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Aiming for G/ Master Compliance
through a Color Managed Workflow:
Comparison of Compliance with
Amplitude Modulated (AM) vs.
Frequency Modulated (FM) Screening
of Multicolor Digital Printing

ABSTRACT

The purpose of this research was to determine the influence of screening
technologies (AM vs. FM) in the color reproduction aimed at the G7
master compliance. The quality of digital color printing is determined

by these influential factors: screening method applied, type of printing
process, ink (dry-toner or liquid-toner), printer resolution and the substrate
(paper). For this research, only the color printing attributes such as the G7
colors hue and chroma, gray balance, and overall color deviations were
analyzed to examine the significant differences that exist between the
two screening technologies (AM vs. FM). These are the color attributes
which are monitored and managed for quality accuracy during the
printing. Printed colorimetry of each screening from the experiment was
compared against G7 ColorSpace GRACoL 2013 (CGATS21-2-CRPC6) in CIE
L* a* b* space using an IDEAlliance (Chromix/Hutch Color) Curve 4.2.4
application interface with an X-Rite spectrophotometer with an i1iO table.
The measured data of each screening were run through this application
(Curve 4.2.4). The data of each screening were analyzed by using the
Verify Tool of the Curve 4.2.4 application to determine the pass/fail of G7

master compliance levels using G7 ColorSpace tolerances (G7 Grayscale, G7
Targeted, and G7 Colorspace). Analyzed data from the experiment revealed

that the printed colorimetric values of each screening (G7 Grayscale, G7
Targeted, and G7 Colorspace) are in match (aligned) with the G7 master
compliance levels (reference/target) colorimetric values (G7 Grayscale,
G7 Targeted, and G7 Colorspace). Therefore, the press run was passed
by the Curve 4 application for both screening technologies tested.
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Introduction

to a printable image is called halftoning. In this method,

varying percentages of the printed sheet are covered

A continuous-tone color image is composed of a full
spectrum of shades and color, from near white to dense
black. In a traditional printing (offset, digital offset, gra-
vure or flexography) workflow, the method by which
continuous-tone photographic images are transformed

with halftone dots to represent the varying tones in the
image. The ink (paste or liquid ink or dry toner) printed
by each dot, of course, has the same density. At normal
viewing distance, the dots of a printed image create an
optical illusion of a continuous tone image. In contrast, a
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simple digital image could be a binary picture,

[h (x, y)], with each point being either completely black
or completely white (Pnueli & Bruckstein, 1996). A dig-
ital halftone is a pixel map, with bit depth, that gives
the impression of an image containing a range of gray
shades or continuous tones. An 8-bit grayscale image
contains 256 different levels of gray from white to black.

A modern and up-to-date commercial printing work-
flow requires a Color Management System (CMS) to
produce a quality color printing. A CMS enables the
color producer (printer operator or the designer) to
deliver accurate output colors regardless of device color
capacities with the use of proper color management
techniques (see Figure 1). Analyzing the color image by
examining its quantitative attributes eliminates the sub-
jective judgment of color quality evaluation of printed
colors or colors in nature. Advancements in science and
engineering, however, have allowed print and graphic
professionals to apply scientific research methods across
printing workflow. Applying these methods heightens
the importance of proper print production workflow.

» Figure 1: Schematics of Color Management
System (CMS)

Rationale for literature review

Workflow is represented through schematic illustrations
of activities that reflect the systematic organization of
analog and digital devices used during the print and
image production process. A print ready e-file (.PDF or
JPEG or .PSD or PostScript, etc.) is likely to be manipulat-
ed and later printed by an array of output digital devices
[computer-to-plate (CTP), digital printers and printing
presses]. Given each family of devices tends to create
and produce color differently, the challenge is to manage
color consistency across the entire workflow. Digital
color print reproduction involves physical/mechanical
interaction among the imaging cylinder, dry/liquid toner,
and the substrate (Novakovi¢ & Avramovi¢, 2012). The
outcome of this interaction is the color print. Color can

be viewed as a science where the optical aspects of
color are quantitatively analyzable and measurable. The
human eye, however, perceives color more subjectively,
which poses a challenge at times for the printing and
image reproduction industry.

G7 stands for grayscale (or gray) plus the seven pri-
mary and secondary colors known as the subtractive
and additive: Cyan, Magenta, Yellow, Black (CMYK) and
Red, Green, Blue (RGB). G7 is a method which specifies
calibration procedures for printing visually acceptable
colors with an emphasis on matching colorimetrically
derived aim-points for the print reproduction processes
to print with a common visual appearance. Today, this
method (G7) is used in many applications of printing such
as offset lithography, flexography, and digital (color laser
or inkjet). It uses a pre-defined one-dimensional neutral
print density curve (NPDC) to match neutral tonality/gray
balance. G7 specifications are owned by International
Digital Enterprise Alliance (International Digital Enter-
prise Alliance- IDEAlliance, 2014) and the colorimetric
formulas of the G7 are defined in the American National
Standards Institute and the Committee on Graphic Arts
Technology Standards/Technical Report (ANSI/CGATS
TRO15). Published reports reveal there are three ways
G7 master compliance can be achieved: a) output device
NPDC to G7 NPDC [P2P251x target image], b) use of
output device ICC profile, and c) the use of device link
profile (DLP = source as GRACoL2013 ICC profile + the
destination device ICC profile). G7 master compliance
includes three levels in the G7 master qualification: G7
Grayscale, G7 Targeted, and G7 Colorspace. These levels
demonstrate G7 master capabilities of a print facility.

