special infrared dryers.
It is important to prepare labels to fill. Due to the fact
that all the filling machines designed to work with
sheet material, as the object for filling was taken sheets
at size 40×40 and 50×70 cm with printed labels on
it. In addition, the label must always be incised, such
as cutting on plotters ROLAND GX-640. The presence
of a clear boundary on the label needs for applied
resin didn’t flow of necessary image boundaries
(Rehbinder, 1978; Pocius, 2002; Sheludko, 2013).
As objects of research it was selected volume labels
digitally printed on large-format plotter Epson Sure
Color SC-S70610 by using PVC film ORACAL 640
and RITRAMA filled with epoxy resin MTBJZJ MTB8000/7700 (hard resin) and MTB-3800/9213 (soft
resin), it was used hardener Rich R-2265 (Figure 1).

by the known formulas determined the value of relative
elongation of samples (in %) and deformation (in MPa).
ORACAL and RITRAMA are flexible calender monomeric
PVC films. RITRAMA film has much larger internal residual stresses than ORACAL, through which it gives a significant shrinkage (more than 0.4 mm according to standard
FINAT TM 14) during bonding on round surfaces. Film
ORACAL has a silicon surface on the back. Mechanical
properties of the films are important for their operation.
Typical diagram of deformations for plastic materials contains four sections: elastic reverse deformation (1); beginning of irreversible deformation (2), when the material
prevents the load; plastic deformation (3), when there is
fluidity; formation of so-called “neck” of the samples (4),
which corresponds to a small strengthening of the material and its destruction (Figure 2). During the formation
of a neck in amorphous and crystalline polymers it is a
transition from isotropic to anisotropic (oriented) state.

»»Figure 2: Typical diagram of films deformations
This transition in crystalline polymers is accompanied by melting (destruction) of output crystalline
regions under mechanical stress, orientation of
macromolecules areas in the stretching direction
and recrystallization. Stresses that correspond to
the maximum on the curve of stretching crystalline
polymer are called stresses of recrystallization.

Results and discussion
Based on the researches it was defined the dependence of linear deformation ε and stress σ for the
investigated material. It was revealed that on the relative elongation of films and their breaking effort has
considerable influence their direction (longitudinal or
transverse), presence of the printed image (Table 1).
»»Figure 1: Samples of volume labels filled with polymer
based on soft (a) and hard (b) epoxy resin
Deformation properties of film materials ORACAL and
RITRAMA determined on tensile machine 050/Rt-601U
of Japanese firm “Kimura Mashinery” by GOST 14236-81
(GOST 14236-81, 1981). The research was carried out at
the velocity of the clamp 100mm/min until breaking of
the sample at 22 °C. According to scale available on the
device it was fixed value of destroying force (F, H) and
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As can be seen, film RITRAMA-145 is able to withstand
greater stresses and more resistant to fracture at 1.5
times than ORACAL. Breaking effort of film ORACAL
(according to DIN EN ISO 527) is 19 MPa (min) and 30.6
MPa (max) in the longitudinal and 28.1 MPa (min) and
46 MPa (max) in transverse directions; elongation at
break (according to DIN EN ISO 527) in the longitudinal
direction is min 130%, transverse direction - min170%
for film ORACAL. Elongation at break is 245% and 275%

Table 1
Properties of the unprinted cardboard (S1) and the cardboard printed with a thin layer of UV varnish (S2) (values in the brackets represent the coefficient of variation [%])

Film
ORACAL (unprinted)
RITRAMA (unprinted)
ORACAL (printed)
RITRAMA (printed)

Breaking effort, σ MPa
Longitudinal
Transverse
direction
direction
Min/max
Min/max
28.1/46
19/30.6
42.2/68.5
28.5/45.9
5.7/6.4
7.8/9.6
6.8/7.7
9.4/11.5

Relative elongation, ε (%)
Longitudinal
Transverse
direction
direction
Min/max
Min/max
170/210
130/156
275/310
245/268
145/168
123/144
238/280
217/243

(min) respectively in the longitudinal and transverse
direction for film RITRAMA-145. Some other properties
have printed films surfaces. Breaking load σ for printed film ORACAL decreases from 6.4 MPa to 5.7 MPa in
longitudinal direction, and from 9.6 MPa to 7.8 MPa in
transverse direction. For the printed film RITRAMA-145
the difference between the largest and smallest values
of σ in the longitudinal direction is 0.9 MPa and in the
transverse direction is 2.1 MPa. It is obviously possible to
explain by significant influence of solvent inks on adhesion properties of the films (Havenko & Sheludko, 2016).
In the manufacturing process and products labeling there
are certain deformation of base-substrate and labels
polymer coating, which is exposed to external mechanical influences and can cause deformation of the lens.
It is known that the degree of deformation is the relative
deformation, which is the ratio of the absolute deformation to the original body size:
∆l = l − l0,ε =

∆l
l0

(1)

Mechanical stress σ – is a physical quantity that is numerically equal to the force of elasticity per unit area of the
body section:
→

→

σ=

d Fn p
dS

(2)

Changes of transverse bodies’ sizes characterize by relative transverse compression or tension:
ε′ =

∆d
d0

(3)

where d0 – transverse bodies’ sizes before deformation.
The ratio of the relative transverse deformation to the
longitudinal deformation of the body is called Poisson
coefficient:

µ=

ε′
ε

(4)

Poisson’s coefficient depends on the body material and
is one of the constants that characterize body elastic
properties. It was considered body that belongs to the
curvilinear orthogonal coordinate system α, β, γ. Let
unit vectors that are tangent to coordinate lines through

Absolute elongation, l (cm)
Transverse
Longitudinal
direction
direction
Min/max
Min/max
27/36
19/26
34/42
25/32
17/28
14/19
26/37
19/26

accordingly. According to the assumption there is a
relationship between coordinates α, β, γ and Cartesian
rectangular coordinates x, y, z (Rehbinder, 1978; Pocius,
2002; Sheludko, 2013):
x = x(α , β , γ ), y = y (α , β , γ ), z = z (α , β , γ )

(5)

Curvilinear orthogonal coordinate system is
characterized by Lame parameters that are
determined by the following formulas:
2

2

2

2

 ∂x   ∂y
 ∂x   ∂y   ∂z 
2
Η 12 = 
 , Η 2 =   + 
 +
 +
 ∂α   ∂α   ∂α 
 ∂y   ∂β
2

2

2

  ∂z
 + 
  ∂β

2


 ,


2

 ∂x   ∂y   ∂z 
Η 32 =   +   +   .
 ∂γ   ∂γ   ∂γ 

(6)

An example of orthogonal coordinates is the Cartesian, cylindrical and other coordinates. As you know,
Lame parameters – are independent values and,
according to differential geometry, they must satisfy
six differential relations (Pysarenko & Lebedev, 1976;
Timoshenko & Goodier, 1979; Shvab’yuk, 2009):
∂  1 ∂Η 2  ∂

+
∂α  Η 1 ∂α  ∂β

 1 ∂Η 1  1

 + 2
 Η 2 ∂β  Η 3
∂  1 ∂Η 3  ∂  1 ∂Η 2  1

+
+

∂β  Η 2 ∂β  ∂γ  Η 3 ∂γ  Η 32

∂Η 1 ∂Η 2
= 0,
∂γ ∂γ
∂Η 2 ∂Η 3
= 0,
∂α ∂α

 1 ∂Η 1  ∂  1 ∂Η 3  1 ∂Η 3 ∂Η 1

 +

 + 2
= 0,
 Η 3 ∂γ  ∂α  Η 1 ∂α  Η 2 ∂β ∂β
∂ 2 Η1
1 ∂Η 2 ∂Η 1
1 ∂Η 3 ∂Η 1
−
−
= 0,
∂β∂γ Η 2 ∂γ ∂β Η 32 ∂β ∂γ

∂
∂γ

(7)

∂ 2Η 2
1 ∂Η 3 ∂Η 2
1 ∂Η 1 ∂Η 2
−
−
= 0,
∂γ∂α Η 3 ∂α ∂γ
Η 1 ∂γ ∂α
2

∂ Η 3 1 ∂Η 1 ∂Η 3
1 ∂Η 2 ∂Η 3
−
−
= 0.
∂α∂β Η 1 ∂β ∂α Η 2 ∂α ∂β

Let the body elastically deformed. Then body point
with the coordinates α, β, γ gets moving, which can be
represented by three vector projection of full movement in tangent directions to coordinate lines α, β, γ:
u1 = u1 (α , β , γ ), u 2 = u 2 (α , β , γ ), u 3 = u 3 (α , β , γ )

(8)

In the theory of nonlinear elasticity it is taken to distinguish between deformation tensors of Grin, Almanzi,

Journal of Graphic Engineering and Design, Volume 8 (1), 2017.

13

Hyenki and others. This deformation state of solid bodies
we describe with six components of Grin (Sheludko,
2013):
1
2 

1
2




2

2
 
 

1
2

(9)

ε11 =  11 + 121 +  12 + ω3  +  13 − ω2  ,
1
2 

1
2




1
2 

1
2




2

R1212 = 0, R1313 = 0, R2323 = 0,

2
 
 

1
2

2
 
 

1
2

ε 33 =  33 +  233 +   31 + ω2  +   32 − ω1  ,
1

1
 1
 1

2

2
 2
 2

1

1
 1
 1

ε13 = ε 31 =  13 +  33   13 − ω2  +  11   13 + ω2  +   23 − ω1   12 + ω3 ,
2

2
 2
 2


ε12 = ε 21 =  12 +  11   12 − ω3  +  22   12 + ω3  +   13 − ω2   23 + ω1 ,

1
2




1
2

 1
 2

 1
 2




ε 23 = ε 32 =  23 +  22   23 − ω1  +  33   23 + ω1  +   21 − ω3   31 + ω2 ,

where
 11 =

1 ∂u1
1 ∂H1
1 ∂H1
u3 ,
u2 +
+
H1 ∂α H1H 2 ∂β
H1H 3 ∂γ

 22 =

1 ∂u2
1 ∂H 2
1 ∂H 2
u3 +
u1 ,
+
H 2 ∂β H 2 H 3 ∂γ
H 2 H1 ∂α

 33 =

1 ∂u3
1 ∂H 3
1 ∂H 3
u1 +
u2 ,
+
H 3 ∂γ H1H 3 ∂α
H 3 H 2 ∂β

 12 =  21 =

(10)

H 2 ∂  u2  H1 ∂  u1 

+
 ,
H1 ∂α  H 2  H 2 ∂β  H1 

H 3 ∂  u3  H 1 ∂  u 2 

+
 ,
H1 ∂α  H 3  H 3 ∂γ  H1 
H ∂  u 2  H 3 ∂  u3 
.


+
= 2
H 3 ∂γ .  H 2  H 2 ∂β  H 3 

 13 =  31 =
 23 =  32

1
2H 2 H 3

 ∂

∂
 ∂β (H 3u 2 ) − ∂γ (H 2 u 2 ),



1
2H1H 3

∂

∂
 ∂γ (H 1u1 ) − ∂α (H 3u 3 ),


∂
1  ∂
(H 2u 2 ) − (H 1u1 ).
ω3 =
∂β
2 H 1 H 2  ∂α


ω2 =

(11)

Relative elongation in directions α, β, γ is calculated by
the formula:
E1 = 1 + 2ε11 − 1, E2 = 1 + 2ε 2 2 − 1, E3 = 1 + 2ε 23 − 1.

(12)

Shift angles between layers of labels:

(13)

sin ϕ12 =

ε 12

(1 + E1 )(1 + E2 )




, sin ϕ 23 =

ε 23

(1 + E2 )(1 + E3 )

Equations (15), which must satisfy the deformation
components ε ij , are necessary and sufficient conditions
that the configuration of nondeformed and deformed
body’s state belongs to Euclidean space. With equation
of compatibility implies that the movement u.1 , u 2 , u3
must have continuous derivatives to third order inclusive.
Stress state in theory of finite deformations (Rehbinder,
1978; Pocius, 2002; Sheludko, 2013) can be characterized
by different stress tensor: symmetric and asymmetric,
belonging to one area in the not deformed and deformed
states. For information about these tensors can be found
in (Pocius, 2002). It was consider stress tensor, which
components belong to the nondeformed state. If it will
be consider the elementary volume element in the system of coordinates α, β, γ then on it facets will be such
tension: on facet on facet α = const : σ 11 ,σ 21 ,σ 31 , on facet
β = const : σ 2 2 ,σ 12 ,σ 32 , on facet γ = const : σ 33 ,σ 13 ,σ 23 .
These stresses are called true stress. Related stresses
have the property of reciprocity, which are true by relationships:

The rotation angles of volume element around the coordinate axes look like:
ω1 =

, sin ϕ13 =

ε13

(1 + E1 )(1 + E3 )



Unit vector K1* , K 2* , K 3* , tangent to the lines α, β, γ in the
  
body after the deformation found through K1 , K 2 , K 3 by
the formulas:



1 
(1 + 11 )K1 +  12 12 + ω3  K 2 +  12 13 − ω2  K3 ,
1 + E1 



 
 1
1  1

 
=
  12 − ω3  K1 + (1 +  2 2 )K 2 +   23 + ω1  K 3 ,
1 + E2  2

2
 
 
1  1
  1

=
  13 + ω2  K1 +   23 − ω1  K 2 + (1 +  33 )K 3 .
1 + E3.  2
2





σ i j= σ j i ,(i j =1, 2,3)


K 3*

∂
(H 2 H 3S11 ) + ∂β (H1H 3S21 ) + ∂γ (H1H 2 S31 ) − H 3 ∂∂Hα2 S22 −
∂
∂
∂α
∂H1
∂H1
∂H 3
− H2
S 33 + H 3
S12 + H 2
S13 + H1 H 2 H 3 P1* = 0;
∂γ
∂β
∂α

(14)

(17)

∂
(H 2 H 3S12 ) + ∂ .(H 3 H1S22 ) + ∂ (H1H 2 S23 ) + H1 ∂H 2 S23 +
∂α
∂β
∂γ
∂γ
(18)
∂H 2
∂H 3
∂H1
*
+ H3
S21 − H1
S33 − H 3
S11 + H1H 2 H 3 P2 = 0;
∂α
∂β
∂β

∂
(H 2 H 3S12 ) + ∂ (H 3H1S23 ) + ∂ (H1H 2 S33 ) + H 2 ∂H 3 S31 +
∂α
∂β
∂γ
∂α
(19)
∂H 3
∂H1
∂H 2
*
+ H1
S3 2 − H
S11 − H1
S2 2 + H1H 2 H 3 P3 = 0,
∂β
∂γ
∂γ



It should be also written equation of deformation com-

14

(16)

Let the elastic regard body under the applied force is in
equilibrium. Equilibrium conditions of elementary deformed volume body in curvilinear orthogonal coordinate
system α, β, γ to which the body lies in the not deformed
state have the form (Rehbinder, 1978; Pocius, 2002;
Sheludko, 2013):


K1* =

K 2*

(15)

R1213 = 0, R2123 = 0, R3132 = 0.

