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The flexo process parameters play an important role in ink transfer and will lead
to wastage of inks, substrate, solvents and printed stocks if not monitored and
controlled. The work focuses on optimizing the flexo process parameters for 40
microns 3-layer polyethylene (PE) film with Blue Nitrocellulose (NC) ink to
reduce overall manufacturing cost while maintaining the print quality for diaper
application. An experimental design was conducted for the response Ink GSM
(grams per square meter), AE and Print Mottle with factors such as ink viscosity,
anilox volume, plate dot shape and substrate opacity. The data was analyzed
through Main Effect, Interaction Plot and Analysis of Variance (ANOVA). The
regression models were developed for the response to validate the predictive
ability of model. The process optimization resulted in reduction of Ink GSM, AE
and Print Mottle by 18%, 52% and 1% respectively. The ink consumption reduced

by 18.26% with minimized print defects, thereby reducing the overall
manufacturing cost.
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1. Introduction

As per Mordor Intelligence Report [1], the growth of
flexography printing market will be 2.44% CAGR
within a period from 2021 to 2026 which accounts to
124.61 USD billion from 107.42 USD billion. A large
part of the flexography industry clientele remains to be
from the industry catering to the needs of people i.e.
personal care products like baby diapers. The India
Diaper Market Outlook 2021 [2] reports 22.23%
CAGR in baby diaper market over past 5 years. There
are almost 25 million babies born every year. The
hygiene awareness of Indian mothers, rise in income of
common people has led to an exponential growth in
diaper market. These diapers are packaged in pouches
that are printed on Polyethylene (PE) and Cast
Polypropylene (CPP) films using NC based inks by
Flexo process. The surface anomalies and print defects,
plate fill-ups, frequent machine stoppages, shade
inconsistency is one of the major challenges during
printing these films. This results in print mottle, uneven
print density and ink deposition, thereby depreciating
the print quality and degrading the selling potential of
the product. Furthermore, the overall manufacturing
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cost inclusive of printing, converting and process scrap
cost is high. This demands for optimization with tight
control of flexo process parameters to minimize the
total manufacturing cost with improved print quality.

2. Flexography printing process

Flexography is a printing process which utilizes a
flexible relief plate that adheres to a printing cylinder.
The usage of flexible (soft) printing plates and low
viscosity inks prints on a wide range of absorbent and
non-absorbent substrates such as plastics, metallic
films, paper and board. These plates are mounted on
sleeves that receive ink from the ink pan through an
anilox roller. An anilox roller is a cylinder consisting of
fixed number of cells with a definite volume. A doctor
blade is used to control the amount of ink transferred to
the anilox roller. It wipes out any extra ink is collected
back to the ink tray. The anilox roller rotates in the ink
tray and carries the ink in its cells to the flexible plate
mounted on a sleeve. In this process, ink gets
transferred from anilox roller to the raised areas of the
plate and thus inking only the image portion. This
image area then comes in contact with the substrate and
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transfers the image onto it by thrusting itself against the
impression roller (Figure 1). The pressure between the
plate cylinder and the impression roller is termed as kiss
pressure and should be just enough to transfer ink from
plate to substrate [3].
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Figure 1. Flexography printing process

3. Flexography process parameters

The parameters that affect ink transfer in flexography
and printability include plate, anilox, ink, substrate,
solvents, press speed, surface energy of substrate etc.
The printability attributes include density, Tone Value
Increase, color deviation (Delta E), gloss, ink coat
weight (GSM) and print mottle. Several works have
been conducted by researchers to obtain the optimum
print quality in the flexography print process [4-15].
The cost of print can be easily reduced by increasing
the ink mileage and optimizing the flexo process
parameters.

The anilox roller is the heart of flexography process and
plays a significant role in ink transfer. The 60-deg
hexagonal pattern are shallower and accommodates
15% more cells as compared to 30° hex,45° tri-helical
and 70° cell angles. The 60° hex cells provide better dot
support during printing with greater uniformity [4]. The
flexo ink transfer is directly proportional to the anilox
roller cell volume [5]. A thinner ink film is deposited
on the substrate at higher anilox line screen that carries
more no. of cells in a given area. This results in less ink
transfer due to cell clogging, anilox scoring, and anilox
wear. The lower line screen and volume led to a
smoother cell surface with consistent ink transfer and
print performance. There exists a direct relation
between the coating deposit and the volume of the
anilox. The ink transfer is governed by type of anilox
engraving techniques, inking system and plate-making.
These parameters allow to accommodate finer screen
volume with lower cell volume [6-9]. The ink film
thickness in flexography process depends upon the
anilox volume measured in billion cubic microns. The
transfer of ink from anilox to plate is almost 50% and
further transfers 50% of the ink from plate to the
substrate [3, 10]. In order to avoid print defects such as
dirty print and dot dipping, banded anilox test should
be performed with varying anilox screen and cell
volume to identify the right specification of anilox

roller for optimal ink transfer [11]. The laser engraved
ceramic coated anilox roller has better release
properties as compared to mechanically engraved
chrome anilox roller. The quality of ink lay-down
improves with ceramic coated anilox rollers [12]. The
print consistency shall be achieved by the right
selection of anilox screen ruling, volume and cell
geometry [13].