G7 Grayscale

This is the fundamental level of G7 commonly seen in
most color print reproduction. Regardless of printing
process, if a digital printer or printing press reproduces
the defined neutral tone ramp as a neutral gray, then
all other colors in the reproduction are believed to

be without colorcast. This is determined by printing a
target specified on a stable printing system and then
measuring the target using the correct ink/toner curves
to bring the printing system into alignment with the
G7 ideal neutral density curve. Aligning the various
reproduction processes and obtaining the same neu-
tral aim points is critical for consistent reproduction.

G7 Targeted

The secondary level of G7 is achieved when G7 grayscale
is matched and the solid ink measurements for primary
and secondary (CMY and RGB) are also within the G7
target specifications. This can be achieved through the
absolute white point or using the substrate-relative con-
ditions. However, G7 Targeted compliance is not limited
to the reference print conditions in ISO 12647-2 or in I1SO/



PAS 15339. The G7-calibrated dataset can be used as a G7
reference print condition. G7 Targeted achievement cer-
tifies that the facility not only conforms to G7 Grayscale,
but it can also achieve a higher level of compliance.

G7 Colorspace

The highest level of G7 compliance and the most strin-
gent is the G7 Colorspace. It includes all the require-
ments of the G7 Targeted level and, therefore, the G7
Grayscale level. This also includes the matching of an
entire Reference Print Condition (RPC). This level of
control demonstrates that the reproduction maintains
an extremely tight tolerance throughout the complete
color space. An entire TC1617x target is printed and
compared against the specific color space with all 1617
patches held to within a tight tolerance. This assures the
printing system will reproduce the entire color space,

not just the primary and secondary colors of CMYK and
RGB. The G7 Colorspace can also relate to either the
absolute white point or the substrate-relative aim values.

Regardless what experts (published reports) say, there

is no single/fixed screening method that would work for
every color reproduction. Since the introduction of digital
workflow (computer to film, to plate, and to press) in
the industry, there are many experts who have come up
with technologies and tools for color images that would
benefit from improved color reproduction technologies.
Screening is only an option of such technologies. In the
digital printing environment, screening software can
create the digital version of the amplitude modulate
(AM) and also of the frequency modulated (FM) halftone
screen. Screening software in the raster image proces-
sor (RIP) of the color managed workflow (CMW) at a
digital printing press front-end platform (DFE) applies a
digital dot pattern to the color image during printing.

Gray balance represents the combination of specific
amounts of cyan, magenta, and yellow inks to produce
a neutral shade of gray. With slight increases in cyan
pigment required to produce a neutral gray, shifts in hue
will occur with any imbalance of these three compo-
nents. In addition to the color gamut, the gray balance
is an additional requirement for pleasing color-repro-
duction. In large part, the imbalance is due to impurities
of the inks, chromaticity deviation of the substrates,

or other attributes. To establish the proper gray bal-
ance for a specific process, a full set of tint charts can
be reproduced. Careful evaluation of the printed tint
charts will provide the specific values for that specific
reproduction process. The ISO 12647-7 document states
that the gray balance can be printed and measured at
the CMY overlap (overlap of C =50%, M = 40%, and

Y =40%). The deviation can be determined from the
calculation of AH* (deviation of hue, h*) or AC* (devi-
ation of chroma, c*) and it requires the colorimetric
data of CMY overlap printing from the L* a* b* model.

The quality of a color image reproduced through any
printing process (digital or traditional) is largely influ-
enced by the properties of paper. While paper is con-
sidered a commodity, its properties are a long way from
being standardized (Wales, 2009). Additional attributes
must be monitored in order to produce quality printed
materials. The press operator must carefully manage
several print parameters, such as the source colors (a
source profile of ISO or ANSI standard), press calibration,
press characterization (device destination profile), and
the screening option. Without controlling these param-
eters to a print job a color mismatch would result.

Amplitude Modulated (AM) Screening

In AM screening, the dot frequency is constant and
dot amplitude varies. AM screening breaks the image
into dots of varying sizes, which are clustered together,
at a fixed screen angle. For each color (CMYK) to be
overprinted, the halftone CMYK separations need to
be generated at a particular screen angle to avoid a
moiré pattern. The dot is generated from a cluster of
laser spots. A halftone cell (or grid) is then divided into
a matrix of single recording dots (laser spots). Since
there is always a physical and mathematical relation-
ship among the number of gray levels, the resolution
of the output device, and the screen ruling, there is
always a tradeoff between resolution and the number
of reproducible gray levels (Fleming, Dollak & Fryzle-
wicz, 2004). The number of laser spots within a half-
tone cell depends on the following parameters: screen
frequencies/screen angles, imagesetter resolution/
gray levels, dot size, and dot shape/dot patterns. The
outcome of the clustering is a continuous tone pattern
— lighter or darker shades or tones (See Figure 2).

Frequency Modulated (FM) Screening

In FM screening, the dot frequency varies, and dot size
is constant (Ma, 2003). FM screening, also referred to
as stochastic screening, can be regarded as an elec-
tronic implementation of screenless printing (Chung

& Ma, 1995). The word stochastic means “involving

a random variable” — it uses randomly placed dots
instead of AM halftone dots aligned along the screen
angle. FM screening uses a microdot placement (See
Figure 2). The dot size is fixed, but the number of dots
within a halftone cell varies according to the tonal
value being imaged. The minimum size of the dots

is limited only by the output device resolution and
dots are measured in microns (um). A typical modern
2400 DPI output device has a laser spot size of 10.6
um (microns, 10°°) and the size of a microdot is 21 um
(Chung & Ma, 1995). In FM screening, screen angles
are not required when generating a CMYK separation.
This results in the eradication of the moiré pattern in
the printed image (Fleming, Dollak & Fryzlewicz, 2004).
FM screening, though, uses smaller dots that are not
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restricted to a fixed grid pattern. By varying the number
of dots in a given area, any desired gray level can be
generated. The dots are smaller than the AM screen-
ing, therefore FM screening can represent more detail
and support higher resolution printing (See Figure 2).