ε 22 =  22 +  222 +   23 + ω1  +   21 + ω3  ,
2

patibility. Components Rmnpq of Riemann-Kristofel tensor
should be zero. Since there are six independent components of Riemann-Kristofel tensor, there are fulfilled
conditions:





where Pi* - projection of mass forces on K1 , K 2 , K 3 .
Volume force that acting on regard rectangular parallelepiped:



FdV * = P D dV = P * dV ,

(20)

where

volume of oblique parallelepiped;

d V*−

external forces. All values in ratios (26) belonging to
one of the initial body volume. If the inverse process

d V = H1 H 2 H 3d α d β d γ

(21)

δ ′Q = TδS ,

(27)

where dV − the volume of a rectangular parallelepiped.
According to (Rehbinder, 1978; Pocius, 2002; Sheludko,
2013):
Pi * = Pi D,

where T − absolute body temperature; δS − increase of
entropy,
δ ′A = σ i*j δ ε i j .

(28)

(22)

Therefore, to increase internal energy we have:
Components Si j in equations of equilibrium form the
asymmetric tensor:

δ E = T δ S + σ *i j δ ε i j .

1

1

S11 = σ 1*1 (1 +  12 ) + σ 1*2   12 − ω3  + σ 1*3   13 + ω2 ,
2

2

1

1

S12 = σ 1*1   12 + ω3  + σ 1*2 (1 +  2 2 ) + σ 1*3   23 − ω1 ,
2

2


Using free energy F = E − Tδ , we get:
δ F = Sδ T − σ i*j δ Ei j .

1

1

S13 = σ 1*1   13 − ω2  + σ 1*2   23 + ω1  + σ 1*3 (1 +  33 ),
2

2


1

*
* 1
S 21 = σ 21 (1 +  11 ) + σ 2 2   12 − ω3  + σ 2*3   13 + ω2 ,
2

2

1

1

S 2 2 = σ 2*1   12 + ω3  + σ 2*2 (1 +  2 2 ) + σ 2*3   23 − ω1 ,
2

2



* 1
* 1
*
S 23 = σ 21   12 + ω2  + σ 2 2   23 − ω1  + σ 23 (1 +  33 ),
2

2


(23)

*
32

The values σ i j are called generalized stresses. They are
connected with the true stress as follows:
*

σ i*j =

σ i j Si*
,
1 + E j Si

(24)

Here S i −area of rectangular elementary zone beforedeformation; Si* area of zone (curved quadrangle) after deformation. According to (Rehbinder, 1978; Pocius, 2002;
Sheludko, 2013; ) their ratio is determined by formulas:
S1*
=
S1
*
3

S
=
S3

(1 + 2ε )(1 + 2ε ) − ε

2
23

(1 + 2ε )(1 + 2ε ) − ε

.

22

11

33

22

2
12

,

S 2*
=
S2

(1 + 2ε )(1 + 2ε ) − ε
33

 ∂E
 ∂ε i j



 ∂E 

,T =  
;

 ∂S  ε i j = const
 S = const

 ∂F
 ∂ε
 ij


 ∂F 

, S = −
.


 ∂T  ε i j = const
T = const

σ i*j = 



1
1
S33 = σ 3*1   13 − ω2  + σ 3*2   23 + ω1  + σ 3*3 (1 +  33 )

2

2

11

2
31

,

(25)

It was considered the connection between stresses
and deformations. Writing the physical correlation that
characterizes properties of the elastic body we will come
from general thermodynamic laws. According to the first
law of thermodynamics:
δE = δ ′A + δ ′Q,

where δE − increase of internal energy; δ ′Q − elementary quantity of heat; δ ′A − elementary work of

(30)

Assuming that the internal energy E = E (ε i j , S ) of the
body is a function of deformations tensor components
and entropy S , and free energy F = F (ε i j , T ) − is a function of deformations tensor components and temperature, from (29) and (30) we obtain:
σ i*j = 


1

1
S31 = σ (1 +  12 ) + σ   12 − ω3  + σ 3*3   13 + ω2 ,

2

2
1
1




S32 = σ 3*1   12 + ω3  + σ 3*2 (1 +  2 2 ) + σ 3*3   23 − ω1 ,


2
2
*
31

(29)

(31)

(32)

During adiabatic (δ ′Q = 0) or isothermal (T = const ) process it can be introduce a function φ , called the specific
potential energy of the body that depends on deformations tensor components. In this regard:
1 ∂
∂ 
σ i*j = 
φ (ε 11 , ε 12 , ε 21 ,..., ε 33 ).
+
2  ∂ε i j ∂ε ji 

(33)

Choosing of expressions for internal and free energy, and
for the elastic potential is difficult task. Assuming that
the natural state of the body hasn’t stress and deformation for values E (ε i j , S ) and F (ε i j , T ) the general case of
nonlinear elastic anisotropic body can be represented as
a power series:
1
1
E = E (0, S ) + C iSj k eε i jε k e + C iSj k e m nε i jε k eε m n + ...,
2
6
1
1
F = F (0, T ) + C Ti j k eε i jε k e + C Ti j k e m nε i jε k eε m n + ....
2
6

(34)

Coefficients included in these schedules, are functions(35)
of entropy or temperature and are called according
isothermal and adiabatic constant of second, third,
etc. orders. They are determined by formulas:

(26)
 ∂ n E (ε i j , S ) 
 ;
C iSj k e = 
 ∂ε i j ∂ε k e ... 

S

(36)
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where

 ∂ n F (ε i j , T ) 
 .
C Ti j k e = 
 ∂ε i j ∂ε k e ... 

T

(37)

For elastic potential (in the general case, non-linear anisotropic elastic body) it is fair expression:
φ (ε i j ) =

1
1
K i j k eε i jε k e + K i j k e m nε i jε k eε m n + ...,
2
6

where Ki j k e =

∂ nφ (ε i j )
∂ε i j ∂ε ke

(38)

,

coefficient of elasticity of the second, third, etc. orders.
In the case of an isotropic body internal and free energy
is a function of temperature and deformation tensor invariants, and elastic capacity – only deformations tensor
invariants, that is:
E = E (S , A1 , A2 , A3 ), F = F (T , A1 , A2 , A3 ),φ = φ ( A1 , A 2 , A3 ),

(39)

where Ai (i = 1,2,3) − algebraic invariants of the Grin deformations tensor:
A1 = ε ii , A2 = ε i jε ji , A3 = ε i jε j k ε k i .

(40)

In formulas (39), as known (Rehbinder, 1978; Sheludko,
2013), for the basic invariants can be taken another
invariants system. Elasticity coefficients of second order
are describing the linear relationship between stresses
and deformations. Constants of third order are characterizing the nonlinearity quadratic of the environment,
the fourth – cubic etc.
It was considered boundary conditions on the movement
and tension. Boundary conditions in movements on
the part of body surface S1. Boundary conditions on the
surface S2 tensions will be written in the form (Rehbinder,
1978; Pocius, 2002; Sheludko, 2013).
S11 cos(n , K1 ) + S 21 cos(n , K 2 ) + S31 cos(n , K 3 ) = f1* ,

S12 cos(n , K1 ) + S 2 2 cos(n , K 2 ) + S32 cos(n , K 3 ) = f 2* ,
S13 cos(n , K1 ) + S 23 cos(n , K 2 ) + S33 cos(n , K 3 ) = f ,

Here fi components of surface forces in directions
K1 , K 2 , K 3 , аnd

(42)

(43)


q11 cos 2 (n , K1 ) + q 2 2 cos 2 (n , K 2 ) + q 33 cos 2 (n , K 3 ) +


 S n* 
2
  = D + 2q13 cos(n , K1 )cos(n , K 3 ) + 2q12 cos(n , K1 )cos(n , K 2 ) + ,
 Sn 

+ 2q 23 cos(n , K )cos(n , K )
2
3
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[

]

[

]

[

]

[

]

[

]

(44)

In ratios (n , K1 ,), (n , K 2 ), (n , K 3 ) − angles, those are formed
by the normal to the platform, which we consider (in
its position to the deformation) and the unit vector
K1 , K 2 , K 3 . On the surface of the body it can be set
mixed boundary conditions (Olijnyk & Ogirko, 2016). For
example, in Cartesian rectangular coordinate system
with boundary conditions of the first order we have:
Lm ( N , F ) ≡

∂  
∂u
σ i j δ k j + k
∂xi  
∂x j


 = 0 m=1, 2,3 ;



L4 ( N , F ) ≡

∂  i j ∂T 
λt q
= 0;
∂xi 
∂x j 

(45)
(46)

H m (N , F ) ≡ u m − u mS = 0;

(47)

H T ( N , F ) ≡ TS − TSS = 0,

(48)

where umS , TSS − set move and the temperature on the
surface of the body.
Thus, the horizontal level of resin that applied to the
image’s surface is controlled in the labels manufacturing process. Resin fills this surface and creates a unique
transparent dome as a result of display of plastic and
highly elastic deformation. On these deformations
affect the chemical nature of polyurethane and epoxy
resins, their physical and mechanical properties.

Conclusions

where components Sij - determined by formulas (23)
and components of surface forces fj are as follows:
S n*
f j.
Sn

]

(41)

*
3

f i* =

[

1
(1 + 2ε 22 )(1 + 2ε 33 ) − ε 223 ;
D2
1
q 2 2 = 2 (1 + 2ε11 )(1 + 2ε 33 ) − ε123 ;
D
1
q 33 = 2 (1 + 2ε11 )(1 + 2ε 2 2 ) − ε122 ;
D
1
q12 = − 2 ε12 (1 + 2ε 33 ) − ε 23ε13 ;
D
1
q13 = − 2 ε13 (1 + 2ε 2 2 ) − ε12ε 23 ;
D
1
q 23 = − 2 ε 23 (1 + 2ε11 ) − ε 21ε13 .
D
q11 =

As a result of modeling and experimental researches it
was confirmed that for the investigated volume labels
produced on self-adhesive PVC film type ORACAL and
RITRAMA-145 exists linear dependence of deformation
and stress, which they are exposed in the process of
labeling products. It was found that RITRAMA-145 more
resistant to destruction by 1.5 times than ORACAL. Deformation properties of base-substrate differ in transverse
and longitudinal directions, which should be considered
when making labels. On the deformation properties of
self-adhesive material impact method of applying on
them printed image. The value of deformations tensor depends on the physical and chemical nature of
the resin, the thickness of the lens of volume label.
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Influence of printing speed on
production of embossing tools using
FDM 3D printing technology
Abstract
Manufacturing of the embossing tools customary implies use of metals such
as zinc, magnesium, copper, and brass. In the case of short run lengths,
a conventional manufacturing process and the material itself represent
a significant cost, not only in the terms of material costs and the need
for using complex technological systems which are necessary for their
production, but also in the terms of the production time. Alternatively,
3D printing can be used for manufacturing similar embossing tools with
major savings in production time and costs. However, due to properties
of materials used in the 3D printing technology, expected results of
embossing by 3D printed tools cannot be identical to metal ones. This
problem is emphasized in the case of long run lengths and high accuracy
requirement for embossed elements. The objective of this paper is
primarily focused on investigating the influence of the printing speed on
reproduction quality of the embossing tools printed with FDM (Fused
Deposition Modelling) technology. The obtained results confirmed that
printing speed as a process parameter affects the reproduction quality
of the embossing tools printed with FDM technology: in the case of
deposition rate of 90 mm/s was noted the poorest dimensional accuracy in
relation to the 3D model, which is more emphasised in case of circular and
square elements. Elements printed with the highest printing speed have
a greater dimensional accuracy, but with evident cracks on the surface.
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Introduction
Embossing is a print finishing process which enables
creating of raised or recessed images (e.g. logos or
characters) on substrate surface using pressure and
temperature. Embossing results in a raised or recessed
surface, with the design higher or lower than the surrounding substrate area. In this process, usually two
metal dies are used: one with raised image and another,
counterdie with matching reverse image (Kipphan, 2001).
The most often used metals for dies manufacturing are
zinc, magnesium, copper, and brass (Morlok et al., 2009).
The material used for a specific application depends
upon a number of factors. The manufacturing of metal

embossing tools requires costly, but necessary technological systems. In case of long run lengths, their use is
economically justified, but for small run lengths and personalized products, alternative, less expensive methods
should be used. Besides, the current market demands
for high reproduction quality, while maintaining environmental and more economical recycling objectives,
with a faster product development and reduced time to
market, should also be fulfilled. Having this in mind, it is
suggested that 3D printing technology can be used for
manufacturing similar embossing tools with major savings in production time and costs. So far the 3D printed
embossing tools were used mainly for art reproductions
and stamps for personal use, but there are no standard
recommendations for the printing parameters that
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would guarantee the optimal results in embossing tools
production using 3D printing technology (Webb, 2013).

Parameters which have influence
on dimensional accuracy

“Additive Technologies” and “Additive Manufacturing”
appoint a group of different technologies which
enable creating of prototypes or finished products
without the use of processing tools and equipment,
solely on the basis of digital 3D CAD model. Their
common feature is that the models are generated
by applying or curing materials, layer-by-layer,
based on which this technology is named.

In FDM process, raster width is a parameter which
strongly influences dimensional accuracy, internal cavity
and surface finishing of the final part. Raster width is
described as the distance between the main coordinates
of two nearby rasters. Górski, Kuczko & Wichniarek,
(2013) have studied effect of process parameters on
dimensional accuracy of parts manufactured using FDM
process. They have reported that orientation angle
directly influences on repeatability and strength of
FDM parts but is not related to dimensional accuracy.
Sood, Ohdar & Mahapatra (2010) have studied effect
of layer thickness, part build orientation angle, raster
angle, raster to raster gap and raster width together
with the interaction of part build orientation angle.
They concluded that all factors have some effect on the
dimensional accuracy of FDM build part. Nancharaiah,
Raju & Raju, (2010) have explained an experimental
design technique for finding the optimum surface finish
and dimensional accuracy of a part built by the FDM
process. They have investigated the effect of layer thickness, road width, raster angle and air gap on the surface
finish and dimensional accuracy. They have found that
the layer thickness and road width affect the surface
quality and part accuracy in a large quantity. They have
also stated that raster angle has no significant effect on
part surface quality and dimensional accuracy unlike air
gap, which has significant effect on dimensional accuracy and slight effect on surface quality of FDM parts.