The type of coating and polarity of substrate has a
significant effect on print gloss and density. The
coating on the substrate provides higher gloss as
compared to uncoated substrate. The print density on
uncoated substrate is inconsistent due to the ink
deposition on the rough areas of the substrate. The
presence of coating on the substrate leads to even lay-
down of an ink. The print density increases with higher
polarity of the substrate [14].

The ink film thickness and tone value increase in
flexography is affected by the type of substrate, ink and
viscosity. The print density increases for both solvent
and water based flexo inks with the increase in anilox
volume. The coated substrate reproduces higher print
density with solvent-based inks as compared to water-
based inks while the behavior is opposite for uncoated
substrate. A higher tone value increase is noted with
water-based ink on coated substrate as compared to
solvent-based ink which is exactly opposite to uncoated
substrate [15].

The solvents have a significant impact on the accuracy
of the structures. The flexographic printing plate
material must adapt to the solvents in functional fluids
to avoid plate swelling due to penetration of solvents in
plate [16]. The solvents used in flexographic ink play
an important role in printed dot reproduction of both
coated and uncoated paper. The dot shape improves
with ink having high boiling point solvent and low
drying velocity than the ink with low boiling point
solvent and high drying velocity [17].

The ink transfer in flexography is governed by the
substrate manufacturing processes. The correlation
between substrate surface energy and ink surface
tension have an impact on ink transfer. The surface
treatments increase surface energy of the substrate that
reduces the contact angle and improve wettability. The
liquids adhere stronger to a surface with high surface
energy [18]. The films with higher surface free energy
results in higher optical density. A stronger adhesion
leads to thicker layer of ink and hence higher optical
density. The optical density is greatly affected by polar
component of surface energy in water-diluted inks and
dispersive component of free surface energy in solvent
based inks [19]. The substrate with lower surface
energy reduces wettability and results in higher mottle
[20]. The non-uniform corona treatment will result in
improper wetting on the printing surface and lead to
occurrence of uncovered areas in the print [21]. The dot
gain is affected by the nip pressure between plate and
impression cylinder. The dot size increases with an
increase in line screen [22]. The increased plate to
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substrate engagement results in reduction in L* values
while higher anilox to plate pressure yields higher ink
transfer in the mid-tone areas. The rise in press speed
initially produces a drop in ink transfer but increases
with further increased speed, particularly in the
highlights [23]. The type of flexo plate-making has an
impact on print quality. The digital plate-making shows
significant improvement in print contrast and tonal
values as compared to conventional photopolymer plate
[24]. The increase in depth of dot, increases dot stability
that results in reduced tone value increase. The dot is
expanded with an engagement of printing cylinder and
impression cylinder. The line rulings on plate affects
the image quality if not compensated during pre-press
[25].

3.1. Substrate-ink interaction

The substrate surface energy, ink surface tension and
interfacial tension between substrate and ink dictates
the printability in flexography.

3.1.1. Surface energy of substrate

The measure of break up of inter-molecular bonds
occurring at the surface is referred to as surface energy.
In simple terms, it is the energy required per unit area
to increase the size of surface and measured in mN/m.

In the most basic sense, surface free energy is defined
as the adhesive characteristic of the solid, indicating its
affinity towards the other materials. The substrate
surface energy and ink surface tension are the crucial
factors in ink transfer, spreading and adhesion. The
difference between the surface energy and the surface
tension has larger impact on ink transfer and extent of
spreading. Higher the difference lower will be contact
angle and better is the ink spreading on the substrate.
Nevertheless, very high surface energy may lead to
erratic print quality.

Surface free energy can be calculated by contact angle
measurement with certain liquids of known surface
tension. Contact angle is the angle between a liquid
surface and the outline of contact surface of solid. The
contact angle of a drop of liquid over a solid surface is
determined by Young’s Equation. Young described the
relation between surface energy of solids, surface
tension of liquid and their interfacial surface tension. It
is mathematically given by:

cos6 = (ys —vis)/vL ()

Where

0 = contact angle of liquid

vs = Surface Energy of Solid

yL = Surface Tension of Liquid

vsL = Interfacial Surface Tension between Solid and
Liquid

The contact angle can be measured by either by varying
the drop volume or with constant drop volume. The

factors that affect contact angle other than substrate
surface energy are ink surface tension, its viscosity and

wetting speed. The contact angle determines liquid’s
wettability on that surface. Thus higher the contact
angle lower will be the wettability.

Two types of PE substrates were selected for the work
having an average opacity of 79% and 82%. The
surface energy of these substrates were determined by
measuring the contact angle of two test liquids viz.,
Formamide and Glycerol of known polar and dispersive
components. Holmarc Contact Angle Meter was used
to measure contact angle on both the substrates with 10
samples each.