» Figure 2: AM (left) vs FM (right) Screened image
(Source: Creo Review)

Purpose of the research

The purpose of this applied research was to demonstrate
the use of a complete color managed workflow (CMW)
and meet the specified G7 master compliance levels by
creating and using output device ICC profiles. The exper-
iment was conducted in a color managed digital color
printing workflow (CMDCPW) to determine the effect

that screening technologies have on the G7 master com-

pliance: Comparison of Compliance with Amplitude Mod-
ulated (AM) vs. Frequency Modulated (FM) Screening of
Multicolor Digital Printing. It was aimed at achieving the
G7 master compliance through an ICC based CMW. As
stated earlier, the G7 master compliance print evaluation
can be achieved by use of the output device ICC profile
for printing. This experiment adopts this method to
achieve the compliance. G7 master compliance includes
three compliance levels in the G7 master qualification:
G7 Grayscale, G7 Targeted, and G7 Colorspace. These
levels demonstrate G7 master capabilities of a print facil-
ity. The G7 calibration method, using the P2P251x target
was NOT considered to derive the device NPDC to com-
pare with G7 NPDC for print (or press) runs 1, 2, 3, etc.

Limitations of the Research

For this experiment, there were limitations to the tech-
nology used within the graphics program laboratory.
Prior to printing and measuring the samples, the digital
color output printing device and color measuring instru-
ments (spectrophotometer and densitometer) were
calibrated against the recommended reference. The print
condition associated with this experiment was character-
ized by, but not restricted to, inherent limitations: col-
ored images (TC1617x, ISO300, and ISO12647-7) chosen
for printing, desired rendering intent applied, type of dig-
ital printer for proofing/printing, type of paper for print-
ing, type of toner, resolution, screening technique, use
of defined color output profiles, calibration data applied,
and so on. Several variables affected the facsimile repro-
duction of color images in the CMDPW and most of them
were mutually dependent. The scope of the research
was limited to the color laser (electrophotographic) dig-
ital printing system (printing proof/printing) and other
raw materials and the multiple types of color measuring
devices and color management and control applications
(data collection, data analysis, profile creation, and
profile inspection) used at the university graphics labora-
tory. Findings were not expected to be generalizable to
other CMDPW environments. It is quite likely, however,
that others could find the method used and the data of
this article meaningful and useful. The research meth-
odology, experimental design, and statistical analysis
were selected to align with the purpose of the research,
taking into account the aforementioned limitations.

Research methodology

The digital color printing device used in this experiment
is a Konica-Minolta bizHub C6000 Digital Color Press. It
uses a Creo IC-307 raster image process (RIP) applica-
tion (front-end system). A two-page custom test image
(12” x18” size) was created for proofing and printing
use for the experiment (See Figures 3 & 3A). The test
target contained the following elements: an ISO 300
and generic images for subjective evaluation of color,
an IS0 12647-7 Control Strips (2013, three-tier), and a
TC1617x target for gamut/profile creation. Colorimet-
ric, Densitometric, and Spectrophotometric data were
extracted by using an X-Rite Eye-One Spectrophotom-
eter and an X-Rite i1i0O Scanning Spectrophotometer
from the color printed samples for the analysis. For
both screening technologies (K = 2), a total of 200
samples of target color images were printed, 100 prints
for each screening method, noted by letter “N” (N =
100). Of 100 samples of each group, 80 samples (n

= 80) were randomly selected from each screening
group, and measured, noted by the letter “n” (n = 80).



» Figure 3: Test Image for the experiment (PAGE 0O1)
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» Figure 3A: Test Image for the experiment (PAGE 02)

This sample size is needed to make the reliability of data
is accurate. It is well documented that a large sample size
is more representative of the sampling population (sub-
jects). Each printed sheet is measured by using the scan-

10

ning spectrophotometer, data was then saved, and later
combined in the Chromix/IDEAlliance Curve 4 application
for the analysis. Glass, G.V. & Hopkins, K.D. (1996) pro-
vides an objective method to determine the sample size



when the size of the total population is known. The fol-
lowing formula was used to determine the required sam-
ple size, which was 80 (n) printed sheets for this study:

n =[x’ NP (1-P)] / [d* (N-1) + x* P (1-P)] (1)

n =the required sample size

x? = the table value of chi-square for 1 degree of
freedom at the desired confidence level (3.84)
N = the total population size

P = the population proportion that it

is desired to estimate (.50)

d = the degree of accuracy express-

es as a proportion (.05)

» Figure 4: Calibration of AM vs. FM Screening

G7 Compliance for Digital
Color Press (printer)

Prior to printing the patches/target image, the printer
was calibrated for both the screening options (AM and
FM) according to its manufacturer specifications. A cali-
bration process means standardizing the performance of
the devices according to the device manufacturer spec-
ifications so that the results of the devices are repeat-
able. The calibration curve consists of the maximum
printable densities of each color (CMYK) of both the
screening techniques (See Figure 4). Test target TC1617x
was used for the output device profile creation process.