Additive Technologies uses digital 3D CAD model
to generate the physical model and, often, finished
products with appropriate materials. In the literature
there is also term “Rapid Prototyping”, abbreviated RP
(Nidagundi, Keshavamurthy & Prakash, 2015).Fused
Deposition Modeling (FDM) technology is one of the
most widely used Additive Technology. The process
involves layer-by-layer deposition of extruded material
through a nozzle using feedstock filaments from a
spool. There are variations in raster width of extruded
material, depending on the nozzle diameter, which
most commonly ranges between 0.2 and 0.6 mm
(Gibson, Rosen & Stucker, 2010). Some advantages of
FDM technology are: solid, environmentally friendly
material, ease of utilisation, ease of subsequent
processing of the model, good mechanical and in the
case of special materials good thermal characteristics
of the part. The main disadvantages include the
producing speed, resolution and lower surface quality.

Critical parameters influencing the
production quality of parts in FDM
FDM process involves the application ranging from
the prototype to the functional parts. The production
process includes the following five (simple) steps: CAD
model creating, conversion of CAD model into STL
format, separation of STL format into the thin layers,
building part layer by layer, cleaning and finishing. For
the most functional application of FDM parts, precise
dimensions, surface roughness and tensile strength
of the part are considered to be important characteristics (Galantucci, Lavecchia & Percoco, 2009).
These important characteristics of printed parts obtained
by means of the FDM process, are influenced by a
numerous production parameter, which can be divided
into two groups: process parameters and printing parameters. Chouksey (2012) and Lee et al. (2004) reported
that process parameters are: layer thickness, orientation,
air gap, and raster angle, while printing parameters are:
extrusion temperature, feed rate, flow rate, and raster
width. Printing parameters may have different values
according to various materials. With proper adjustment
of the printing parameters, quality can be significantly
improved without changing hardware and software.
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In FDM process, extrusion temperature is one of the
most effective parameter on final pattern of raster
and layers formation and as a result, on amount of
internal cavity. Yardimci et al. (1996) demonstrated
that the temperature difference can affect the previous raster and/or the lower layer, making them
change their positions. These changes are caused by
the shrinkage of polymer and bring about hollows in
the final part. Besides, Alhubail (2012) reported that
polymer might be relaxed or expanded at higher temperatures, which means that an increase in dimensions
with higher extrusion temperatures may occur.

Parameters which have influence
on surface finishing
Vanitha, Nageswara & Kedarmallik (2012) have investigated the effect of speed parameters on burnishing of parts
built by FDM process. They have observed that increased
spindle speed and depth of penetration have increased
the surface hardness and reduced the surface roughness.
Vasudevarao et al. (2000) indicated that layer thickness
and part orientation have significant effect on the surface
roughness of fabricated parts. Anitha, Arunachalam,
& Radhakrishnan (2001) investigated the effect of lay-

er thickness, road width and deposition speed on the
surface roughness of component produced using FDM
process. The results indicate that layer thickness is the
most influencing process parameter affecting surface
roughness followed by road width and deposition speed.

Materials and method
3D model
Three embossing plates were prepared, with linear,
circular and square raised elements (Figure 1). Featured
elements were chosen because they are integral parts
of the more complex forms, such are letters or more
complex geometric images. The first plate had 6 line
elements of initial widths: 0.2 mm, 0.5 mm, 1 mm 2 mm,
3 mm and 4 mm. The second plate contained circular
elements of 6 initial diameters: 0.2 mm, 0.5 mm, 1 mm 2
mm, 3 mm and 4 mm. The third plate was prepared with
square elements of 6 initial side lengths: 0.2 mm, 0.5
mm, 1 mm 2 mm, 3 mm and 4 mm. The shoulder angle
of the elements was 30°. Height of the elements was 1
mm. The 3D solid models of test embossing plates (die)
were modelled in Rhinoceros version 5 (die with line elements) and CATIA software version v5 (dies with circular
and square elements) and exported as STL file, while
STL file was imported to MakerBot Desktop software to
prepare the printing process.

3D printing setup
For the purpose of this investigation, MakerBot Replicator Fifth Generation has been used as a FDM 3D
printer. The parameters used for printing of embossing
tools were: 100% infill, 0.20 layer height, extrusion
temperature of 210 °C and three printing speeds: 10
mm/s, 90 mm/s and 200 mm/s. These speeds are
chosen as the minimum (10 mm/s) and maximum
(200 mm/s) values that Makerbot Replicator supports, and 90 mm/s as the optimal speed value recommended by the manufacturer (Makerbot, 2016).

Methodology
The printed elements were analyzed using visual quality assessment and quantitative measurements. For
visual quality assessment microscopic images, captured
with Veho VMS-001 portable USB digital microscope
(magnification of 20x) were used. Images were taken
from the top and front view of the embossing plates.
The quantitative measurements were done using
microscopic images captured with ViTiny VT-300
portable USB digital microscope (magnification of
10x; filter mode inverted) in open source software
for image processing - ImageJ. The line elements
were characterized from the aspect of line width,
perimeter, area and aspect ratio, while circular and
square elements were characterized from the aspect
of elements perimeter, area and aspect ratio.
Line elements were analyzed with software tool for measuring the distance between two points on the image,
in order to measure the width of the element. For the
analysis of the perimeter and surface area, the surface of
interest was segmented using Otsu algorithm, and then,
using software built-in functions for area and perimeter
calculation, area and perimeter of the elements was
determined. Square and round elements were also analyzed after image segmentation using Otsu algorithm.
The aspect ratio of the elements was calculated using
software built–in function. The measurement results
of perimeter and surface area are processed through
perimeter and area index, indicating the changes in
reproduced element area/perimeter in relation to the
initially set value. They were calculated as follows:

a)

b)

Ip = Pm / Pin		

(1)

Where: Ip - perimeter index, Pm - mean perimeter value of the measured elements, Pin– initial perimeter value of the elements.
c)
»»Figure 1: 3D CAD model of a) line elements b) circular
elements and c) square elements

Ia = Am / Ain		

(2)

Where: Ia - area index, Am- mean area value of the measured elements, Ain- initial area value of the elements.
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Results and discussion
Visual quality assessment of 3D printed elements

non-uniformity of the wider lines, starting from 2 mm
line. Surface deformations are the most prominent on 4
mm line (Figure 5)

Assessment of line elements
Analysing images of the elements reproduced with
printing speed of 10 mm/s, it was noted that elements
are visually similar to the initial 3D CAD models, with no
surface deformations and non-uniformities (Figure 2).

a)

b)

»»Figure 5: Microscopic images of 4 mm line (magnification of 20x; printing speed 90 mm/s): a) top view, b)
front view

b)

a)

»»Figure 2: Example - microscopic images of 4 mm line
(magnification of 20x; printing speed 10 mm/s): a) top
view, b) front view

Analysing images reproduced with printing speed of
200 mm/s, it was noted that elements are visually similar to the initial 3D CAD models (Figure 6), from both
front and top view, but with surface deformations and
non-uniformities starting with 2 mm line. Surface deformations are the most prominent on 4 mm line (Figure 7).

Analysing images of elements reproduced with printing
speed of 90 mm/s, the poorest reproduction was noted
for 0.2 mm (Figure 3) and 0.5 mm (Figure 4) lines. .
a)

b)

»»Figure 6: Example - microscopic images of 0.2 mm line
(magnification of 20x; printing speed 200 mm/s): a)
top view, b) front view
b)

a)

»»Figure 3: Microscopic images of 0.2 mm line
(magnification of 20x; printing speed 90 mm/s): a) top
view, b) front view
a)

b)

»»Figure 7: Microscopic images of 4 mm line (magnification of 20x; printing speed 200 mm/s): a) top view, b)
front view
b)

a)

»»Figure 4: Microscopic images of 0.5 mm line
(magnification of 20x; printing speed 90 mm/s): a) top
view, b) front view

These surface deformations are greater and more prominent compared to surface deformations detected on
elements reproduced with printing speed of 90 mm/s.

Assessment of circular elements
Since MakerBot Replicator Fifth Generation can print
lines with minimum width of 0.2 mm, it was expected
that for higher printing speeds, reproduction of narrower lines will be of lower quality. The top view of
the elements indicates the surface deformations and
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Analysing microscopic images of the circular elements
(top view), regardless of printing speed, the poorest
reproduction was noted for 0.2 mm (Figure 8), 0.5 mm
(Figure 9) and 1 mm (Figure 10) circles.

a)

b)

c)

»»Figure 8: Microscopic images of 0.2 mm circle (top view, magnification of 20x) and printing speed of: a) 10 mm/s, b)
90 mm/s and c) 200 mm/s

a)

b)

c)

»»Figure 9: Microscopic images of 0.5 mm circle (top view, magnification of 20x) and printing speed of: a) 10 mm/s, b)
90 mm/s and c) 200 mm/s

a)

b)

c)

»»Figure 10: Microscopic images of 1 mm circle (top view, magnification of 20x) and printing
speed of: a) 10 mm/s, b) 90 mm/s and c) 200 mm/s

a)

b)

a)

»»Figure 11: Microscopic images of 2 mm circle (printing
speed 10 mm/s, magnification of 20x): a) top view, b)
front view

b)

»»Figure 12: Microscopic images of 2 mm circle (printing
speed 90 mm/s, magnification of 20x): a) top view, b)
front view

Visually, first the most precisely printed element is circle
with diameter of 2 mm (Figures 11-13).
The surface deformations and non-uniformities were
not detected, but it is noticed that the reproduced elements have hexagonal shape, which represents a circle
of low resolution. This occurred due to the tessellation
NURBS in Poly process during modelling elements in 3D
CAD program.

a)

b)

Figure 13: Microscopic images of 2 mm circle (printing speed 200 mm/s, magnification of 20x): a) top view, b) front view
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a)

b)

c)

»»Figure 14: Microscopic images of 0.2 mm square (top view, magnification of 20x) and printing speed of:
a) 10 mm/s, b) 90 mm/s and c) 200 mm/s

a)

b)

c)

»»Figure 15: Microscopic images of 0.5 mm square (top view, magnification of 20x) and printing speed of:
a) 10 mm/s, b) 90 mm/s and c) 200 mm/s

a)

b)

c)

»»Figure 16: Microscopic images of 1 mm square (top view, magnification of 20x) and printing speed of:
a) 10 mm/s, b) 90 mm/s and c) 200 mm/s

Assessment of square elements
Analysing microscopic images of the square elements
(top view), regardless of printing speed, the poorest
reproduction was found for 0.2 mm (Figure 14), 0.5 mm
(Figure 15) and 1 mm (Figure 16) elements. Visually, first
the most precisely printed element is 2 mm square (Figures 17-19). The top view of the elements indicates that
there are no surface deformations and non-uniformities.

b)

a)

»»Figure 17: Microscopic images of 2 mm square (printing speed 10 mm/s, magnification of 20x): a) top view,
b) front view
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a)

b)

»»Figure 18: Microscopic images of 2 mm square (printing speed 90 mm/s, magnification of 20x): a) top view,
b) front view

a)

b)

»»Figure 19: Microscopic images of 2 mm square (printing speed 200 mm/s, magnification of 20x): a) top
view, b) front view

Quantitative analysis of 3D printed elements

increasement in perimeter as the initial line width increases. This trend is also noticed in the case of line area
but for all printing speeds.

Analysis of line elements

Table 1

As it can be seen in Table 1, for all printing speeds,
regardless of the initially defined line width, all lines
are reproduced with higher width value. The results
indicate that with a decrease in printing speed, even
greater deviation of reproduced line width compared to their initial value can be expected. Also, it is
noticed that regardless of the applied printing speed,
the deviations are lower for initially wider lines.

Results of line width measurements
Initial line
width
[mm]
0.2

In Table 2 are presented values of perimeter and area
index for all lines and all printing speeds. It can be seen
that at all printing speeds and regardless of the initially defined line width, all lines are reproduced with an
increasement in perimeter and area (Ip and Ia >1). Values
of perimeter index of line elements deposited at printing
speed of 10 mm/s indicate that the element has lower

Measured line width
Printing speed [mm/s]
10
90
200
0.362
0.409
0.385

0.5

0.716

0.763

0.705

1
2
3
4

1.213
2.496
3.366
4.220

1.139
2.121
3.058
4.074

1.172
2.125
3.192
4.057

The values presented in the Table 2 indicate that with
the increase in printing speed greater increasment in
area of reproduced line elements can be expected.