The geometric mean equation was used to calculate
the surface energy of these substrates.

vso=vstyv—2(vdvi + [viv) @
vs = Surface Energy of Solid
yL = Surface Tension of Liquid
vst = Interfacial Surface Tension between Solid and
Liquid
The above equation was replaced by simplified

Young’s Equation to calculate the surface energy from
the contact angle.

y(1+cos®) = 2[ [vivs + [v)ve  ©®
Where
v¢ = dispersive component of solid
v = dispersive component of liquid
¥¥ = polar component of soild
y? = polar component of liquid
y& of Formamide =39.5  y/ of Formamide = 18.7
v of Glycerol = 34
yL of Formamide =58.2
yL of Glycerol = 64
Substrate 1

58.2(1 + cos 67.51) = 2[{/39.5 x yd + /18.7 X yP]
(4)

64(1 + cos 80.78) = 2[/34 x yd + [30 xyE1  (5)

Solving equation (4) and (5), polar and dispersive
components of substrate 1 was calculated
v¢ = 42.05 and y? = 0.0225

Therefore, Total Surface Energy of PE laminate for
Substrate 1

=yd + yP =42.26 mN/m

y? of Glycerol = 30

Substrate 2

58.2(1 + cos 68.6) = 2[,/39.5 X y& + /18.7 x yP]
(6)
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64(1 + cos 81.48) = 2[\/34 x y& + /30 X ysp]
()
The polar and dispersive component of Substrate 2
was hence calculated by solving equation (6) and (7).

v¢ = 40.70 and y¥ = 0.00722

Therefore, total Surface Energy of PE laminate for
Substrate 2

=y¢+ yP = 40.7mN/m

Substrate 1 and Substrate 2 are different in only opacity.
The opacity of substrate was varied to check it’s effect
on print attributes. Both the substrates are 40 u
thickness (37 GSM) with 0.943 density. The gloss of
the substrates was 65% @ 60°. The Coefficient of
Friction (CoF) was ranging between 0.3 to 0.4 while
Haze between 10% to 15%.

3.1.2. Surface tension of ink

Table 1. Contact angle measurement
Viscosity

Left Right Contact
0

@zsezc)c Angle ) Angle () Angle ()
20 39.5 41.58 40.54
22 44,13 45.71 44,92
24 45.18 48.22 46.70

db 4 aE

(a) (b) (c)
Figure 2. Contact angle (6) 20 sec (a), 22 sec (b), 24 sec (c)

The contact angle was found to be lower at 20 sec
viscosity (Table 1), thereby resulting in higher ink
spread and print mottle (Figure 2).

Surface Tension is defined as the amount of energy

required to increase the surface of the liquid by unit

area. The surface tension was determined based on

Wilhelmy Plate method [26].
F

L cos6

Y= ®)

Where,

F = Force acting on the plate

y =Surface tension of liquid (ink)
[ = Wetted perimeter of the plate
6 = Contact angle with plate

Surface tension measurement was conducted on 10
samples of ink to increase accuracy of measurement.
The mean surface tension was found to be 23.98mN/m
at 22°C. The temperature is a crucial factor affecting
surface tension. The rise in temperature exerts more
molecular vibrations among the liquid molecules,
thereby decreasing surface tension. The increase in
temperature, increases adhesion and decreases the

cohesive forces between liquid molecules. This results
in increased contact angle and reduced surface tension.
The ink-substrate interaction is critical to print quality.
The ink lay-down over the substrate after transfer from
the plate has an impact on printability. The ink
spreading depends on various printability factors such
as circularity, area and perimeter of the dot. Moreover,
it reflects directly on print defects such as voids and
print mottle. A higher spreading tendency of ink over
the substrate leads to better area coverage, reducing
void area. On the contrary, spreading yields in scattered
distribution of pigment particles with uneven
reflectance from the printed substrate, thus leading to
higher print mottle over non-absorbent substrates. NC
based ink was prepared in a dispenser that comprised of
Master Batch, Varnish/Resin, Medium and Solvent.
Master Batch is a combination of Pigment, Additives,
Varnish and True Solvent (Table 2).

Table 2. Basic composition of NC ink

Ingredients Proportion (%)
Master Batch 42% - 52%
Vanish 24% - 26%
Medium 5% - 10%
Solvent 17% - 24%
Total 100%

Table 3. Substrate-ink interaction

Substrate

n W, S
Opacity  (s) ® nror -

20 37 42 24 23 43 -49
Substrate ., 4o 42 24 24 42 -6.0
1 (79%)

24 45 42 24 25 41 69
b 20 41 41 24 23 42 58
ubstrate
D) 22 45 41 24 24 41 70

24 47 41 24 25 40 -15

The interfacial tension (ysl), work of adhesion (Wa) and
spreading co-efficient (S) was calculated using

following formulae:

ysl = ys —yl(CosH) 9

S= s -yl -ysl (10)

where 6 = Contact angle of ink with substrate.