Journal of Graphic Engineering and Design, Volume 12 (2), 2021.
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In a generic color managed digital printing workflow,
digital front-end (DFE) platforms (raster image processor
or RIP) of digital printers (or presses) offer opportunities
for the user (or press operator) to manipulate the out-
put color quality to meet the expected demand of the
customer. In order to print a quality halftone image, the
user must carefully manage several print parameters,
variables, and attributes which are associated with the
digital printing process. For this experiment, printer res-
olution was reduced to 600 dots per inch (DPI) because
one screening option (FM screen) in the front-end plat-
form (RIP) was limited to only this setting. This is due

to random micro-dot placement, without use of screen
angles, for the dot reproduction of FM screening. How-
ever, the AM screening option offered the ability to set
printer resolution at 600 DPI, 1200 DPI, and 2400 DPI.
In order to test the screening effect on the digital color
output (DCO) only the 600 DPI resolution was selected
for both screening technologies to keep the parame-
ters/variables consistent throughout the experiment.
Table 1 presents the variables, materials, conditions,
and equipment associated with this experiment.

Output Device Profiles (ODP) with AM
and FM Screening for G7 Compliance

The target image (TC1617x) was placed into an Adobe
InDesign-CC layout of 12” W x 18” H size and a .PDF
file was created without any image/color compression

Table 1
Experimental and Controlled Variables

technique (see Figures 3 & 3A). Hammermill brand, 100
LB matte-coated digital color printing paper 12” x 18”
was used for printing the samples in the experiment.
Prior to printing the TC1617x target (See Figure 3A) for
creating the device profile, the printer was calibrated.
The calibration data (range of CMYK densities) were
saved in the calibration lookup tables of the RIP and a
calibration curve was created. A total of 100 sheets/
copies of TC1617x were printed with the calibration
curve attached. Also, an amplitude modulated (AM)
halftone screening technique with 190 lines per inch
(LP1) and 600 DPI as the printer resolution was applied
during the printing. No color management or color cor-
rection techniques were applied during the printing.

Printed patches of TC1617x were measured in CIE L*

a* b* space using the iTPROFILER application with an
X-Rite spectrophotometer with an i1iO table and the
data were run through this application. The printer
profile was created and stored at the right location on
the computer. The profile format version is 4.00 and it
is considered as the Output Device Profile (ODP) of AM
screening. This profile was used as a destination profile
(DP) in the workflow. The source profile (SP) used in the
experiment is a GRAColL2013 for characterized reference
printing conditions-6 (CRPC-6). The same procedures as
described above in this section were followed for creating

the ODP for FM screening with an FM screened calibra-
tion curve and the 600 DPI as the printer resolution.

Variable

Material/Condition/Equipment

Test image

Custom Test Target, 2 pages

Control strips/targets

1ISO 12647-7 (2013), TC1617x

Other Images

B/W and Color for Subjective Evaluation

Profiling Software

X-Rite iTPROFILER 1.8

Profile Inspection Software

Chromix ColorThink-Pro 3.0

Image Editing Software

Adobe PhotoShop-CC

Page Layout Software

Adobe InDesign-CC

Source Profile (RGB)

Adobe 1998.icc

Destination Profile (CMYK)

Custom, Konica-Minolta.icc

Reference/Source Profile (CMYK)

GRACoL2013.icc

Color Management Module (CMM)

Adobe (ACE) CMM

Rendering Intents

Absolute

Computer & Monitor

Dell OPTIPLEX/LCD

Raster Image Processor (RIP)

Creo IC-307 Print Controller

Printer

Konica-Minolta bizHub C6000 Color Laser

Achieved CMYK SID for all print runs (AM vs. FM)

C=147; M=1.37;Y=0.90; and K =1.79

Screens and Screen Ruling

AM & FM, 190 LPI for AM

Print Resolution

600 x 600 DPI

Toner

Konica-Minolta Color Laser

Type of Paper Weight/thickness

Hammermill 100LB Matte Coated, Sheetfed

Type of lllumination/Viewing Condition

D50

Color Measurement Device(s)

X-Rite Eye-One PRO Spectrophotometer with Status T,
2° angle, and i1i0 Scanning Spectrophotometer

Data Collection/Analysis Software

Chromix/IDEAlliance Curve 4.0 & MS-Excel
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See Figure 5 for all output device profiles comparison
(GRACoL 2013, AM vs FM Screened) with profile volume
(gamut volume) and L* a* b* values of each profile used.

Printing for G7 Compliance

Each screening technique (AM or FM) used in the experi-
ment (see Figure 6) was considered as a group, noted by
letter “K” (K = 2). A group involves a set of print param-
eters, such as: a digital halftone screening technique
[amplitude modulate (AM) OR frequency modulate
(FM)], the calibration curve (AM OR FM screened), a
color source profile [General Requirements for Applica-
tions in Commercial offset Lithography for characterized
reference printing conditions (GRACoL2013 for CRPC-6)],
and a color destination profile of a digital press (AM

OR FM screened). As parameters illustrated in Figure 6
(Schematic Illustration of Sequence of Print Parameters
for G7 Compliance), test target of 12” x 18” was printed
for use in the experiment. The test target contained the
following elements: TC1617x target, ISO 12647-7 (2013)
control strips, an ISO 300 and custom images of color
and b/w for subjective evaluation of color. A total of 100
sheets/samples were printed for each screening tech-
nique by enabling the color management technique at
the RIP. The digital press AM or FM calibration curve, AM
or FM screening destination profile, and the source pro-
files all were applied during the printing (see Figure 6).