Table 2
Results of line perimeter and area index
Measured line width

Initial line width
[mm]

Printing speed [mm/s]
10
0.362
0.716
1.213
2.496
3.366
4.220

0.2
0.5
1
2
3
4

90
0.409
0.763
1.139
2.121
3.058
4.074

200
0.385
0.705
1.172
2.125
3.192
4.057

10
1.767
1.521
1.181
1.205
1.079
1.031

90
2.083
1.636
1.155
1.085
1.029
1.020

200
2.403
1.471
1.247
1.001
1.002
1.001

Table 3
Results of circular elements aspect ratio, perimeter and area index
Initial circle
diameter
[mm]
2
3
4

Perimeter index - Ip

Area index - Ia

Aspect ratio

Printing speed [mm/s]
10
1.099
1.171
1.258

90
1.744
1.794
1.804

200
1.176
1.150
1.197

10
0.952
1.006
0.973

90
1.221
1.220
1.234

200
1.088
1.020
0.936

10
1.050
1.048
1.060

90
1.045
1.033
1.038

200
1.062
1.034
1.046

Table 4
Results of square elements aspect ratio, perimeter and area index
Initial
element
side length
[mm]

Perimeter index - Ip

Area index - Ia

Aspect ratio

Printing speed [mm/s]

2

10
1.112

90
1.783

200
1.233

10
1.078

90
1.587

200
1.345

10
1.067

90
1.077

200
1.083

3
4

1.118
1.180

1.490
1.474

1.125
1.175

0.947
1.001

1.317
1.190

1.157
1.054

1.040
1.036

1.083
1.052

1.040
1.038
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Analysis of circular elements
In Table 3 are presented the results of perimeter
index, area index and aspect ratio for circular elements at all printing speeds. Elements of initial
diameter value less than 2 mm are not properly
reproduced, therefore the results are presented for
circles of initial diameter of 2 mm, 3 mm and 4 mm.
Values of perimeter index of circular elements deposited at printing speed of 90 mm/s indicate increasment
in perimeter value up to 80%, while elements deposited at printing speed of 10 mm/s and 200 mm/s had
increasment up to 26%. Results of area index for circular
elements deposited at printing speed of 90 mm/s, indicate increasment in surface up to 23%, while elements
deposited at printing speed of 10 mm/s and 200 mm/s
indicates that the increasment is up to 9%. Element
with initial diameter value of 2 mm deposited at printing
speed of 10 mm/s and element of initial diameter value
of 4 mm deposited at printing speed of 10 mm/s and 200
mm/s has decreasment in area up to 6%. Aspect ratio
values, regardless of the initial diameter value and printing speed, indicates that elements are regular hexagons.
Analysis of square elements
In Table 4 are presented results of perimeter index
and area index and aspect ratio for square elements
at all printing speeds. Elements of initial side length
less than 2 mm were not properly reproduced, therefore the results are presented for only for squares
with side length of 2 mm, 3 mm and 4 mm.
The obtained results of perimeter index for square
elements deposited at printing speed of 90 mm/s
indicate increasment in perimeter up to 78%, while at
printing speed of 10 mm/s and 200 mm/s the increasments are up to 23%. The area index values indicate
increasement in element area up to 58%, regardless
of printing speed. The exception is square element
of 3 mm and printing speed of 10 mm/s, which has
decreasement of area value up to 5%. Also, it is noticed
that, regardless of the applied printing speed, changes
in area and perimeter values are smaller for initially
larger elements. The aspect ratio values, regardless of the initial element dimension and printing
speed indicates that elements are regular squares.

Conclusions
The research of 3D printed embossing dies, presented
in this paper, has shown that FDM 3D printing technology may be used for embossing tools production
with certain limitations. Smaller elements cannot be
reproduced with great precision. Both visual and quantitative assessments have shown that with increase of
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element width, diameter or side length decreases the
possibility in width, perimeter or area deviations.
Based on the visual and quantitative assessments,
it can be concluded that changes in printing speed
affects the quality of line, circle and square elements
reproduction and their dimensional accuracy.
In the case of deposition rate of 90 mm/s was noted
the poorest dimensional accuracy in relation to the 3D
model, which is more emphasised in case of circular
and square elements. Elements printed with the highest
printing speed have the best dimensional accuracy, but
with evident cracks on the surface of wider line elements.
In the case of square and circular elements, reproduction was successful only for elements whose diameter
or side is greater than 2 mm. This could represent a
problem in reproduction of finer elements, such as
typographical elements, especially types with serifs. It
is necessary to find appropriate values for other variable printing parameters that would guarantee the
optimal results in dimensional accuracy and surface
quality, with the aim of finding optimal parameters
for making finer and thinner elements of the 3D printed embossing tool. Further research will be aimed
towards detailed surface characterisation of embossing elements as well as their mechanical properties.
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Examination of printability parameters
of IPA free offset printing

Abstract
Fountain solution system in offset printing system has significant impacts
on the printing quality and fountain is the indispensable part of this
system. The most important chemical added into the fountain solution
is isopropyl alcohol. Fundamental features of isopropyl alcohol are
reducing surface tension and adjusting and stabilizing pH. However, in
the course of time, the disadvantages of using alcohol have emerged.
In the present study, the quality levels of IPA-based and IPA-free offset
prints were compared. Specially designed test scale printing was carried
out after IPA-based and IPA-free fountain solutions were prepared with
the same ink on matt-coated paper under optimal printing conditions.
Densitometric and spectrophotometric measurements were carried out
on the prints and it was ensured that they were printed in accordance
with ISO-12647-2:2013 offset printing standards. Special test scales that
were printed were read through scale readers and colour profiles were
obtained. Comparisons were carried out on the obtained IPA-free and IPAbased printing colour gamut. Microscopic images of the smallest dots were
taken and edge sharpening was examined. Print brightness measurements
were carried out for the selected areas on the test scale. The study
practically demonstrated that printing performed by using IPA-free fountain
solution produced a better and wider colour gamut, edge sharpening
was better in the IPA-free systems as the number of prints increased and
the prints made by using IPA-free fountain solution were brighter.
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Introduction
The development of technology is continuing and
changing our understanding of quality together with
new machines, tools and materials. Manufacturers are
developing new products accordingly (Harrey et al.
2002; Pudas, Hagberg & Leppavuori, 2002; Zjakić, Bates
& Milković, 2011; ). Offset printing is one of the most
common printing systems. We can define offset printing
as a chemical process possessing numerous parameters
affecting the production process and print quality (Van,

2001). In printing, fountain solution is used in order to
distinguish image areas and non-image areas (Kipphan,
2001; Oros, 2012; Rossitza, 2015) and this solution contains certain chemicals (Gómez, Quintana & Villar, 2014).
These chemicals are added into the fountain solution so
as to reduce surface tension. Thanks to these chemicals,
image areas and non-image areas display different surface characteristics (Järn et al., 2006; Gómez, Quintana
& Villar, 2014; ). For the functioning of the offset printing
system; printing plate, blanket cylinder, printing ink and
fountain solution are needed (Fuchs, 1996; Kiurski &
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Oros, 2012). The fountain solution has certain key functions in the system (Fröberg et al., 2000). Although it
may appear to be highly complicated at the beginning,
this process can become considerably simple especially
with the fountain solution being taken under control.
In order to be able to control the print quality in offset printing, understanding the relations among ink,
paper and fountain solution is of great importance (Tåg
et al., 2009). In the simplest term, the offset printing
system is based on a working principle where printing
is performed only after water-receptive and ink-receptive areas are formed on the plate (Deshpande, 2011;
Ozcan, 2011). In fact, the use of water during printing
affects the print quality in a negative manner. However, fountain solution is an indispensable substance for
the printing process and its use is a must (MacPhee,
1979; Tutak, 2014). Therefore, ink-water balance should
remain stable during printing for a high quality print.
Not only the ink but also the fountain solution should
be taken under control to this end (Cox, 1992; Smyth,
2003; Liqiang, 2011). Even though ink and water are
immiscible, a small amount of water mixes with the ink
during printing. A fountain solution perfectly working
with the offset ink should be used so as to precisely
distinguish the printed-areas and non-printed areas
on the plate (Demirel, 2011). In general, we can explain
the functions of the fountain solution as wetting the
plate adequately by using as less water as possible,
protecting the plate surface, preventing the non-print
areas on the plate from receiving ink and preserving its
physical features when it mixes with the ink (Opusunju,
1981; Hattori & Watanabe, 2008; Liu & Shen, 2008).

Use of Alcohol in the Fountain Solution
The most important task of alcohol is to make the water
more fluid by lowering the viscosity of the liquid. In offset printing, it is not possible to obtain quality printing
without adding any additional additive into the water.
Whether it is in IPA-based or IPA-free printing systems,
it is possible to reach and maintain quality prints by
adding a number of chemicals to the fountain solution.
Studies conducted on the fountain solution so far have
generally aimed at achieving a better wetting capability
for the printing plate through the addition of certain
chemicals into the water. Alcohol has been used in the
fountain solutions for a long time now. While the ratio of
the alcohol used in the solutions was 15% at the beginning, this ratio fell to the level of 3-5% in the course of
time and now attempts are made for totally alcohol-free
printing works. Mainly isopropyl alcohol (IPA) is used
in the fountain solutions since it is more cost effective
and easily accessible when compared to its alternatives.
Although other cheaper alcohol components like methyl
alcohol are available, they are not deemed suitable for
use in offset printing in any parts of the world due to
theirs hazards to health. Sensitivity towards environment
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issues has globally increased in recent years. Studies are
being conducted in order to reduce or eliminate CO2
and VOCs components throughout the world. Since IPA
contains volatile organic compounds (VOC) in its organic
chemical structure, it has been accepted to be detrimental to human health and environment and certain
restrictions have been imposed on its use (Dejidas, 1999).
The amount of IPA added into the fountain solution has
been considerably restricted in many places in the USA
and new offset printing machines have been designed
to be suitable for using IPA-free fountain solutions. In
the EU countries as well, it is stipulated that the amount
of alcohol added into the fountain solution should be
below 5%. In the USA, Occupational Safety & Health
Administration (OSHA) determined the maximum alcohol amount that the workers in the printing houses are
allowed to inhale during the working hours (400ppm)
and this was accepted as the legal limit. We can summarize the generally known characteristics of the IPA
used in the fountain solution as such; IPA reduces the
surface area of the fountain solution, spreads rapidly
to the non-image areas and wets a larger area with a
smaller amount of water. As it is known, surface tension
of the water is 73 mN/m while surface tension of IPA is
22 mN/m (Lide, 2004; Gerilakan, 2011). On the other
hand, surface tension of a traditional fountain solution
or that containing 8% IPA is 40 mN/m (Özakhun, Zelzele
& Özcan, 2012). Surface tension of the IPA-free fountain
solution used in the experimental studies is 32 mN/m.
The most important factor for alcohol-free printing is the
correct use of chemicals. The fountain solution additives
play a key role in obtaining reliable prints. The cleaning and maintenance of the dampening rollers should
be done very well and the cleaning chemicals used
shouldn’t cause any damage on the dampening rollers.
IPA increases the viscosity of the fountain solution. Water
becomes more fluid and this enables the water to reach
the plate over the rollers in a shorter time. IPA evaporates more rapidly since it contains volatile compounds.
However, this evaporation has scarcely any impact on
the final drying of the print. IPA has a high toxicity level.
This limit is easily reached in the pressroom environment. IPA disinfects the fountain solution. It prevents the
formation of moulds, fungus and algae in the fountain
solution. Actually fountain solutions containing alcohol
contains such preventive chemicals as well. IPA does
not prevent such formations on its own. IPA reduces
conductivity. Since IPA constantly reduces conductivity,
it can mislead the machine and printing master. The
use of IPA is costly due to constant renewal especially in
cases where additives are too many. In general, 40% of
the alcohol used in the pressroom directly evaporates
and mixes with the air. This means that 40% alcohol is
wasted. IPA is combustive. Its flashpoint is 12°C and this
means that special attention should be paid to appropriate usage and storage conditions (Deshpande, 2011).

pH

not adequate to characterize the water on its own and it
also does not have direct impacts on the print quality.

pH is the number defining the acid ions within the
aqueous solution (Lawn & Prichard, 2003). In sheet-fed
offset printing, working at about 4,8 - 5,3 pH is preferred
in general. This prevents delays that may result from
possible drying due to the acidic content within the
ink. Starting with a low pH tends to compensate the
impacts of contamination originating from paper, ink,
plate cleaners etc. Acting like a detergent, it prevents
ink and oil-based contamination. Besides, proper chemical cleaning of the non-image areas is ensured. pH is
an important criterion for the plate performance. This
mild acidic solution does not cause any damage to the
plate but if pH falls below 3.5, the plate can start rub off.
Depending on the severity of the rubbing off, plate can
become sensitive to ink, in other words, non-image areas
may take ink. On condition that pH rises (≥6), sensitivity
in the plate can decrease. In other words, ink receptive
areas can take water while water receptive areas can
take ink. Keeping pH at the recommended range is of
critical importance for the functioning of the system.
Today fountain solutions are buffered and major
changes in pH are averted. Buffered solutions protect
pH against changing alkalinity in the water, % dosage
and changes resulting from contaminants. Buffered
solutions always tend to stabilize pH in the solution
against ever-changing conditions. In this way, slight
changes in the amount of the fountain solution used
do not lead to radical changes in pH and the pressroom worker could control pH with less attention.
In the IPA-free printing products alternative to IPAbased ones, solutions working at lower pH values were
produced. The reason why they were produced was to
make their cleaning or disinfecting features stronger.
These chemicals have lower pH values but this does
not mean that they are more harmful or irritant. The
main reason why these solutions have different pH
values is that they have different acidic contents.

Conductivity
Conductivity is one of the most important concepts in
offset printing and it should be understood its importance among the industry workers. The fact that a fountain solution works properly at the conductivity level
of 1500µS does not necessarily mean that the fountain
solution of another brand does not work at 2500µS.
Conductivity is the competency of the aqueous solution
to conduct the electricity. Particles called as electrically charged ions can carry an electric current. These
ions mainly come from acids and salts in the solution
source. When a higher amount of fountain solution is
added into the fountain solution, the number of ions
increase and this causes conductivity. Conductivity is

Conductivity level should be consistent and reliable
in the printing machine. Since IPA evaporates, it
should be replenished but the ratio in the fountain
solution may vary during replenishment. The more
IPA is added, the more the conductivity reduces.
Alcohol free substances that are currently used
instead of IPA affect conductivity strongly. With
the water replenishment, a slight decrease can be
seen in the conductivity level. In the alcohol free
fountain solutions, conductivity is higher but more
consistent compared to the alcohol-based systems. Higher conductivity should not cause panic. It
means longer plate life and longer water tank life.
Fountain solution contains good water-soluble mineral
salts as well as a high number of chemical compounds
that can conduct electricity currents. As is the case
with pH level, conductivity level of the fountain solution should be kept under control (Özakhun, Zelzele &
Ozcan, 2012). Any kind of contamination, either dirt on
the paper or emulsified ink or other foreign matters,
will affect conductivity and thus, following conductivity is a significant way of understanding whether the
fountain solution is contaminated. However, conductivity may change depending on the water level and
type of solution and it may be necessary to redetermine the conductivity level for the new conditions. Big
deviations in the conductivity level indicate problems
in the fountain solution. In this case, the most urgent
option is to empty the water tanks. However, this can
be a temporary precaution. Probable causes of the
deviations in the conductivity level are as follows:
There may be changes in pH, hardness
and conductivity of the new solution;
• Water circulation and feeding
pumps should be controlled;
• If extra additives were used, ratios
should be controlled;
• Plate and roller cleaners should be controlled;
• Are there any other contaminants entering into the
fountain solution system, if yes, how and when?
•

Considering the above-mentioned probable causes,
the problem must be solved immediately. Conductivity
gives information only about what the water contains, it
does not provide any information indicating what it is or
whether it will be somehow useful for offset printing.