The values of contact angle from Table 3 suggest higher
spreading at lower ink viscosity (20 sec) for both the
substrates. The higher surface energy of substrate 1
increases the ability of the substrate to bind with ink.
Higher surface energy ensures higher spreading as the
amount of spreading is directly proportional to the
difference in substrate surface energy of substrate and
ink surface tension. This difference is found to be
greater in substrate 1 and hence the ink spread is more
in substrate 1 than substrate 2. Furthermore, the lower
contact angle at lower viscosity resulted in higher ink
spread and print mottle. A higher adhesion between the
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ink and substrate is achieved on substrate 1 as indicated
by higher work of adhesion (wa). The negative values
of spreading co-efficient (S) suggest that the spreading
does not occur spontaneously. Substrate 2 displayed
lower ink spread indicated by higher magnitude of S.
Thus, 20 sec ink viscosity on substrate 1 resulted in
higher ink spread.

4. Printability analysis

Printability is essential for defining the optimum
settings for improving print quality in flexography
printing press. Printability in this study is defined as the
optimal amalgamation of ink, substrate and process
parameters for the responses such as ink gsm (grams
per square meter), AE*00 and print mottle. The
optimization of these responses with minimized defects
shall enhance printability and reduce the overall
manufacturing cost of a package.

4.1. Plate dot structure

Two plates, with dot structure 1 (circular) and dot
structure 2 (square) were used for the study. The plate
layout design comprised of logo, solid and halftone
patch, surface and reverse text. The solid patch was
included to measure and analyze Ink GSM, AE*00 and
Print Mottle. The halftone patch was used to check the
tone value increase. The logo was incorporated in the
layout for visual assessment while surface and reverse
text to check minimum reproducible text. These plates
were mounted on the same sleeve and printing was
carried out by keeping the other color parameters

constant.
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Figure 3. Dot shape on Plate 1 (a), Dot reproduction of Plate
1 (b), Dot shape on Plate 2 (c), Dot reproduction of Plate 2
(d).
The dot circularity also referred to as roundness and
represented as

4TA
where A = area of dot and P = perimeter or the dot

The ideal dot circularity is 1 and more closer to 1, better
is the dot reproduction. The dot circularity of Dot Shape

1 (0.8194) was found to be higher than Dot Shape 2
(0.8163) as indicated by Figure 3.

4.2. Baseline identification

A production run was conducted on 40p PE substrate
with solvent based blue ink at 23s ink viscosity (30°C
and 50% humidity) as measured by B4 Ford cup and
diluted with n-propanol and n-propyl acetate in the ratio
of 4:1. A anilox cell volume of 5.3 billion cubic microns
(BCM), square dot plate and 79% average substrate
opacity was used for the run. The other constant
parameters set during the press run were 5.83 m/s press
speed, 1.7 mm plate thickness, medium backing tape
with 0.38 mm thickness and 30° reverse angle
chambered doctor blade. The assessment of response
Ink GSM, Color Deviation (AE*00) and Print Mottle
was done with 20 printed sheets being considered as
sample size for each response. The baseline for Ink
GSM and Print Mottle was the mean value of the
sample size. The baseline or reference L*a*b* values
for the blue color was 14.42L* 36.22a* -66.53b* and
the target was set to reduce the color deviation from the
baseline for the printed blue sample with AE*00 not
exceeding 1.5 (Table 4).

Table 4. Baseline for the response

Ink * Print
Run GSM AE*00 Mottle
Production Run 0.98 1.07 0.91

The selection of anilox roller cell volume was based on
ratio of plate to anilox screen ruling and the available
inventory used in daily production run. The plate to
anilox screen ruling was kept in a range of 1:5 (5.3
BCM) and 1:7 (4.5 BCM) with plate screen ruling as
133 Ipi while anilox screen ruling as 648 Ipi and 914
Ipi.
Table 5. Design of experiments for the response

Factors Low Mid High
Level Level Level
Viscosity (sec) 20 22 24
Anilox Volume (BCM) 4.5 - 5.3
Dot Shape 1 - 2
Substrate Opacity (%) 1 - 2

A general full factorial experimental design was run
with 4 factors namely viscosity with 3 levels while
anilox volume, dot shape and substrate opacity at 2-
levels and 2 replicates, thus totaling to 48 runs (Table
5). The dot shape 1 refers to dot circularity of 0.8194
while dot shape 2 refers to dot circularity of 0.8163. The
lower level of substrate opacity represents mean
opacity of 79% while higher level represents mean
opacity of 82%. The selection of levels for the factors
in DOE were considered based on the working levels.
A viscosity lower than 20 sec will result in more tone
value increase and mottling while viscosity above 24
sec will clog the anilox cells and yield in uneven lay
down of an ink. Anilox volume levels were considered
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based on ratio of plate to anilox line screen. There are
only two types of dot shape available round and square,
hence considered. The recommended substrate opacity
for the diaper application is normally ranging between
80% to 82%. The substrate opacity below 79% will
result in dispersion lines on PE substrate while opacity
above 82% will require more addition of master-batch,
thereby increasing the production cost. Hence, the two
opacity levels of 79% and 82% were considered for the
work.

4.3. Ink GSM

Ink GSM is the amount of ink deposited over one
square meter of printed substrate. The Ink GSM was
measured on solid patch of the printed sample.