» Figure 5: Output Device Profiles Comparison

Press Run 1: Printing with
ODP of AM Screening

A total of 100 sheets/samples were printed (See Figure
6). The digital press calibration curve (AM Screened),
AM screening destination profile, and the source profile
(GRACoL 2013) all were applied during the printing. A
total of 80 randomly pulled printed copies of TC1617x
printed target images were measured against G7 Color-
Space GRAColL 2013 (CGATS21-2-CRPC6) in CIE L* a* b*
space using an IDEAlliance (Chromix/Hutch Color) Curve
4.2.4 application interface with an X-Rite spectrophotom-
eter with an i1i0 table. The measured data were com-
bined/averaged to run through this application (Curve
4.2.4). The combined data set was analyzed by using

the Verify Tool of the application to determine the pass/
fail of G7 master compliance levels using G7 ColorSpace
tolerances. Analyzed data from the experiment revealed
that the printed colorimetric values (G7 Grayscale, G7
Targeted, and G7 Colorspace) are in match with the G7
master compliance levels (reference/target) colorimetric
values (G7 Grayscale, G7 Targeted, and G7 Colorspace).

Press Run 2: Printing with
ODP of FM Screening

A total of 100 sheets/samples were printed (See Fig-
ure 6). A total of 100 sheets/samples were printed by
enabling the color management technique for the use
of ODP of FM screening at the RIP. The digital press
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» Figure 6: Schematic Illustration of Sequence of Print Parameters for G7 Compliance

FM screened calibration curve and the resolution both
were applied during the printing. A total of 80 randomly
pulled printed copies of TC1617x printed target images
were measured against G7 ColorSpace GRACoL 2013
(CGATS21-2-CRPC6) in CIE L* a* b* space using an IDE-
Alliance (Chromix/Hutch Color) Curve 4.2.4 application
interface with an X-Rite spectrophotometer with an i1iO
table. The measured data were combined/averaged

to run through this application. Color measurement
and analysis steps used in the printing with ODP pro-
cess AM screening (previous section) were applied/
followed for printing with the FM screening printing
process. Printed colors with ODP of FM screening

were also found to be very accurate and efficient.

Data analysis & research findings

The colorimetric computation methods for G7 com-
pliance were used to analyze the collected data and
presented in the following pages/tables. Subjective judg-
ment on color difference or any deviation was not used
in this study. The subjective judgment of color difference
could differ from person to person. For example, people
see colors in an image not by isolating one or two colors
at a time (Goodhard & Wilhelm, 2003), but by mental-

ly processing contextual relationships between colors
where the changes in lightness (value), hue, and chroma
(saturation) contribute independently to the visual detec-
tion of spatial patterns in the image (Goodhard & Wil-
helm, 2003). Instruments, such as colorimeters and spec-
trophotometers, could eliminate the subjective errors of
color evaluation perceived by human beings. In compar-
ing the color differences between two colors, a higher

14

deviation (AE or AH or the AC) is an indication that there
is more color difference and a lesser deviation (AE or
AH or the AC) is an indication of less color difference.

The data for each screening group were generated from
the printed TC1617x target image (see Figure 3A) by using
an Eye-One-Pro spectrophotometer with an interface
application, such as the IDEAlliance Curve 4.2.4 against
the GRACoL2013_CRPC6 reference data. The test chart
(TC) 1617x is a new CMYK printer characterization tar-
get combining the unique patch values in the standard
IT8.7/4 target with all the patch values in columns 4 and
5 of the P2P51 target. The letter “x” distinguishes the
final version from earlier prototype versions circulated
during development. The TC1617x maintains the same
patch count as the IT8.7/4 (1,617 — hence the name is
TC1617x) by removing 29 duplicate patches from the
IT8.7/4 and replacing them with the 29 patches in
columns 4 and 5 of the P2P51 that were absent in the
IT8.7/4. Data derived from the TC1617x target image is
the difference between the characterization data set
(TC1617x) and the printed sample. The reference file con-
tent for this image (TC1617x) is the CMYK dot percentage
values and nominal CIE L* a* b* characterization data
values for the GRACoL2013-CRPCE6 reference. Analyzed
G7 master compliance levels (reference/target) data

(G7 Grayscale, G7 Targeted, and G7 ColorSpace) with

G7 colorimetric formulae and formats were present-

ed in the following sections for each of the levels.



CIE L* a* b*, Delta L* Delta E and
Delta Chroma (AL, AE and AC)

Colorimetric values of printed colors against original col-
ors and the deviations (Deltas) can be used to determine
the visual variation in overall colors, hue, chroma, and
lightness. The a*, b* coordinates correspond approxi-
mately to the dimensions of redness — greenness and yel-
lowness — blueness respectively in the CIE L* a* b* color
space and are orthogonal to the L* dimension. Hence a
color value whose coordinates a* = b* = O is considered
achromatic regardless of its L* value. Calculation of AH*
requires colorimetric data from the L* a* b* model.

» Figure 7: Schematic of L* a* b* & c* h * Coordinates

Metric hue angle h* and C* are defined by the follow-
ing formulas (Morovic, Green, & MacDonald, 2002).

hvap=tan”* () 2)

Where: a*, b* are chromaticity coordinates in L* a* b*
color space

Chroma (C*) = [a2 +b?]'2 (3)

Where: a*, b* are chromaticity coordinates in L* a* b*
color space

Calculation of AC* (of two colors) and AL* requires colo-
rimetric data from the L* a* b* model. Difference

in the chroma C* of two colors (Reference vs. Printed)
can be calculated by using the following formula

(Green et al., 2002).