Hardness
Hardness refers to the dissolved metal ions within
the water. They are generally calcium and magnesium
salts. Water is described as “soft” if the ratio of dis-
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solved calcium and magnesium salts within it is low
while it is described as “hard” in the exact opposite
situation (Boysan & Şengörür, 2009; Johnstone, 2003).
This value varies depending on the geographical conditions of the region that the water is supplied from.
Hardness degrees of waters are given in the Table 1.
Table 1

Experimental

Water hardness table
Mg Ca/l
<30
30-50
50-100
100-150
>150

Mg
CaCO3/l

French
Degrees

German
Degrees

<75

<7.5

<4.2

Very Soft

75-125
125-250
250-375
>375

7.5-12.5
12.5-25
25-37.5
>37.5

4-7
7-14
14-21
>21

Soft
Mod. Hard
Hard
Very Hard

Hardness

This is the first parameter that should be controlled
since water constitutes almost 90% of the fountain
solution. Changes in the water quality will directly affect the quality of the offset printing. The most
important characteristic of water is its hardness.
Water hardness should range between 8°dH and 12°dH
(German hardness) so that no problem is encountered during printing (Johnstone, 2003). Extremely
hard waters contain abundant amounts of calcium
salts and this leads to blockage in the pores of the
rollers and reduction of the ink transfer through rollers. The accumulating calcium may block the fountain
solution feeds and spraying systems and hinder their
proper functioning. On the other hand, extremely
soft waters lead to ink corrosion. Besides, soft water
has a more corrosive impact than hard water. Therefore, it may lead to oxidation of the plate and corrosion of the metal components of the machine.
In order to prevent changes in the fountain solution,
ion-changing process is applied for minimizing calcium
and magnesium ions in the water. Tap water is filtered so
that all magnesium, calcium, carbonate and bi-carbonate
ions of the water are removed through demineralization.
Only salt compounds not resulting in hardness or carbonate remain within the water. This process is the first
step of preparing fountain solution. Afterwards, hardening agents can be added into water so as to adjust the
total appropriate hardness degree. Generally, deionized
or reverse osmosis is applied to desalinate the water.

Surface Tension
The most critical two functions expected from the
fountain solution are rapid wetting of the plate and
formation of smooth and thin water film over the plate.
These functions are carried out by means of certain
chemicals, which are isopropyl alcohol, and other
chemicals replacing alcohol nowadays. Surfactants

32

or surface-active agents are organic chemicals tending to concentrate on the surface due to their polar
molecular structures. The amount of the surface-active
agents within the fountain solution is of paramount
importance. An excessive amount of surface-active
agents may lead to ink emulsification (Dejidas, 1999).

Komori Lithrone 28 (500mm-700mm) four colour,
sheet-fed, offset printing machine was used in the
study. Order of colour in printing was black, cyan,
magenta and yellow and drying unit was not used. In
the study, a test scale was prepared for printing in the
50*70cm offset printing machine. This scale includes
ECI2002CMYK i1_iO test scale for creating the colour
gamut obtained in IPA-free and IPA-based printing; ISO
300 standard pictures for visual controls; dot gains of
1-100% for examining dot forms; grey balance areas;
trapping areas and CMYK colour bars for densitometric
and spectrophotometric measurements (Figure 1).

»»Figure 1: 50*70 cm test scale print image
Plates were prepared with the CtP plate preparation
method under equal conditions and prints were made
on 300 g/m2 matt-coated paper (Table 2) by using Sun
Chemical SunLit Exact PSO sheetfed offset inks. In the
printing machine, suitable for IPA-free printing, optimum
surface properties and suitable for chemical structure,
dampening rollers with high wettability and blanket with
superior hydrophilic surface properties were used.
Prior to printing, general daily maintenance of the
machine was carried out. The print speed was set at
15,000 sheets / hour and 300,000 prints were made.
The printing machine was first prepared for IPA-free
printing and IPA-free printing was performed. Ideal pH
and conductivity values for the fountain solution were
measured and recorded (Table 3). Paper and ink are
prone to spoil the fountain solution because of alkali
content. Therefore, the parameters of the fountain solution are constantly monitored and controlled. Chemicals
such as anti-corrosion, pH regulator, hardness adjuster,

cleaning and sedimentation inhibitor have been added
in quantities determined for the fountain solution. There
is not any study conducted on corrosion effects of fountain solutions used in the study. IPA-based and IPA-free
fountain solutions used in the study were formulated as
shown in Table 4. Fountain solution used in the study is
re-osmosed and its total value of hardness is set to 10dH
(water involving 100ml CaO equivalent CaCO3) by adding
re-hardener (CaHCO3) afterwards. Water’s total value of
hardness is measured periodically and ensured to stay
stable. It is constantly checked since it is known that conductivity value results from similar ions and it is ensured
to stay at the values in Table 3. Furthermore, whether
there is a clear difference between setting periods of
IPA-based and IPA-free prints at the beginning of printing.
Table 2
Technical properties of matt coated paper
GSM
Brightness

g/m2
% (D65/10°)

300g/m2
100

ISO536
ISO2470

Roughness

μm

1.6

ISO8979-4

Opacity

%

98

ISO2471

ments, the fountain solution system of the machine
was replaced by the IPA-added fountain solution. Measurements for the IPA ratio were made and pH and
conductivity values recommended for IPA-based systems
were obtained. For stabilizing the machine, prints were
made with the previously recorded ink settings after
printing went on for a while. Following the accurate
prints, by taking a sample at 10,000 prints continuous
spectrophotometric and densitometric (Table 5) measurements were carried out via X-Rite eXact Handheld
Spectrophotometer and two fountain solution were
compered by calculating the differences (ΔE) according
to ISO 12647-2:2013 (Table 6). Measurement condition
for spectrophotometer is M0 for CIE L*a*b* and M3
for density, colour space CIE L*a*b*, colour difference CIE ∆E* 1976 according to ISO 13655, spectral
range 400 nm to 700 nm, illuminant D50, observer
2°, polarizer filter on and 0/45 degree geometry. The
magnitude of the overall colour variation is given by
							

Table 3

and it was calculated as the average value of five measurements carried out on
the total area (Ciofini et al., 2016).

pH and conductivity levels of IPA-based and IPA-free fountain
solutions prepared for the test print

Table 5

IPA-free fountain solution
IPA-based fountain solution

pH
4.0 - 4.2
4.8 – 5.3

Conductivity µS
1800-3000
800-1200

Spectrophotometric and densitometric measurements
of IPA-based and IPA-free print samples via Spectro Eye
spectrophotometer

Table 4
Mixture ratios of the IPA-based and IPA-free fountain solutions
prepared for the test print
Water

Solution
4% (buffer, anti-corrosion, pH
regulator, hardness adjuster,
cleaning and sedimentation
inhibitor - for without IPA)

IPA-free

96%

IPA-based

2.5% (buffer, anti-corrosion, pH
regulator, hardness adjuster,
87.5%
cleaning and sedimentation
inhibitor - for with IPA)

IPA

0%

IPA-Free
IPA-Based
IPA-Free
M
IPA-Based
IPA-Free
Y
IPA-Based
IPA-Free
K
C

10%
IPA-Free
IPA-Based
IPA-Free
M
IPA-Based
IPA-Free
Y
IPA-Based
C

No special adjustment was made on the printing
machine except for the general settings. After the printing started, densitometric and spectrophotometric measurements were carried out continuously over the scale
via X-Rite eXact Handheld Spectrophotometer and the
necessary ink adjustments were made meticulously so
that the prints could be compatible with the CIELab values specified in ISO12647-2: 2013 (International Organization for Standardization, 2013) offset printing standard.
Ink settings of the machine were recorded after optimal
prints were obtained. After an adequate number of
IPA-free print samples were obtained for the measure-

(1)

K

IPA-Free
IPA-Based

L
a
Ave.
Std. Ave Std.
54.64 1.27 -33.9 1.18
56.84 1.45 -34.1 1.32
46.63 1.42
71
1.76
48.53 1.47
70
1.82
88
1.30
-5
1.12
86
1.70
-6
1.65
18
1.27 -0.2 1.24
19
1.45 -0.3 1.42
Solid Density 40%
Tonal Value
Ave.
Ave.
Increase
1.46 0.05 52-40= 12%
1.47
0.04 56-40= 16%
1.48 0.06 52-40= 12%
1.40 0.05 55-40= 15%
1.05 0.06 51-40= 11%
0.96 0.04 54-40= 14%
1.95
1.83

0.07
0.07

54-40= 14%
57-40= 17%

b
Ave
Std.
-49.92 1.35
-48.66 1.60
-5
1.56
-8
1.65
90
1.23
87
1.77
1.3
1.66
1.6
1.50
80% Tonal
Value
Increase
90-80= 10%
92-80= 12%
89-80= 9%
91-80= 11%
87-80= 7%
90-80= 10%
90-80= 10%
92-80= 12%

In addition, IPA-free and IPA-based prints were compared with the dot area percentages measured
by the microscope. For dot area % measurements
X-Rite vipFLEX RGB 640*480, 10.000 ppi sensor, 150 lpi screen ruling microscope was used.
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Table 6
CIE Lab difference (ΔE) between two damping solution according
to ISO 12647-2:2013

ΔE (1976)

C
M
Y
K

IPA-free
1.21
1.74
1.98
1.87

IPA-based
2
2.34
3.46
2.58

tain solutions the dot gain values measured from dots
of 80% and 40% (Table 5). However, as seen in Figure
5, losses in sharpness of edge and impairment take
place especially after 200.000 prints. CIE Lab difference
(ΔE) values of IPA-free prints are better than IPA-based
printing according to ISO 12647-2:2013 (Table 6).

Results
According to the results of the IPA-based and IPA-free
printing performed under the ideal pressroom conditions, two-dimensional (xy) and two-dimensional
(ab) colour gamuts obtained in the IPA-free prints
made with the same ink settings are wider than that
of the IPA-based printing (Figure 2 and Figure 3).

»»Figure 3: Two-dimensional (ab) colour gamuts
obtained from IPA-based and IPA-free prints

»»Figure 2: Two-dimensional (xy) colour gamuts obtained
from IPA-based and IPA-free prints
Densitometric measurements on the prints made by
using the same ink settings demonstrate that cmyk
density values are higher in the IPA-free printing (Table
5). The reason of this finding is that the surface tension
of the fountain solution concentrate used in IPA-free
printing is lower than that of the IPA-based fountain
solution. Since a larger surface can be wetted by using
a lesser amount of water in this case, brighter and saturated colours are obtained with a lesser amount of ink
in IPA-free printing. Considering the capability of water
and IPA-based fountain solution to dilute the ink and to
reduce its colour intensity, the importance of performing printing with a trace of water is better understood.
This also means that ink can be saved. It was observed
that dot gain values of printings with use of IPA-based
fountain solutions was more than IPA-free based foun-

34

»»Figure 4: IPA-based and IPA-free printing microscopic
images taken from the texted areas on the test scale

»»Figure 5: IPA-free and IPA-based printing microscopic
images taken from the dot areas on the test scale
When it is observed whether there is a difference
between preparation periods of IPA-based and IPA-free
prints at the beginning of printing, it is confirmed that
there is not much of a difference both in terms of preparation period and started paper wastes. The microscopic
images taken from the texted areas on the print samples
as well demonstrate that edge sharpenings of the IPAfree printing is better when compared to the IPA-based
printing (Figure 4).
In the measurements made on the dot areas, it was seen
that edge sharpening disappeared, shadows emerged
and thus, dots were bigger or smaller than they should
be and were not clear as the print work proceeded
(200.000 prints) (Figure 5). Even in the dot area %
measurements carried out via a special microscope, the
measurements on the specified areas of IPA-based and
IPA-free prints showed that the deformation in the dot
forms became evident following the 200.000th print
in IPA-based printing and therefore, accurate dot area
% measurements could not be performed (Figure 6).

Conclusions
According to the two-dimensional colour gamuts
acquired from prints performed with the same setting
of ink, colour gamuts obtained from IPA-Free prints are
wider than IPA-Based.

»»Figure 6: Image of dot area % measurements made on
the previously specified areas on the test scale
Solid densities of IPA-free prints are higher than the
other one in densitometric measurements. However,
considering dot swellings, dot swellings in IPA-based
prints are measured higher than IPA-free prints. This
situation actually is not the result of dot swelling. These
are about losses in sharpness of edge and impairment
of dots. Impairments in forms of dots are clearly seen
in microscopic images especially after further prints
(200.000 prints).
There is not an explicit difference between IPA-free and
IPA-based prints in comparisons in terms of preparation
periods and started paper wastes at the beginning of
printing. It is observed that edge sharpness in IPA-Free
prints is better when edge sharpness of dots is considered. It is measured in print gloss measurements that
IPA-free prints have much higher print gloss values compared to IPA-based prints.
In addition to these factors, some other points should
be taken into consideration as well for an accurate and
reliable IPA-free printing. In brief, printing equipment
and fountain solutions should primarily be examined
and water should be analyzed. Accordingly, IPA-free
printing products should be selected. A special attention
should be paid to the cleaning of the water tanks and
temperature values (9-12°C). Hardness of the rollers
should be considered; a hardness value of 25-32 shore A
is recommended for the hardness of a water roller. These
hardness values are of great importance for the transfer
of an adequate amount of water to the plate by the
fountain solution.
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Use of nanoparticle binders for
paper coatings: A review
Abstract
Starch is a biopolymer that is used as a co-binder alongside synthetic
petroleum based latex binders for paper coating applications, though it
causes production downtimes due to the problems during cooking process,
such as gelling; lack of full expansion of starch granules; increase in viscosity
during cooling; bacteria growth in cooked starch and difficulties in viscosity
control during storage. On the other hand, synthetic binders negatively affect
paper recyclability and biodegradability. To overcome these problems, a
new biopolymer binder has been introduced to the paper manufacturing,
being used initially as a partial replacement for petroleum based synthetic
latex polymers. This study reviews the recent developments of nanoparticle
biopolymer binders, referred to as biolatex binders. These binders are
shipped dry and can be dispersed in water without cooking requirement
while improving paper quality and reducing costs of paper manufacturing.
They also provide quality benefits, coater runnability improvements and
new higher solids coating formulations for future product advancements.
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Introduction
The growing interest by many industrial segments to
use sustainable materials has stimulated the development of new biopolymer materials. Some of the
biomaterials that have a use in papermaking and coating industry are cellulose, coating starches (modified
low molecular weight grades of the native material),
chitosan, soy protein, alginate, casein, zein, lecithin
and cellulose derivatives such as methyl cellulose and
carboxymethyl cellulose (CMC), among others (Klass,
2011). Paper grades sometimes need to be coated with
these materials to improve paper printability, surface
characteristics or to add extra functional properties.