The main effect plot (Figure 4) shows that higher ink
GSM is obtained at higher viscosity (24 sec) and anilox
volume (5.3 BCM) with a circular dot (dot shape 1) on
lower substrate opacity. The solid content in the ink is
higher at 24 sec viscosity that constitutes higher ink
GSM. The anilox volume determines the quantity of ink
transfer to the plate and further on to the substrate.
Higher the anilox volume, higher the amount of ink
deposited and therefore the ink GSM. The larger area
coverage on plate with dot shape 1 (circular dot) led to
higher ink transfer and ink GSM. The difference
between substrate surface energy and ink surface
tension played a significant role in ink transfer. The
substrate 1 with higher surface energy showed higher
difference that led to more ink transfer. A higher
surface energy increases the force of adhesion between
the ink and the substrate. This force of adhesion pulls
more ink from the plate and hence results in a higher
ink GSM.

Main Effects Plot for Ink GSM at 100%
Data Means

Viscosity (sec)

T2\

0.7
20 22 24 45 53 1 2 1 2

Anilox Volume (BCM) Dot Shape Substrate Opacity

Mean

Figure 4. Main effect plot for ink GSM

There is no strong interaction between the factors
affecting ink GSM (Figure 5). High ink GSM s
obtained when an ink having 24 sec viscosity is used
irrespective of the plates, anilox volume and substrate
used. Similarly anilox volume of 5.3 BCM, dot shape-
1 and substrate opacity-1 yielded maximum ink GSM.
Minitab 17 was used to calculate ANOVA (Analysis of
Variance) and Regression models for Ink GSM, AE and
Print Mottle.

The degrees of freedom abbreviated as df (Table 6) are
the number of values that can be varied once certain
parameters have been established.

Interaction Plot for Ink GSM at 100%
Data Means
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Figure 5. Interaction plot for ink GSM
Table 6. ANOVA for ink GSM

Source df AdjSS AdjMS F P
Regression 7 2030 0.29 2222.15 0.000
Viscosity (sec) 1 1.048 1.048 8024.92 0.000
Anilox Volume
(BCM) 1 0146 0.146 1120.69 0.000
Dot Shape 1 0486 0.486 3722.94 0.000
Substrate Opacity 1  0.349 0.349 2669.56 0.000
Viscosity* Dot 1 (9009 0.0009 6.92 0.012
Shape
Viscosity*

Substrate Opacity 1 0.0007 0.0007 5.39 0.025
Dot Shape *

Substrate Opacity 0.0006 0.0006 4.61 0.038
Error 40 0.0052 0.0001

Lack of Fit 16 0.0021 0..0001 0.91 0.568
Pure Error 24 0.0033 0.0001

Total 47 2.0358

$=0.0114257
R-sq(adj)= 99.70%

R-sq =99.74%
R-sq(pred)= 99.63%

Adjusted Sum of Squares (Adj SS) are measures of
variation for different components of the model. Sum
of Squares describe the variation due to different
sources. Adjusted Mean Square (Adj MS) measures the
description of magnitude of variation by the term or
model. Adj MS takes into consideration df. The F-value
is the test statistic used to determine whether the term
is associated with the response. It is the ratio of two
sample variances i.e. MS of a particular row divided by
MS Error. The p-value is the probability that measures
the evidence against the null hypothesis. The lower p-
values provide the stronger evidence against null
hypothesis. The constants of the regression equation
was derived from the coefficients of each term namely
Viscosity, Anilox Volume, Dot Shape, Substrate
Opacity and interactions between them.
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Regression Equation for Ink GSM

INkKGSM = -1.542 + 0.10547Viscosity(sec)

+ 0.13802AniloxVolume (BCM)
-0.0631DotShape — 0.046SubstrateOpacity(%)
-0.00531Viscosity*DotShape
-0.00469Viscosity*SubstrateOpacity

-0.01417DotShape*SubstrateOpacity (12)

The p-values in ANOVA (Table 6) of all the main
factors are below a value of 0.05, thereby indicating as
significant factors affecting Ink GSM. The lower p-
values below a value of 0.05 proves rejection of null
hypothesis. The viscosity was found to be of highest
significance affecting Ink GSM as indicated by higher
F-value. A 99.74% of variability could be explained by
the model as indicated by R-Sq. value. The adjusted R-
Sq of 99.70% shows significant improvement of the
model with selected four factors. As the experimental
design involved 2 replicates i.e. having multiple
observations with an identical X values, hence lack-of-
fit test was performed. The p-value greater than 0>0.05
indicates that model correctly specifies the relationship
between the response and predictors and the test does
not detect lack-of-fit. The model was adequate as the
lack of fit (p=0.568) value was greater than o > 0.05.

4.4. Print density

The print density is directly correlated to ink GSM and
therefore the trend for Ink GSM and print density is
same as indicated by Main Effect Plot.