AChroma (AC) = C*| — C*, (4)

Where: 1 = C* of Reference Color and 2 = C* of
Printed Color

Assessment of color is more than a numeric expression.
It is an assessment of the difference in the color sensa-
tion (delta) from a known standard. In the CIELAB color
model, two colors can be compared and differentiated.
The expression for these color differences is expressed

as AE (Delta E or Difference in Color Sensation). The fol-

lowing equation is used to calculate the AE (Committee
for Graphic Arts Technologies Standards — CGATS, 2003)

AE*= (L, L, +(a,~a,)’ + (b, ~ b,)’ (5)
Where: 1 = Reference Color and 2 = Printed Color

Chromaticness difference (ACh) is the difference
between the reference chroma (a*, and b* ) and the
measured chroma (a*, and b*,) of a gray balance con-
trol patch (C50, M40, Y40). Weighted Delta Chroma
(WACh) is the delta Ch value after it is passed through
a weighting curve that reduces the significance of

Ch errors in the darker regions of the color. The
weighting function is defined in the G7 specifications
([Technical Report (TR) 015] and the G7 master pass/
fail document as follows (Chromix, Inc., 2019):

Delta L* (AL*) is the difference in the lightness
between the reference and measured sample light-
ness regardless of any color. This makes AL* the
perfect metric for measuring tonality [Neutral Print
Density Curve (NPDC)] error in G7. Colorimetrically,
AL* is the result of subtracting the L* of measured
sample value from the reference L*, as follows:

AL* =L*, —L*, (7)
Where: 1 = L* of Reference Color and 2 = L* of Printed Color

Weighted Delta L* (WAL*) is the delta L* value after it

is passed through a weighting curve that reduces the
significance of L* errors in the darker regions of the color.
The weighting function is identical to that for wACh, as
follows (Chromix, Inc., 2019):

Overall Color Variation (AE) of
AM Screened (TC1617x image)
vs. GRACoL 2013 Ref.

The CIE L* a* b* values associated with the CMYK+RGB
colors AM screened image vs. G7 ColorSpace-GRACoL
2013 [CGATS21-2-CRPC6 (reference)] are compiled in
Table 2. Numerical color differences (AE) were found
when comparing the colors of an AM screened printed
image vs. G7 ColorSpace at all seven colors (CMYK+RGB).
Also, noticeable visual color differences were found in
the solid color area [lightness, color hue and chroma].
Overall, both groups of images have similar colors (See
Figure 8) with the exception of the printed image con-
sisting of higher L* for red, magenta, and green, etc.
This results in producing the higher AE for these colors.
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Table 2

Overall Color Variation of CMYK+RGB: AM Screened Image (TC1617x) vs. G7 ColorSpace

AM Screened Image G7 ColorSpace / Target
Color
- = | o c | - | o ,
Color(s) Difference
Color1 Color 2
AE
N =80 N=N/A
White (W) 97.22 2.79 -9.47 97.22 2.79 -9.47 0.00
Cyan 57.44 -31.3 -54.1M 57.39 -36.88 -55.85 1.99
Magenta 51.49 76.06 -5.38 49.21 77.92 -710 2.40
Yellow 90.98 -5.36 91.29 91.09 -2.44 92.91 1.62
Black (K) 13.46 0.34 -0M 16.30 0.24 -0.74 1.97
Red 50.64 67.72 47.65 48.19 70.73 48.27 2.59
Green 53.39 -66.80 26.68 51.25 -66.87 24.48 2.29
Blue 26.79 20.05 -51.57 25.62 2118 -50.24 1.60
TAC 300 24.33 -0.07 -1.73 23.56 0.45 -1.35 1.02
TAC 400 9.74 0.55 -0.97 8.99 017 0.61 1.72

This higher color deviation (red, magenta, and green)
could be the result of the substrate (paper) and inks
used (age, condition, quality, etc.). These are the dark-
er colors which produced lower L* value and, in turn,
affected the higher deviation. The 2D color gamut
comparison (see Figure 8) reveals that the colors of the
printed image closely match the reference colors. The
goal was to determine the deviations among various
attributes of color between these two groups of colors.
The comparison is an indication that, in a color managed
workflow (CMW), color matching of a target image can
be achieved from device to device regardless of device
color characterization and original colors. Subjective
judgment was not used for the color comparison.

» Figure 8: AM Screened and FM Screened Image vs.
GRACoL 2013-CRPC-6 Ref.

Overall Color Variation (AE) of
FM Screened (TC1617x image)
vs. GRACoL 2013 Ref.

The CIE L* a* b* values associated with the CMYK+RGB
colors FM screened image vs. G7 ColorSpace-GRACoL
2013 [CGATS21-2-CRPC6 (reference)] are compiled in
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Table 3. Numerical color differences (AE) were found
when comparing (See Figures 8) the colors of the FM
screened printed image vs. G7 ColorSpace at all seven
colors (CMYK+RGB). Also, noticeable visual color differ-
ences were found in the solid color area [lightness, color
hue and chroma]. Overall, both groups of images have
similar colors with the exception of the printed image
consisting of higher L* for red, green, and blue, etc. This
results in producing the higher AE for these colors. See
Figure 9 (scanned printed images) for visual comparison
of the printed colors of the screening method applied.