Printability is the main quality for high quality colour
reproduction, increased ink gloss, uniform appearance
or preventing print defects. It is greatly affected by
paper porosity since the rate and depth of ink receptivity depends on it. Porosity is measured by the number
and size of the voids within the coating layer. The voids
can be controlled with different pigments, binder types,
dispersing agents and additives in the coating layer.
Nanoparticles (within the range of 1 and 100 nm) show
different properties compared to their bulk materials.
Some of the recent nanomaterials in the papermaking
and coating industry include nano crystalline cellulose
(NCC) (Klass, 2007; Zaman et al., 2012; Cha et al., 2014),
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nano fibrillated cellulose (NFC) (Martins et al., 2013;
Missoum et al., 2013; Liu et al., 2015), TEMPO-oxidized
cellulose nano fibrils (TONC) (Fujisawa et al., 2011;
Fukuzumi, 2011; Okita et al., 2011; Fukuzumi, Saito &
Isogai, 2013; ) and nanoparticle biopolymer binders
(Giezen et al., 2004; Helbling et al., 2004; Van Soest et
al., 2004; Bloembergen, Kappen & Beelen, 2005; Helbling et al., 2007a; Helbling et al., 2007b; Figliolino &
Rosso, 2009; Lee, Bloembergen & Van Leeuwen, 2010;
Oberndorfer, Greenall & Bloembergen, 2011; Houze
& Pajari, 2012; Shin et al., 2012; Shin et al., 2013). The
studies have demonstrated that these nano materials
improve various important properties of coated paper.
Figure 1 represents an example for the tensile strength
and elastic modulus differences between the paper,
polyvinyl alcohol (PVA) film, cellophane and TOCN film.

»»Figure 1: Mechanical properties of TOCN films
(Fukuzumi, 2011)
Synthetic polymers, such as styrene butadiene (SB),
polyvinyl acetate and styrene acrylics, are petroleum
based latex binders, therefore they are not environmentally benign and suffer from price instability with
major up and down swings linked to oil prices. They
have been used in paper coating applications due to
their ability of increasing paper properties and mechanical strength though they reduce recyclability and can
cause “white pitch” issues with deposits on calender
rolls, etc. Biopolymers have an advantage of being
sustainable, renewable and biodegradable, therefore
they also reduce the carbon footprint. Biopolymer
materials have relatively stable pricing and these advantages are driving adoption of these natural products.
When cooked, starch is a mostly soluble biopolymer
produced from plant sources such as corn (maize),
potato, wheat, tapioca (cassava), pea, rice. It has been
used in paper coating applications as a co-binder (Klass,
2011). Conventionally, starch is purchased in dry granular powder form, either in modified (acid thinned,
thermally modified, thinned/hydroxyethylated, etc.)
or in its unmodified (native) form, and then cooked or
chemically/enzymatically modified on site at the mill
before it is used in the paper coating (Klass, 2007).
Natural (unmodified, pearl, native) starch is attractive
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due to its low price, but poor process control frequently
reduces productivity and paper quality (Mishra, 2005).
Starch in its native form is an ultra-high molecular weight
(MW) polymer (>300 million g/mole or Daltons) and
that becomes a challenge during cooking production.
When starch is cooked in solutions (to allow it to act
as a binder) MW must be sharply reduced, to yield
cooked solutions with sufficient substance (i.e. % solids).
Modified starch usage is more common than natural
starch due to added functionalities in paper industry.
The typical cooking procedure is that starch must be
well agitated at room temperature, then heated up to
90-95°C and held at that temperature for 20-30 minutes
while maintaining good agitation for complete cook-out
of the starch. Improper cooking for paper coating may
cause gelling (lack of full expansion of starch granules);
increase in viscosity during cooling; bacterial growth in
cooked starch or difficulties in viscosity control during
storage, all of which can cause quality issues and production downtimes. For papermaking, if starch granules
are not ruptured completely, the size press nip will
likely reject it, and later may cause viscosity changes,
drying and scale problems on the paper machine.
The first starch nanoparticle biopolymer binder in the
paper industry were developed, produced and commercialized by EcoSynthetix Corporation as EcoSphere™
biolatex™ binders with the intention of replacing petroleum-based synthetic latex (Bloembergen et al., 2011).
EcoSynthetix has >100,000 ton/annum capacity at its
manufacturing facilities in North America and Europe
(Van Ballegooie et al., 2012; Van Ballegooie et al., 2013)
and the biolatex has 99% bio based agricultural feedstock
that makes it sustainable, renewable and biodegradable.
These advantages also help companies reduce their
carbon footprint. EcoSynthetix has patented the process of using a twin-screw extruder with different shear
forces, upstream pressure and a crosslinking agent to
generate starch nanoparticles around 100 nm (dominant
size range is 20-150 nm, ideal for low viscosity biolatex
dispersions). Figure 2 represent the conversion of native
starch to the biolatex emulsion polymer along with TEM,
STEM and SEM images of the native starch granules and
biolatex particles. Unlike natural (native) and modified
starch, these nanoparticles do not require cooking, and
can be readily dispersed in water due to their internally
crosslinked, water-swollen and deformable colloid particle nature (Bloembergen et al., 2010; Wildi, Van Egdom &
Bloembergen, 2015). It is reported that starch is known as
a stiff and brittle polymer while the nanoparticle biopolymer is more flexible and helps to reduce folding and scoring cracks (Klass, 2007). The extrusion process is used to
bring down the starch granule diameters from micron
to nano range. In Figure 3, the comparison of particle
sizes between the biopolymer nanoparticles binders and
synthetic/natural binders are represented. Over the past
two decades, SB latex has become the dominant paper
coating binder system in the industry. Its particle size has

»»Figure 2: Native starch conversion to biolatex (Klass, 2011)
been pushed to smaller particle sizes towards an aggressive 100-120 nm target, given that smaller latex particle
sizes have higher surface area, beneficial for binding
performance. Biolatex emulsions do not require surfactants nor other repulsion mechanisms that help keep
synthetic latex particles in stable suspensions (which
inadvertently adds cost and reduces other performance
requirements). The biolatex binders, on the other hand,
are smaller in size, which is beneficial to binding power,
and they do not contain added surfactants but produce
naturally highly stable dispersions with long shelf lives.

»»Figure 3: Particle size comparison of binders
(Bloembergen, 2009)

Materials and Methods
Assessment method for this study was a literature
review. Existing knowledge gathered based on the data
from patents, journals, conference papers, industry
magazines and pilot testing. In pilot test experiments,
the coating formulation ingredients were clay, ground
calcium carbonate (GCC), titanium dioxide (TiO2), carboxymethyl cellulose (CMC), lubricant, rheology modifier
and optical brightening agent (OBA). Synthetic latexes
in coating formulations were replaced on a 1:1 basis
with the EcoSphere bio based nanoparticle latex.

test indicated that the biolatex binder is a sustainable,
recyclable and biodegradable binder (Figliolino & Rosso,
2009; Lee, Bloembergen & Van Leeuwen, 2010; Oberndorfer, Greenall & Bloembergen, 2011; Houze & Pajari,
2012; Shin et al., 2012; Shin et al., 2013). The research
showed that 73% carbon footprint reduction is possible
with biolatex binder (Lee, Bloembergen & Van Leeuwen, 2010). Overall results conducted by the researchers
showed that 30 to 50% of synthetic latex replacement
with biolatex binder is immediately possible in coating
formulation. Further optimization can help attain higher substitution levels, coating structure, strength and
optical properties were improved. The biolatex binder
showed increase in brightness; equal or higher gloss
and better opacity values. Brightness value would be
increased further when the TiO2 pigment co-extruded
with the binder (Lee, Bloembergen & Van Leeuwen,
2010). The biolatex binder could increase solid content 1
to 3% that enables saving in dryer energy due to having
less water content in the coating structure (Figliolino
& Rosso, 2009; Oberndorfer, Greenall & Bloembergen,
2011; Houze & Pajari, 2012; Shin et al., 2012; Shin et al.,
2013). The amount of some coating components such
as CMC, polyvinyl alcohol and rheology modifier were
eliminated or decreased with the biolatex binder addition (Figliolino & Rosso, 2009; Oberndorfer, Greenall &
Bloembergen, 2011; Shin et al., 2013; ). Runnability of
the coating in the coater was increased due to better
coating uniformity, better rheology and superior water
retention that has been achieved by using biolatex
(Oberndorfer, Greenall & Bloembergen, 2011; Shin et
al., 2013). Better paper stiffness value was also reported
(Oberndorfer, Greenall & Bloembergen, 2011). The experiment showed no significant effect on wet pick performance of the coating with biolatex binder, yet the IGT
dry pick performance improved 7 to 31%. Lower binder
migration was observed when 20% of synthetic binder
replaced with biolatex binder (Figliolino & Rosso, 2009).

Conclusion

Results and Discussions
According to ASTM D6866 bio based content testing, the
biolatex binder has 99+% bio based agricultural feedstock, while synthetic latex is based on 99+% fossil. The

Bio based nanoparticle latex binders are successfully
replacing petroleum based synthetic binders while
improving paper quality. The crosslinked, water-swollen
and deformable colloid particles are represented that
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they can enable further cost savings for manufacturers
since the biolatex binder does not require the typical
starch cooking procedure and can be readily dispersed
directly in water. Biolatex binder has 99+% bio based
agricultural feedstock. It is sustainable, renewable and
biodegradable and helps paper manufacturers to reduce
their carbon footprint. Future studies need to investigate
optical, mechanical and printability properties of different papers coated with bio based nanoparticle binder.
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The characterization of microcapsules
printed by screen printing
and coating technology
Abstract
Depending on the microcapsules functionality, i.e. encapsulated core
material, nowadays microcapsules are used in various fields of application,
such as in medicine, pharmacy, agriculture, construction industry, chemical
industry, food industry, biotechnology, electronics, as well as in printing
and textile industry. In order to fulfil their basic purpose, microcapsules
have to be transferred onto the target areas of the substrate material
without damage, using different deposition techniques, mostly coating
and printing techniques. The aim of this research is to firstly investigate
the physical characteristics of the two selected fragranced microcapsules,
applied by screen printing and coating technique, and secondly to determine
how their addition in the selected three varnishes affected the basic
characteristics of the prints. Fragranced microcapsules were before printing
and coating adequately premixed with the selected varnish. The research
revealed that the characteristics of the fragranced microcapsules and the
varnishes as well as the used application techniques significantly affected
the behaviour of the fragranced microcapsules and their deposition in
the printed varnish layer as well as on the characteristics of the prints.
Key words
fragranced microcapsules, screen printing, coating, varnish, foil
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Introduction
The graphic industry is one of the first that began to
utilize microcapsules, which are nowadays used in various fields of applications such as: medicine, pharmacy,
agriculture, construction industry, chemical industry,
food industry, biotechnology, cosmetic industry, photography, electronics, textile and printing industry (Boh
et al., 1999; Arshady & Boh, 2003; Boh, 2007; Poncelet
& Boh, 2008). Microcapsules are tiny spheres that usually consist of two parts: the core and the shell (Gosh,
2000). Microencapsulation enables the core material to
reach the “target” areas without getting affected by the
surroundings, while the microcapsule microscopic size

enables the consumption of the very small active agent
quantity (Gosh, 2000; Dubey et al., 2009; McShane &
Ritter, 2010; Microtek Laboratories Inc., 2015). One of
the simplest and the most frequently used encapsulation
method in the graphic industry is “in situ” polymerization, which provides high active agent loadings and
smoothly shaped microcapsules with good mechanical
properties (Kuković & Knez, 1998; Gosh, 2000; Nelson, 2001; Starešinič, Šumiga & Boh, 2011; Ocepek et
al., 2012). Microcapsules used in printing applications
can be activated by the use of different mechanisms,
which are mainly based on external pressure, abrasion
and heat or light activation (Gosh, 2000; Nelson, 2001;
Boh & Šumiga, 2008; Sensor Products Inc., 2015).
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The progress in the printing technology, in addition to
the visual and the tactile sensations, also enables the
perception of scent, by applying various microcapsules
containing fragrances (Rose, 2007). Because the fragrances are highly volatile substances, the encapsulation represents a necessary step for ensuring longer
activity time, the protection against the environment,
and the controlled release of encapsulated fragrance
(MikroCaps, 2013; Pavlović et al. 2014). Microcapsules,
which can be applied on different printing substrates at
the end of the printing processes via coating or spraying, can enrich their properties and end use. They can
also be incorporated into the material itself, or simply
transferred onto the substrate using various printing
techniques such as screen printing, sheet-fed and web
offset printing, gravure, flexography, pad printing, inkjet
and xerography (Gosh, 2000; Goetzendorf-Grabowska,
Krolikowska & Gadzinowski 2004; Chovancova, Pekarovicova & Fleming, 2005, Goetzendorf-Grabowska et al.,
2008; Rodrigues et al., 2009; Milošević et al., 2016).
The main advantage of the printing technology is that
the microcapsules are evenly applied to the target areas
(Starešinič, Šumiga & Boh, 2011), due to the fact that
they are usually premixed into the ready-to-use inks,
conventional, UV and plastisol inks, or with the printing
varnish (Maekawa et al., 1975; Kipphan, 2001; Kulčar et
al., 2010; Pavlović et al., 2014). One of the main problems, which can in some cases occur in the printing process of the microcapsules, is their clustering, which can
lead to uneven spatial distribution of the used microcapsules in the printed ink/varnish layer, and as such
negatively effect the visual appearance and the functionality of the prints (Chen 2014; Urbas et al., 2014).
Regarding the assessment of the basic microcapsules physical properties, such as morphology,
microcapsule formation, size and volume distributions, they can be determined by optical, scanning
electron microscopy (SEM) or transmission electron microscopy (TEM) in the combination with the
appropriate image analysis software (Peña et al.,
2009; Rodrigues et al., 2009; Urbas et al., 2015).
The aim of this research was to determine the basic
physical characteristics of two types of used fragranced
microcapsules – fragranced microcapsules in water
suspension and dry fragranced microcapsules, in which
scented fragrances were encapsulated. Both types of
microcapsules were premixed at the same mass concentration of 1% with the appropriate varnish (water-based
or oil-based varnish) and subsequently printed onto
the printing substrate (transparent foil), using screen
printing and coating technique. The effects of different
factors e.g. the addition of the fragranced microcapsules, their properties as well as the properties of three
selected varnishes (two water-based and one oil-based),
and the influence of the microcapsule’s deposition
techniques on the behavior of the selected fragranced
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microcapsules in the printed varnish layers and on the
characteristics of the prints itself were investigated.