Main Effects Plot for Density

Data Means

Viscosity

220
£ 216
@
@
=

210

2.06

20 22 24 45 5.2 1 2

Figure 6. Main effect plot for print density

Anilox Volume (BCM) Dot Shape Substrate Opacity

—

1 2

The main effects plot (Figure 6) shows that higher print
density is obtained at higher viscosity, higher anilox
volume, a circular dot shape and on a surface with
lower opacity. A lower viscosity (20 sec) implies a
lower concentration of solid content and hence a lower
print density was achieved. A lower anilox volume (4.5
BCM) resulted in a lower print density. This occurred
due to the fact that a lower anilox volume will store a
less amount of ink and therefore will transfer lesser ink
and hence a low print density. The dot shape 1 i.e.
circular dots exhibited higher print density than square
dotted plate. This can be attributed to the fact that area

coverage of circular dot is more than square dot (dot
shape 2) and transfers more ink as compared to a square
dot. The substrate 1 with lower mean opacity of 79%
displayed a higher print density than substrate 2 i.e.
mean opacity of 82.4%. A higher ink transfer was
observed at lower substrate opacity 1 due to higher
surface energy of 42.26mN/m as compared to higher
substrate opacity with a lower surface energy of
40.7mN/m that has led to higher print density.

Interaction Plot for density
Data Means
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Figure 7. Interaction plot for print density

The interaction plot for density (Figure 7) shows higher
density at 24s viscosity, 5.3 BCM anilox volume for a
circular dot shape at lower substrate opacity. The
interaction of viscosity with anilox volume, dot shape
and substrate opacity affects the print density. The
higher solid content at 24 sec ink viscosity and more
ink carrying capacity of 5.3 BCM anilox volume
resulted in high ink deposition on to the substrate;
thereby higher print density. The higher area coverage
of plate dot 1 and higher viscosity of 24 sec with less
ink spread yielded in higher ink film thickness, thus
higher print density. The ink with higher viscosity, high
anilox BCM and circular dots yield high print densities.
The interaction plot shows great inter dependence of
circular dots with anilox volume. A sharp rise in print
density was observed with circular dots at 4.5 BCM
anilox volume as compared to square dots. The higher
ink transfer at lower substrate opacity with higher

surface energy was achieved at 24 sec ink viscosity.

45. DeltaE

The color variation or deviation in the print is referred
to as Delta E. It involves a 3 dimensional color space
where each color occupies unique location according to
its color co-ordinates namely L*, a* and b*. The L*
refers to lightness and darkness of a color. The a* refers
to green and red coordinates while yellow and blue
coordinates are represented by b* values.

AE2000
=j<AL’>Z+<AC’>Z+<AH’ >2+R <AC’><AH’>
K.S, KcSe Ky Sy "\KcSc ) \KuSu
(13)
Where,

L= (L1 + L2)/2
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Figure 8. Lab color space

The color values of 14.42L* 36.22a* -66.53b* was
considered as reference based on the customer
approval. The color deviation was calculated based on
CIE AE2000 (weighing factor 1:1:1) with M1
measurement mode, D50 illuminant and 2° observer
angle between reference L*a*b* and L*a*b* values of
printed samples measured on the solid patches. The
Main Effect plot (Figure 9), depicts lower delta E at
higher viscosity and anilox volume with square dot on
higher substrate opacity. The plot (Figure 10) indicates
an interaction of viscosity with anilox volume and dot
shape and anilox volume with dot shape affecting
AE*00.

Main Effects Plot for AE0O
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Figure 9. Main effect plot for AE*00.

The variation in AE2000 was due to the deviation in L*

a* b* coordinates.
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Figure 10. Interaction plot for AE*00

Table 7. ANOVA for AEOO

Source df AdjSS AdjMS F P
Regression 5 90.435 18.087 297.47 0.000
Viscosity (sec) 1 27209 27209 43.85 0.000
I(AI\BnCIZII(\)/I);\/Olume 1 00113 00113 018 0671
Dot Shape 1 411262 41.1262 662.74 0.000
x:)sl‘;?;:y*A“”OX 1 24753 24753 39.89 0.000
Anilox Volume 48.1001 48.1001 775.12 0.000
Dot Shape
Error 42 2.6063 0.0621
Lack of Fit 18 15767 0.0876 204 0.051
Pure Error 24 1.0296 0.0429
Total 47 93.0411

$=0.249108 R-sq =97.20%

R-sq(adj)= 96.87%

R-sq(pred)=

96.42%
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Regression Equation for AE*00

AE2000 = 9.57 - 1.792Viscosity(sec)-
0.53AniloxVolume(BCM) + 22.753DotShape

+ 0.3477Viscosity*AniloxVolume

- 5.005AniloxVolume(BCM) + 22.753DotShape

(14)
The constants of the regression equation were derived
from the coefficients of each factor and their
interactions with each other. The ANOVA Table (Table
7) shows that all the main effects and interaction of
viscosity with anilox volume, dot shape and anilox
volume with dot shape as significant factors affecting
Delta E. Dot shape was had a influential role in
minimizing Delta E. The model summary indicates
97.20% of variability explained by the model while
96.8% adjusted R-Sq implies significant improvement
of the model by using four factors. The lack of fit with
p value of 0.051 represents the accuracy of the model.