» Figure 9: AM Screened Printed vs. FM Screened Printed
Images (colors)

This higher color deviation (red, green, and blue) could
be the result of the screening technique applied. These
are the darker colors which produced lower L* value
and, in turn, affected the higher deviation. The 2D color
gamut comparison (see Figure 8) reveals that the colors
of the printed image closely match the reference colors.
The goal was to determine the deviations among various
attributes of color between these two groups of colors.
The comparison is an indication that, in a color man-
aged workflow (CMW), G7 master compliance for color
matching of a target image can be achieved. Subjective
judgment was not used for the color comparison.

In addition to the colorimetric comparison of individual colors
(Tables 3 and 4) of both screening groups with G7 ColorSpace,
the G7 master compliance colorimetric deviation (wACh and



Table 3

Overall Color Variation of CMYK+RGB: FM Screened Image (TC1617x) vs. G7 ColorSpace

FM Screened Image G7 ColorSpace / Target
Color
K | b ] - | b ,
Color(s) Difference
Color1 Color 2
AE
N =80 N=N/A
White (W) 97.03 2.87 -9.98 97.03 2.87 -9.98 0.00
Cyan 56.34 -32.82 -51.34 57.27 -36.77 -56.22 1.87
Magenta 50.06 72.88 -715 49M 77.85 -7.38 1.48
Yellow 89.73 -3.57 89.57 90.92 -2.35 92.53 117
Black (K) 15.73 0.05 0.47 16.28 0.26 -0.81 1.35
Red 50.65 66.50 4719 48.09 70.67 48.07 2.82
Green 53.96 -63.60 2514 5115 -66.70 24.22 2.95
Blue 27.49 1813 -51.30 25.57 2116 -50.44 2.76
TAC 300 24.30 -0.28 0.53 23.51 0.47 -1.47 2.31
TAC 400 10.63 0.44 0.21 8.99 0.16 0.62 117
Table 4
G7 Master Compliance Levels G7 Grayscale of AM Screen, FM Screen vs. G7
X Black (K) CMY (Overlap)
All Metrics G7 Tolerance
wAL* wAL* | wACh
G7 Grayscale of AM Screened Image (Tonality/Gray Balance)
Average 0.90 0.39 0.89 1.50
Maximum 2.37 118 172 3.00
G7 Grayscale of FM Screened Image (Tonality/Gray Balance)
Average 0.91 0.89 112 1.50
Maximum 2.6 1.92 2.4 3.00
Table 4A: Table 4B:

G7 Master Compliance Levels G7 Targeted of AM Screen,

FM Screen vs. G7

G7 Master Compliance Levels G7 Colorspace of AM Screen,

FM Screen vs. G7

All Metrics | AE 2000 |G7 Tolerance | Maximum | G7 Tolerance

All Metrics

AE 2000

G7 Tolerance

G7 Targeted of AM Screened Image

G7 Colorspace of AM Screened Image

Substrate 0.00 3.00
Average 1.28 3.5
K 1.97 5.00
cmy 2.40 3.5 05% 533 <o
RGB 2.59 4.3
G7 Targeted of FM Screened Image G7 Colorspace of FM Screened Image
Substrat 0.00 3.00
whstrate Average 171 3.5
K 1.35 5.00
cmy 187 35 95% 3.53 5.0
RGB 2.95 4.3

wAL) values for all the three levels (G7 Grayscale, G7 Targeted
and G7 Colorspace) are in close match with the established
tolerances for the G7 (see Table 4, 4A, and 4B) including the
Neutral Print Density Curve [NPDC (CMY)] and NPDC (K).

Summary/Conclusions

This experiment used an output device ICC profile to
achieve the compliance. G7 master compliance includes
three compliance levels in the G7 master qualifica-

tion: G7 Grayscale, G7 Targeted, and G7 Colorspace.
These levels demonstrate G7 master capabilities of

a print facility. The experiment was conducted in a
Color Managed Digital Printing Workflow (CMDPW).

It was aimed at achieving the G7 master compliance
through an ICC based color managed workflow (CMW).
The G7 calibration method, using the P2P251x target,
was NOT used to derive the device NPDC to compare
with G7 NPDC for print (or press) runs 1, 2, 3, etc.

The conclusions of this study are based upon an analysis
of colorimetric data, visual assessment, and associat-

ed findings. The experiment analyzed the comparison
of G7 compliance of two screening technologies. The
guiding objectives of this study allowed testing of an
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accepted color management practice to gain a better
understanding of the presumptions associated with

the application of an output device profile (ODP). The
experiment examined the importance of calibration,
characterization and the color evaluation processes of
the digital press which was capable of printing colors to
match or be in proximity of G7 master compliance levels.

It is evident that integration of device profiles is import-
ant in a CMW and it also enables/allows the workflow
process to meet the G7 compliance levels via an ICC
based CMW, instead of using G7 calibration methodolo-
gy. Selection of screening method is based on individual
preference because both screening options proved to
be within the G7 compliance. This study represented
specific printing or testing conditions. The images, print-
er, instrument, software, and paper that were utilized
are important factors to consider when evaluating the
results. The findings of the study cannot be general-
ized to other digital printing workflow. However, other
graphic arts educators, industry professionals, and
researchers may find this study meaningful and useful.
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The effect of electromagnetic
radiation on the reflectance spectra
of prints on hemp papers

ABSTRACT

From the moment of production, paper as a printing substrate is exposed
to the process of natural ageing regardless of the type of cellulose fibres

in its composition. Accordingly, the prints produced by the various printing
techniques are also exposed to several factors that impair the quality of
the print i.e. its colour over time. Therefore, it is very important to properly
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select the printing substrate for achieving a high quality of graphic products.