Materials and Methods
For the purpose of the research, samples were printed
with two different printing techniques – screen printing
and coating technique, on the same printing substrate.
For printing, three types of varnishes (two waterbased and an oil-based varnish) were used. In those
varnishes, adequate types of the fragranced microcapsules – in water suspension and dry, were premixed.

Materials
Specific properties of the used materials are presented in
the continuation.
Printing substrate
As a printing substrate, a commercially available transparent foil was used. Due to the lack of technical information, thickness, grammage and surface roughness
were determined by the appropriate standard test
methods. Results are presented in the continuation.
Microcapsules
In the research two types of microcapsules were used:
fragranced microcapsules in water suspension (microcapsule designation MC1) and
• dry fragranced microcapsules (microcapsule designation MC2).
•

The fragranced microcapsules in water suspension
(MC1) were mono-core, made by modified in situ polymerization method (Šumiga, 2013). The microcapsule core
material was made of different essential oils combination
with the fragrances of sage, rosemary and lavender,
while the microcapsule shell was made of partially methylated trimethylol melamine (Melamin, Slovenia). The
polyacrylic polymer was used as the modifying agent/
poly-condensation initiator for the “in situ” polymerization, while the analytical grade sodium hydroxide (Kemika, Croatia) was used for the termination of the poly-condensation reaction and pH neutralisation. In order to
remove the released formaldehyde during the poly-condensation, ammonia (Kemika, Croatia) was added to the
suspension of the microcapsules as the scavenger. The
modified process of the “in situ” polymerization microencapsulation was performed in a 1l laboratory reactor,
equipped with a turbine stirrer in the following stages: (1)
preparation of an aqueous solution of modifying agent;
(2) emulsification of core material at room temperature
with stirrer speed of 1500 rpm for 20 min; (3) addition
of partly methylated trimethylol melamine amino-alde-

hyde prepolymer for shell formation; (4) induction of
poly-condensation reaction by raising the temperature to
70–80°C; (5) poly-condensation process – the formation
of microcapsules (approx. 1 hour); (6) termination of
poly-condensation; (7) removal of released formaldehyde
by addition of ammonia scavenger at 50°C; and (8) cooling to room temperature (Stankovič - Elesini et al., 2016).
The dry fragranced microcapsules (MC2) were monocore as well (6 μm to 10 μm mean size, according to the
technical specification of the producer FOLCO SCENT®
Printable Scents (Follmann GmbH & Co. KG, Germany) with the unknown membrane material, encapsulating the essential oil with the scent of the basil.
Specific properties of the fragranced microcapsules e.g.
size and volume distribution, fragrance release behaviour
and image analyses, are presented in the continuation.
The fragranced microcapsules in water suspension
(MC1) were mixed with two different water-based varnishes, while the dry fragranced microcapsules (MC2)
were mixed with oil-based varnish, in order to make
prints. Both microcapsule types were added into the
varnishes in the same mass concentration of 1%.

and varnishes) and printed samples (printed without and with selected fragranced microcapsules).
Their features are described in the continuation.
Printing techniques
Two techniques were used – manual screen printing
and coating for producing final testing sampes.
Screen printing process. Screen printing mesh had
62 threads/cm, each filament had diameter of 64
µm, screen tension was 15 N. Photo emulsion was
applied in two layers. Printing form consisted of printing elements in the form of squares 4×4 cm. All samples were printed with one passage of squeegee.
Coating technique. A coater (BYK 4-sided applicator, Germany) that allows maximum deposition
thickness of the applied layer 200 μm was used
for coating. Similar as with the screen printing
process, only one layer of varnish was applied
(coated) on the printing substrate samples.
After printing and coating, all samples were dried at room
temperature (25°C, 55% relative humidity) for 24 hours.

Varnishes

Properties of the printing material

Three different varnishes were used in the research:

In the analyses, specific properties of printing material e.g. printing substrate, microcapsules and varnishes were determined.

water-based varnish C-375 (varnish designation V1),
water-based varnish 2 (varnish designation V2),
• oil-based varnish C-378 (varnish designation V3).
•
•

The C-375 water-based printing varnish (V1) is based
on stabilised water dispersion of acrylic resins (styrene
acrylic emulsion) with the addition of polyethylene
wax. It is suitable for the protection of printed packaging in the food industry (without direct contact
with the food) and is characterised by high gloss and
abrasion resistance (Cinkarna Celje, Slovenija).
The second water-based varnish (V2) is based
on the acrylic emulsion without the addition of
the polyethylene wax. It is a commercially available varnish (from unknown producer), which was
selected as a comparison to printing varnish V1.
The C-378 varnish (V3) is mineral oil-based varnish
(polyurethane resin, nitrocellulose and plasticisers),
which is characterised by the high gloss, transparency
and abrasion resistance (Cinkarna Celje, Slovenija).

Methods
Different techniques and testing methods were used
for determination of specific properties of printing materials (printing substrate, microcapsules

For printing substrate following properties were determined: grammage was measured on Mettler AE200
analytical balance (International Organization for Standardization - ISO 536:2012), thickness was measured
on the apparatus for measuring thickness (Metrimpex
gauge, Hungary) with the measuring surface 1 cm2,
pressure 50 kPa and 100 kPa (SIST EN International
Organization for Standardization ISO 5084:1996), surface roughness was measured on the Bentsten 3500
(Zehntner GmbH, Swiss) (International Organization for
Standardization ISO 8791-2:1990) and optical density
was determined with Vipdens150 (Viptronic, Germany).
An image analysis of the selected fragranced microcapsules (morphology and size/volume distribution
calculations), surface and cross-section of printing
substrate and printed varnish samples (without and
with added fragranced microcapsules) was performed
by scanning electron microscopy (SEM; JSM 6060 LV,
Jeol, Japan) using the standard procedure. Afterwards
an image analyses of the SEM micrographs taken under
different magnifications was conducted, which enabled
the specification of their size and volume distribution.
The software for digital image analysis, ImageJ (ImageJ,
2004), was used for the size measurements of both
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Printing substrate

selected types of fragranced microcapsules. Determination of the MC1 diameters based on the 500
measurements on the SEM micrographs (images).
For the selected fragranced microcapsules release
behaviour properties were determined. This analysis
was performed only for the fragranced microcapsules in
water suspension (MC1) according to the test by Šumiga
(2013). The suspension of the fragranced microcapsules
MC1 was added into the aluminium cups (5×7 cm in size),
which were then placed into a heated drying oven (Binder, Germany) at 135°C, for 180 minutes. After every 30
minutes, the samples were weighed and placed back into
the oven. With the use of equation (1), the release rate
of the tested fragranced microcapsules was calculated:
		

				

(1)

where An presents the weight (g) of the fragranced
microcapsules after n minutes of the release behaviour
test (n=60, 90, 120, 150, and 180 minutes) and A0
presents the weight (g) of the fragranced microcapsule suspension before the release behaviour test.

Measured properties of the printing substrate – transparent foil, are presented in Table 1. Image analyses
were also performed on the samples of printing
substrate for distinguishing its surface properties. In
Figure 1 are presented SEM images of the front and
the back side surfaces of the transparent foil, which
was used for screen printing and coating processes.
Table 1
Measured properties of printing substrate – foil
Measured property
Thickness [μm]
Grammage [g/m2]
Surface roughness [ml/min]
front side
back side

Value
96.90
133.11

Optical density

0.0465

19
25

For the varnishes (without and with added 1% mass
concentration of the both selected fragranced microcapsules), basic characteristics of viscosity and pH values
were determined. The viscosity was measured using
Viscotester VT01/02 (Thermo Haake, Germany) and pH
values by pH Meter MA 5740 measuring device (Iskra,
Slovenia), respectively. With the measured results,
values of density were calculated using equation (2):
a)
				

					

(2)

For surface tension measurements a pendent drop
method, using goniometer OCA20 (Dataphysics,
Germany), and a plug-in for Fiji ImageJ software
(ImageJ, 2004; Daerr & Mogne, 2016), was chosen.
Properties of the prints
The physical characteristics of the printed samples
– thickness and grammage, were determined with
previously mentioned methods and apparatus (in
chapter 2.2.2), in accordance with the appropriate
standards. Surface and cross-section properties of
prints were evaluated with image analyses (SEM).

Results and Discussions
Properties of printing materials
In the continuation, results of measured specific
properties of printing materials are presented.
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b)
»»Figure 1: Front (a) and back (b) side of the printing substrate – transparent foil (SEM; 500× magnification)
Image analyses of the printing substrate – transparent
foil, showed that both the front and the back side of the
foil surfaces have very similar characteristics. They were
relatively smooth, although the back side possessed
a slightly larger amount of tiny bumps, scratches and
irregularities compared to a somewhat more uniform
surface structure of the front side (Figure 1). This was
also confirmed by the obtained results of the surface

For easier establishing of the printing varnish properties (without and with the addition of selected
fragranced microcapsules) and the assessment
of the printing qualities, an analysis of used fragranced microcapsules had to be made.

of the MC1 shows an extreme positive skew (blue bars
and red curve). 32.87% of the microcapsules had the
diameter of up to 2 µm, while as much as 77.43% of
the total sampled microcapsules had sizes in the range
of 0.5–6 µm. The mean diameter of the MC1 was 4.44
µm (stdev. 4.30), while the minimum and maximum
recorded microcapsule diameters were 0.67 µm and
26.86 µm, respectively. For the simplification of the
microcapsules volume calculation, microcapsules shapes
were approximated with the ideal spheres. In contrast to the microcapsule size distribution, the volume
distribution (green curve) had an opposite, negative
skew, where 1.39% of all sampled MC1 participated with
32.33% in the total microcapsules volume amount.

Figure 2 shows morphology (2a) and size / volume
distribution (2b) of the fragranced microcapsules in
water suspension (MC1), which were used for printing
and coating in the combination with the water-based
varnishes, V1 and V2. From Figure 2a can be seen that
the fragranced microcapsules of the sample MC1 had
very regular, spherical shape and smooth surface, but
possessed various sizes, which caused a wide diameter
size distribution (Figure 2b). The size distribution curve

Figure 3 presents morphology (3a) and size / volume distribution (3b) of the dry fragranced microcapsules (MC2),
which were used for printing and coating processes with
the oil-based varnish, V3. These MC2 microcapsules possessed regular shape and unequal sizes, which was less
pronounced compared to the MC1 microcapsules. Hence,
MC1 microcapsules had much narrower size distribution.
MC2 microcapsules had relatively uniform, slightly asymmetric size distribution (blue bars and red curve), where

a)

b)

roughness measurements (Table 1). Due to small but
distinguished differences in the surface characteristics
of both sides of the printing substrate, the front side
of the foil was selected to be printed and coated.
Microcapsules
- Size and volume distribution

»»Figure 2: Fragranced microcapsules in water suspension (MC1) (a) (SEM; 1.000× magnification) with their size
and volume distribution (b)

a)

b)

»»Figure 3: Dry fragranced microcapsules (MC2) (a) (SEM; 1.000× magnification) with their size
and volume distribution (b)
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the most (71.4%) of microcapsules had the diameter
size between 1.5 µm and 3.5 µm. The mean diameter
of the sampled MC2 was 2.39 µm (stdev. 0.95), where
the minimum and the maximum recorded microcapsule
diameters were 0.67 µm and 7.15 µm, respectively.
The volume distribution (green curve) of the MC2
was very similar to the microcapsule size distribution,
where the microcapsules with the size range between
2.5 µm and 4.5 µm participated with 63.03% in the
total microcapsules volume amount. Unlike MC1, the
MC2 microcapsules tended to form large agglomerates
(Figure 3a), which was a result of the microcapsule
drying process (Stanković Elesini et al., 2016). The
obtained sizes of the MC2 agglomerates were in the
range of 5.45 µm to 56.23 µm, with the mean microcapsule agglomerate size of 15.21 µm (stdev. 7.96).
Comparing both selected types of fragranced microcapsules, MC1 and MC2, it can be concluded that the
fragranced microcapsules in water suspension (MC1)
were much larger than the dry fragranced microcapsules (MC2). According to that, it could be presumed
that the microcapsules with larger diameter – MC1,
would be more sensitive to shear forces than MC2,
therefore the captured fragrance could, under certain
conditions, evaporate much easier than with MC2.
- Release behaviour of the fragranced microcapsules
The microcapsules release behaviour presents the
proportion of the released core material (diffusion)
through the wall of the fragranced microcapsules.
For that purpose, the fragranced MC1 microcapsules
were put in the preheated oven at 135°C and left for
180 minutes (Figure 4). The analysis has shown, that
the mass loss (54.3%) after 30 minutes corresponded
to the water evaporation (Šumiga, 2013), while the
residue corresponded to the dry mass/share of the
fragranced microcapsules in the water suspension.
The mass loss within the subsequent 150 minutes
corresponded to the diffusion of the core material
through the microcapsule wall in the amount of 6.2 %.