4.6. Print mottle

Print Mottle is defined as the undulations present on the
surface of substrate. Verity IA Print Target v3 software
with Stochastic Frequency Distribution Analysis
(SFDA) algorithm was used to measure Mottle on the
solid patch. The output result of this algorithm is an
index, quantifying mottle. SFDA firstly determines the
properties of the texture of the image and then
calculates the spatial distribution of the texture. When
the scanned image area in digital format is fed to SFDA
for analysis, the entire image area is sampled into a
regular pattern of continuous and adjoining larger target
areas which are further sub-divided into smaller pixel
targets (Figure 11). The larger targets are measured for
two parameters stored in separate databases
simultaneously; one database stores the two-
dimensional standard deviation (s) within the smaller
target area while the second database stores the mean
luminance value (Mr.) of the pixels present in the
smaller target area that describes the overall visual
impact of the analyzed larger target area. When an area
of interest is selected within the scanned image, the s
and M. values are extracted from their databases and
the mottle index for the respective area of interest is
displayed as a result.

Figure 11. Area of interested divided into target areas

The standard deviation “s” is calculated as:

s = 2(PL—Mrp)?
\’ n

Where,

P. -Individual pixel luminance

M+ -Mean luminance of the pixels in the target area
n -Number of pixels in the target.

The level of uniformity among the targets is indicated
by the degree of variation in the value of “s” while the
uniformity in luminance is indicated by the variance of
“MTL”'

The mottle of the larger target is then calculated using
the following formula.

Mottle = K* (os* Ms* om)
Where,
K -Scaling Factor,
os -Standard deviation of s values
om -Standard deviation of Mt values

(15)

(16)

Ms -Mean of “s” values

The variation in the texture of image also needs to be
calculated for more accurate mottle measurement. For
calculating the mottle index of the entire area of
interest, spatial distribution of texture mottle is
calculated between the larger targets, by the following
formula:

SpatialMottle = K* (oo* M) @an
oo = Standard deviation of large target mottle number

Mo = Mean of large target mottle number

The Print Mottle was measured on solid patch of the
printed sample. The solid print mottle was minimized
at higher level of viscosity (24 sec), anilox volume (5.3
BCM), substrate opacity and lower level of dot shape
(Figure 12). The higher ink spreading at lower viscosity
(20 sec) due to higher spreading coefficient of ink
results in uneven ink deposition on the substrate,
thereby leading to higher print mottle.

Main Effects Plot for Print Mottle
Data Means
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Figure 12. Main effect plot for print mottle

The even lay down of ink on the substrate at higher
viscosity (24 sec) reproduces good dot circularity,
thereby resulting in lower print mottle. Too higher
viscosity will result in higher print mottle due anilox
cell clogging. The outcome of this result will be uneven
deposition of ink on the substrate. The print mottle was



Optimization of flexo process parameters to reduce the overall manufacturing cost 75

reduced at higher anilox volume and circular dot (dot
shape 1) due to higher and uniform ink film deposition.
Though the print mottle was minimized with higher
opacity substrate but the difference between both the
substrate was negligible. This is because of lower
surface energy of substrate 2 that led to less ink spread
as compared to substrate 1.

The interaction plot (Figure 13) shows lower solid
mottle at 24 sec viscosity, 5.3 BCM anilox volume with
a circular dot on 82% mean substrate opacity. The
interaction of lower anilox volume and lower viscosity
yields a high mottle index. The higher solvent content
at lower viscosity (20 sec) with lower anilox volume
(4.5 BCM) results in uneven ink deposition on to the
substrate, thereby higher print mottle. The lower dot
circularity at lower viscosity with square dot leads to
uneven distribution of ink on the substrate, thereby
resulting in higher solid mottle. There was no
significant interaction of substrate opacity with other
factors and hence was not responsible for any change in
solid mottle.

Interaction Plot for Print Mottle
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Figure 13. Interaction plot for print mottle

Table 8. ANOVA for print mottle

Source df AdjSS AdjMS F P

2.827 0.56531 4829.11 0.000

Regression Equation for Print Mottle
Print Mottle = 0.3250 + 0.00875Viscosity(sec)
- 0.0073AniloxVolume(BCM) + 2.5384DotShape
- 0.05188Viscosity* DotShape
- 0.23438AniloxVolume* DotShape (18)

The regression constants were derived from the
coefficients of factors Viscosity, Anilox Volume, Dot
Shape and the interactions of Dot Shape with Viscosity
and Anilox Volume. Table 8 indicates that viscosity,
anilox volume and dot shape along with their
interactions have significant effect on minimizing print
mottle. The lack of fit with p value of 0.247 represents
model adequacy.

The regression equations for Ink GSM, Delta E and
Print Mottle were validated by conducting additional
runs. The data between Actual and Predicted runs
showed R? value of 0.9242, 0.9372 and 0.9226 for Ink
GSM, Delta E and Print Mottle respectively; hence
justifying the predictive ability of the models.

4.7. Response optimization

The paramount settings for all the print attributes were
optimized from the trials conducted as per the
experimental design through response optimizer to
identify the set of variables for multiple responses. The
optimal settings for a single response are evaluated by
individual desirability while composite desirability for
multiple responses in the range of zero to one. The
individual desirability will be 1 if the predicted
response is closer to the target. The combination of
individual desirability is calculated into an overall
value as composite desirability for multiple responses.
The higher the composite desirability value, the better
the product quality. The response optimizer provides
the "best" combination of variable settings as the global
solution. The goal was set to minimize the response
such as print mottle, ink GSM, and delta E. The

Regression 5 composite desirability was estimated at different levels

of anilox cell volume (BCM), viscosity, dot shape, and
substrate opacity to identify the sweet spot between

Viscosity (sec) 1 0.611 0.6105 5215.23 0.000

AI\SnCi:II(\)/IX Volume 1 (989 0.989 8448.42 0.000 parameters fulfilling the goal.
( ) The desirability to minimize a response is calculated
Dot Shape 1 1.0355 1.0355 8845.42 0.000 45 pelow.
gscosty™Dot 1 00861 00861 73561 0.000  U=0(i>U) | (19)
ape di= (Ui - y)/(Ui - Ta))" (yTi <§i <Uy) (20)
Anilox Volume 4 1955 01055 900.95 0.000  di=1 (5 <T) (21)
*Dot Shape
42 0.0052 0.0001 Where,
Error ' ' Vi= predicted value of i™" response
Lack of Fit 18 0.0025 0.0001 134 0.247 T,=target value for i" response
Pure Error 24 0.0024 0.0001 Ui = highest acceptable value for i™ response
T dacirapils i
Total 47 23148 di _d_eswablllty_ for_ |_ response _
Individual Desirability = (Upper value — Predicted
5=0.0108196 R-sq =99.83% response)/(Upper value — Target)
R-sq(adj)= 99.81% R-sq(pred)= 99.78% Composite Desirability,
D=(di*dg *...% dp)¥n (22)
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Where

n = number of responses

D = Composite Desirability

The optimization plot (Figure 14) revealed global
solution as 22 viscosity, 5.3 BCM anilox volume, dot
shape 2 (square) having 82% substrate opacity (2) with

0.9726 composite desirability for minimization of Ink
GSM, Delta E and Print Mottle on 40y PE film.

The optimized settings with 22 sec viscosity, 5.3 BCM
anilox cell volume, dot shape 2 (square dot) and 82%
substrate opacity was run and average data of 20 printed
sheets was considered.

New Viscosity Anilox V Dot Shape Substrate
. High 24.0 5.30 2.0 2.0
D:09726 ‘g 1220 [5.30] 2.0] 2.0]
Predict  Low 20.0 450 1.0 1.0
/-

Composite

Desirability

D: 0.9726

Ink GSM_

Minimum

y=07852 [ T

d =1.0000

AE

Minimum

y = 0.4764

d=1.0000

Solid Mo

Minimum \

y=09012 | _ >

d=0.91992

Figure 14. Optimization plot for the responses
Table 9. Comparison of the mean-field predictions

0,
Base-  Optimized %
Response I Improve-
ine Run
ment
Ink GSM 0.98 0.8 18
AEQ00 1.07 0.48 52
Print Mottle 0.91 0.9 1

The results revealed reduction of Ink GSM, AEQ0 and
Print Mottle by 18%, 52% and 1% respectively (Table
9).

Table 10. Ink consumption

%
Ink Ink
Ink Improve
Consu Consu
. Consu . -ment
Runs mption . mption
or mption or (Ink
P per KG P Consum
Area Tonne .
p-tion)
Production  0.23 25.99 25990
. . 0
Optimized 019 2124 21240 826%

The area of one repeat of the job was 0.23 m? and
accommodates 113 repeats/prints in a Kg. An Ink GSM
of 0.98 was achieved during the production run while
0.80 for optimized run. The ink consumption per 0.23

m? for production run was 0.23 gm while 0.19 gm for
optimized run. Table 10 shows minimization in ink
consumption by 18.26% at optimized run of 22s
viscosity and 5.3 BCM anilox volume with square dot
plate (dot shape 2) on 40p PE film a substrate having
mean opacity 82% (substrate opacity 2).

5. Conclusion

A general full factorial DOE was designed to optimize
flexo process parameters. The process parameters
considered for experimentation were anilox volume
(BCM) and dot shape at two levels while ink viscosity
at three levels for both the substrates having mean
opacity of 79% and 82%. The analysis of the data was
assessed by main effects, interaction plot and ANOVA
to determine the best combination of flexo process
parameters enhancing printability. Furthermore,
regression models were generated for the output
response Ink GSM, Delta E, Print Mottle and validated.
The validation runs for Ink GSM, Delta E and Print
Mottle revealed good predictive ability of the models
with R? value of 09242, 0.9372 and 0.9226
respectively. The results revealed that ink viscosity,
anilox volume, dot shape and substrate opacity were
significant factors affecting the response. The other
factors such as a press speed, plate type, plate thickness,
backing tape, doctor blade angle will also have a
significant impact on ink transfer, thereby affecting the
responses. The Response Optimizer revealed the
optimized settings as 22 sec viscosity, 5.3 BCM anilox
cell volume, dot shape 2 (square dot) and 82% mean
substrate opacity on 40u polyethylene film. However,
the same methodology can be applied for other inks to
validate the results for optimization and ink
consumption. The optimal settings minimized the ink
consumption by 18.26% while maintaining the desired
AE*00 and reduction in overall manufacturing cost of
a package.
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