Varnishes
The basic characteristics (viscosity, density, pH value
and surface tension) of specifically selected varnishes
V1, V2 and V3 are presented in Table 2. In all three
varnishes, the same mass concentration (1%) of the
fragranced microcapsules (MC1 and MC2) was added.
Due to the fact that one type of the fragranced
microcapsules – MC1, was in water suspension, its
viscosity and pH value were also determined.
The viscosity of the oil-based varnish V3 was, as expected, the highest. The viscosity of the water-based varnishes V1 and V2 differed, wherein the V2 had a higher
viscosity than V1. Results could be contributed to the
different base composition of the varnishes (acrylic resin
in the case of V1 and acrylic emulsion in the case of V2).
In accordance with the measured results of varnishes
viscosities, values of the density have been calculated.
It can be noticed that the addition of microcapsules slightly increased the viscosity, as well as the
densities of all three varnishes (Table 2). This was
expected due to the addition of the highly viscous
fragranced microcapsules in water suspension (MC1)
(4.40 dPa·s) on one side and the addition of the dry
fragranced microcapsules (MC2) on the other side.
Due to the acidic nature of the microcapsules in
water suspension (MC1) their addition into the
water-based varnishes V1 and V2 slightly decreased
their pH values, while the addition of dry microcapsules (MC2) increased the pH value of the V3
varnish and moderated its highly acidic nature.
The obtained surface tension value of the water-based
varnish V1 is the highest among the three, while the V3
varnish showed the lowest surface tension value (Table
2). The higher surface tension values of the waterbased varnishes are the result of relatively high surface
tension of water, and other components included in
the varnish compositions (i.e. surface tension of water
is 72 mN/m while solvent-based inks have a surface
tension of 20-35 mN/m) (Lichtenberger, 2004).
Table 2
The basic characteristics of the varnishes, fragranced
microcapsules and their combination
Viscosity
[dPa·s]

ρ
[g/cm3]

pH
[/]

MC2

MC1

4.40
/

/
/

5.64
/

Surface
tension
[mN/m]
/
/

V1

0.72

1.0042

8.35

30.94

V2

1.70

1.0160

7.97

22.39

V3

2.20

0.9362

1.32

21.95

V1MC1

0.78

1.0142

8.29

/

V2MC1

1.75

1.0262

7.81

/

V3MC2

2.40

0.9455

5.42

/

Sample

»»Figure 4: Residual weight of the fragranced microcapsules in the water suspension (MC1) during 180 minutes at 135°C
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Table 3
Measured values of the thickness and the grammage of the printed samples with screen printing and coating process
Application
technique

Property
Sample

Unprinted

Foil
SPV1

SPV2

Screen printed

SPV3

SPV1–MC1

Increase of
thickness [%]

Grammage
[g/m2]

Increase of
grammage [%]

96.90

-

133.11

-

139.70

44.17

140.25

5.36

135.40

39.73

157.78

18.53

122.10

26.01

167.67

25.96

149.70

54.49

156.11

17.28

SPV2–MC1

139.40

43.86

160.89

20.87

137.40

41.79

167.78

26.05

CV1

118.50

22.29

142.44

7.01

CV2

135.00

39.32

162.11

21.79

124.10

28.07

169.55

27.38

CV1–MC1

125.30

29.31

161.75

21.52

140.20

44.68

171.50

28.84

142.80

47.37

174.92

31.41

SPV3–MC2

Coated

Thickness
[μm]

CV3

CV2–MC1

CV3–MC2

Properties of prints

dry microcapsules MC2. Microcapsules (in suspension
or as dry particles) were added as 1% by mass conc.
which means that actual dry mas of microcapsules which
were added as suspension was significantly lower as in
the case of dry microcapsules. Consequently, increase
in thicknes and grammage of samples SPV3–MC2 and
CV3–MC2 to which dry microcapsules were added was
much bigger as in the case of SPV1–MC1 / CV1–MC1 and
SPV2–MC1 / CV2–MC1 to which microcapsules were
added in suspension (Stanković - Elesini et. al, 2016).

After printing, thickness and grammage measurements of the prints were performed (Table 3). Samples printed with screen printing were designated
as SP, and coated samples as C. Table 3 presents the
measured values of the prints on transparent foil,
which were printed and coated with all three selected varnishes V1, V2 and V3, without and with appropriate fragranced microcapsules MC1 and MC2.
From the results in Table 3 it can be seen that screen
printed (SP) and coated varnish layers (C) are much
thinner than the limitations of the screen printing (128
µm) and coating (200 μm) (namely, in Table 3 measurements of printed varnish layers on foil samples
are presented). These results could be contributed
to the varnishes rheological characteristics, surface
characteristics of the printing substrate (foil) and the
interactions between the varnishes and the foil samples. The higher thichness in the case of varnish layers
V1 and V2 was expected, since both varnishes had lover
viscosity in comparison to varnish V3. Consequently,
the quantity of transferred varnish through the screen
printing mesh was probably higher for varnishes V1
and V2 as in the case of oil-based varnish V3. The whole
quantity of the varnishes transferred through the mesh
was distributed at the surface of the foil substrate
without ability to penetrate into the foil structure.
The addition of the fragranced microcapsules MC1 and
MC2 in the varnishes V1 , V2 and V3 increased the thickness and grammage of all samples, regardless of the
used application technique. This is most noticeable in
the case of oil-based varnish V3 , where the thicknesses
of both printed and coated varnish layers were significantly (for almost twice) increased after the addition of

In order to obtain the information on microcapsules’
properties in the applied varnish layers, image analyses of
the SEM images were performed. Figure 5 presents the
SEM images that show the surfaces and cross-sections of
the screen printed samples using all three varnishes V1 ,
V2 and V3 without and with the addition of the fragranced
microcapsules MC1 and MC2, where white arrows are
indicating the presence of either single fragranced
microcapsules or their agglomerates, respectively.
On screen printed samples SPV1 and SPV1–MC1 similar,
grainy and rough surface structure was observed. This
result can be contributed to the varnish composition (V1
contained polyethylene wax) (Figure 5a and 5b). Due to
the addition of very small amount (1% mass conc.) of
the fragranced microcapsules MC1 into the varnish SPV1,
the fragranced microcapsules are hardly visible on the
surface. For that reason, we have concluded that they
are not the primary cause of the surface non-uniformities of the prints. Despite their low number, individual
microcapsules can be noticed and separated from the
particles of the polyethylene wax due to their distinguished spherical shape (Figure 5b). Agglomeration of
the fragranced MC1 microcapsules was not observed. The
cross-section of the printed layer SPV1–MC1 showed that
the number of added fragranced microcapsules MC1 is
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a)

b)

c)

d)

e)

f)

g)

h)

i)

»»Figure 5: Surface of the screen printed samples SPV1 (a), SPV1–MC1 (b), SPV2 (d), SPV2–MC1 (e), SPV3 (g)
and SPV3–MC2 (h), with corresponding cross-sections of SPV1–MC1 (c), SPV2–MC1 (f) and SPV3–MC2 (i); SEM;
500× magnification)
very low and therefore hardly noticeable. Another cause
of difficulties in microcapsules detection is varnish characteristics which under sample preparation procedure
(cutting) did not allow a sufficiently “clear” cross-section
cut, which as a result hindered the region with microcapsules. However, the irregular and rough printed surface,
as well as the clear boundary between the varnish layer
(upper layer) and the printing substrate – transparent foil (bottom layer) is clearly visible (Figure 5c).
Unlike the prints made by SPV1 varnish, the surface of
SPV2 relatively uniform and smooth (Figure 5d). Low but
visible number of added MC1 fragranced microcapsules
into the varnish SPV2–MC1, can be noticed (Figure 5e).
Unlike printed samples of the varnish SPV1, the prints of
varnish SPV2 were very brittle, and as a result, fractures
appeared on the printed surface (straight lines on Figure
5d and 5e). As with SPV1–MC1 clear boundary between
the varnish layer and the foil layer on the sample SPV2–
MC1 can be observed (Figure 5f). Due to the composition
of the V2, the holes where the MC1 fragranced microcapsules and air bubbles were entrapped inside the printed
varnish layer, can be observed. Microcapsules are relatively uniformly distributed in the printed varnish layer
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SPV2–MC1. The agglomeration of the MC1 fragranced
microcapsules was not observed here as well (Figure 5f).
The surface of printed oil-based varnish SPV3 was
the smoothest. Small particles of dust material (most
likely the residuals of SEM sample preparation) can
be noticed on the surface of the print (Figure 5g). On
the surface of the prints SPV3–MC2 dry fragranced
microcapsules MC2 and their agglomerates are visible
in the varnish layer (Figure 5h). Similar as in the case
of the SPV1–MC1 prints, fragranced microcapsules are
hardly visible in the cross-section of the layer (Figure
5i), though microcapsules clusters can be observed on
the surface (Figure 5h and 5i). From the Figure 5 it can
be observed that the thickness of the screen printed
sample SPV2–MC1 (Figure 5f) is almost double the size
of the SPV3–MC2 sample (Figure 5i), though previously
obtained results showed that the thicknesses of these
two samples are almost the same (Table 3). The reasons for this disagreement are the presence of large
microcapsules’ clusters that protrude from the surface
of the SPV3–MC2 sample (Figure 5i), as well as the used
thickness measurement method which included the

a)

b)

c)

d)

e)

f)

g)

h)

i)

»»Figure 6: Surface of the coated samples CV1 (a), CV1–MC1 (b), CV2 (d), CV2–MC1 (e), CV3 (g) and CV3–MC2 (h), with
corresponding cross-sections of CV1–MC1 (c), CV2–MC1 (f) and CV3–MC2 (i); (SEM; 500× magnification)

clusters in the thickness estimation as well, which consequently increased a total thickness of the sample.
In Figure 6 SEM images of the surfaces and the cross-sections of the varnish V1, V2 and V3 prints on the foils (without and with fragranced MC1 and MC2 microcapsules)
made by the coating process are presented. White
arrows on the images indicate the presence of either
single or agglomerated fragranced microcapsules.
The CV1 prints show very uniform surface structure,
even more uniform than in the case of SPV1 samples
(Figure 6a). As it can be seen in Figure 6b. fragranced
MC1 microcapsules are clearly seen on the surface
and their presence contributed to the increase of
the uneven surface. Due to the relatively soft structure of the printed varnish layer, its cross-section was
deformed during the preparation of the sample, and
as such it disabled a detection of the MC1, although
individual fragranced microcapsules can be seen
(white arrow on Figure 6b. indicates the MC1).
The surface of the prints CV2 was more uniform
compared to the surface of SPV2, though it also pos-

sessed similar cracks on the surface, due to the rigid
structure of dried printed samples of V2 (Figure 6d).
The addition of fragranced microcapsules MC1 can
be noticed on the surface as well as in the cross-section of the print (Figure 6e and 6f) with the relatively
uniform distribution. A smaller number of the MC1
fragranced microcapsules as well as the entrapped
air bubble cavities, as a result of the coating process,
were detected in the cross-section of the CV2–MC1
sample compared to the SPV2–MC1 sample (Figure 6f).
The samples of CV3 prints showed the greatest surface uniformity (Figure 6g), while higher magnification
revealed a larger number of both, the fragranced MC2
microcapsules and their agglomerates in compared to
the samples CV2 and CV2–MC1 (Figure 6h). The clustering
e.g. agglomeration of the microcapsules disabled the
detection of individual microcapsules (Figure 6h and 6i).
The prints made with V2 varnish (SPV2–MC1 and CV2–MC1)
possessed the most uniform surface structure, regardless of the application technique, because the added
fragranced microcapsules were placed just slightly below
the varnish surface compared to the microcapsules
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position in the prints made with other two varnishes V1
and V3 (SPV1–MC1, SPV3–MC2, CV1–MC1 and CV3–MC2).

Conclusions
Based on the measurements of the printing material
properties and visual SEM analysis, several conclusions
can be made.
As a result of the addition of the fragranced microcapsules MC1 and MC2 into the varnishes V1, V2 and V3, the
viscosity and density of all three varnishes increased.
The addition of MC1 and MC2 led to a slight decrease of
pH value in the case of water-based varnishes V1 and V2,
while the addition of the dry microcapsules MC2 into the
oil-based V3 varnish resulted in increase of pH value. Regarding the surface tension of the varnishes, water-based
varnishes V1 and V2 showed a higher value of the surface
tension compared to the oil-based V3.
Obtained thicknesses of the varnish layers were much
lower that the limitations of the screen printing (128
µm) and coating process possibilities (200 μm). This fact
could be contributed to the rheological characteristics
of the varnishes as well as the surface characteristics
of the used printing substrate – transparent foil, the
drying speed of the varnishes, and the interactions
between the applied varnishes and the printing substrate. The addition of the fragranced microcapsules
in the varnishes increased the thicknesses and the
grammages of all samples, irrespective of the microcapsules type (either MC1 or MC2) and the used application technique (screen printing or coating process).
The fragranced microcapsules in water suspension MC1
had very regular, spherical shape and smooth surface,
though their sizes were not uniform. This caused a wide
diameter size distribution (the mean diameter was 4.44
µm). The shape of the fragranced dry microcapsules MC2
was regular, and their sizes were ununiform, though this
was less pronounced compared to the MC1 fragranced
microcapsules, hence MC2 had narrower and more uniform size distribution. The mean diameter of the MC2
was 2.39 µm. Dry fragranced microcapsules tended
to form large agglomerates (the mean microcapsule
agglomerate size was 15.21 µm), as a result of the drying
process (Stanković - Elesini et al., 2016) and their specific
characteristics (e.g. viscosity, drying speed). In the case
of the addition of the fragranced microcapsules in water
suspension MC1 into the varnishes V1 and V2, the clustering of the fragranced microcapsules was not observed.
The addition of the fragranced microcapsules in all
three varnishes (V1 , V2 and V3) led to the increase of
the surface roughness of the printed and coated varnish layers. The SEM image analyses showed that the
higher surface uniformity of the prints is obtained by
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the coating process compared to the screen printing, where after lifting the printing form from the
printing surface air bubbles appear and form regular gaps pattern in the dried printed varnish layer.
The research has shown that the use of the water-based
varnish 2 (V2) was not suitable for the screen printing
and coating process of varnish samples with the addition
of fragranced microcapsules (SPV2–MC1 and CV2–MC1),
because, regardless of the microcapsules addition,
the dried printed and coated varnish layers were very
brittle, causing the formation of cracks and ruptures of
the printed surface. Regarding the fact that the scent
entrapped inside the fragranced microcapsules can be
released only by the application of the shear force in/or
mechanical pressure this type of varnish is not suitable.
In addition to mentioned, the fragranced microcapsules
in V2 varnish printed layer were generally positioned
below the surface (mainly in the central area), which
could hinder the activation of the fragranced microcapsules and thus disabling their basic function.
For detailed analyses how the printing technique influences the properties of prints made with varnishes and
fragranced microcapsules other techniques such as pad
printing, flexography, offset lithography, etc. should be
investigated. Research should be pointed towards the
investigation of the fragranced microcapsules characteristics in the printed layers of varnish as well as printing
inks, i.e. microcapsules spatial distribution in the applied
varnish or ink layers. Beside mentioned the preparation
methods for image analyses, which would improve
this microcapsule feature in the final prints, need to
be improved. Microcapsules spatial distribution in the
printed ink/varnish layer would give important information about the microcapsules “functionality potential”,
and it could reveal the effect of the printing material
properties and characteristics (varnish or ink, fragranced
microcapsules, printing substrate) and selected printing techniques on the improved properties of prints.
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