For that purpose, three types of papers with hemp fibres were used as
printing substrates which were printed with laboratory hand-operated
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instrument Esiproof using flexographic cyan (C), magenta (M), yellow (Y)
and black (K) water-based inks. Prints were artificially aged in SunTEST

XLS+ test chamber according to standard ASTM D 6789-02 for 48 and 96
hours. Based on changes in the reflectance spectra of each printed ink after
exposure to electromagnetic radiation it was noticed how composition
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of printing substrate strongly influence on colour stability of prints due

time. An increase of exposure time to electromagnetic radiation leads to a
decrease in the value of the reflectance of the printing substrate and cyan,
magenta and yellow prints. It was confirmed how electromagnetic radiation
have the greatest impact on the reflectance of yellow print, while the black
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one is the most stabile regardless of the substrate it was printed on.
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Introduction

Industrially grown hemp (Cannabis sativa L.) is a plant
that has been recognized as an important raw material
for many industries, including the paper industry (Dan-
ielewicz & Surma-Slusarska, 2010; Miao et al., 2014).

This plant features strong and long fibres with low lignin
content. In total, 35% of fibres are classified as long bast
fibres, and 65% are short core fibres. Hemp fibre for
paper production must have a fibre length of 15-55 mm
(Azeez, 2018). An important feature of this raw material
is also the time of growth required after which it can sup-
ply the paper industry. It is known that the wood is the
main raw material for pulp and paper industry and 20-80
years are required for trees growth to provide fibres for
paper production. On the other hand, hemp can reach a
height of 4-5 meters in only 80-150 days when it is clas-

sified as mature for fibre harvesting. Compared to one
hectare of forest, one hectare of hemp can produce four
times more paper (Matachowska et al., 2015). However,
hemp as a fast-growing alternative to trees is annual
plants which results in some disadvantages. Due to the
macroscopic structure, there are great differences along
the plant from top to bottom in terms of morphological
structure and chemical composition. The disadvantages
of hemp woody-core pulp and hemp bast fibre pulp as
papermaking intermediates proved to be low tear resis-
tance and low tensile strength, respectively. The main
reasons for the low tensile strength of hemp bast fibre
pulp are the low susceptibility of their fibres for internal
fibrillation and low hemicellulose content (Danielewicz
& Surma-Slusarska, 2017). Regardless of the origin of
the cellulose fibres used in the paper industry, paper as
a product is subjected to a process of natural ageing.
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This irreversible chemical and physical process occurs
slowly over time in all papers from the moment of its
production. It involves numerous interactions between
substances in the paper and with its surroundings (Rad-
kova et al., 2015; Cerni¢ Letnar & Kropar Vancina, 2002),
causing structural changes and chemical composition

of the material leading to the changes in the functional
properties of material (Zotek-Tryznowska & Annusik,
2019). Therefore, the samples produced by the printing
on the paper substrates are also exposed to several fac-
tors that impair the print quality i.e. its colour over time.
These changes are manly observed as a fading of colours
on prints. So, it is particularly important to select the
printing substrate which will provide the required quality
of graphic products due time. The stability of paper and
prints during the ageing process is largely determined by
composition of the paper, printing ink and their interac-
tion during printing process. To evaluate the permanence
of paper or print different methods of accelerated/arti-
ficial ageing have been used by researchers all over the
world. These methods include aggravated conditions of
heat, humidity, oxygen, sunlight, vibration, etc. to speed
up the normal ageing processes of items. UV radiation

is the primary cause of degradation in inks, in combina-
tion with temperature and moisture acting as secondary
stressors that can accelerate the rate of degradation
(Lind et. al., 2004). Namely, light as a visible part of spec-
trum is divided into ultraviolet light (UV), visible light,
and infrared energy (IR) that have the shortest to the
longest wavelength, respectively. UV light has the highest
energy among the electromagnetic spectrum because
the short wavelength exhibits higher energy due to the
higher frequency of the waves at the same speed of light
in space. UV light breaks the chemical bonds of mole-
cules in objects, including colour of printed materials.
The molecules of the colour absorb UV light and activate
a chemical reaction of electrons leading to photochem-
ical degradation, while the degradation visually affects
colour degradation or colour fading (Narakornpijit, 2018).
However, artificial ageing of paper can just partially
simulate the natural ageing mechanisms such as hydro-
lysis, oxidation, and photodeterioration (Zervos, 2010).

In our previous research (Plazonic et al., 2020b; Plazo-
nic et al., 2018) results indicate that hemp fibres can
produce high-quality office papers that are more stable
under light and temperature influences than those made
with post-consumer fibres. However, to increase the
durability of manufactured papers, hemp fibres must

be bleached. However, the composition of paper as a
printing surface is only one of the factors that ensure the
quality of the printed graphic product. Another factor

is the chosen printing technique, as well as the ink that
will interact with the printing substrate, but the negative
impact of external climate conditions to which printed
products are often exposed to is extremely important.
Generally, black and cyan will fade only slightly, while

at the same time yellow and magenta will noticeably
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fade. Yellow absorbs visible blue light (450 nm- 495 nm)
which has the highest energy of visible electromagnetic
radiation, so yellow will show more significant discolor-
ation than other process colours (Narakornpijit, 2018).
Ink is structurally a dispersion system consisting of pig-
ment, binder and solvent, and it is proven that with the
lower ink pigmentation concentration is the lower the
lightfastness (Aydemir, Yenidogan & Ozsoy, 2019). It is
important to emphasize that the film thickness of the ink
on the surface of the print substrate is highly decisive

in light resistance. When the thickness of the ink film
increases, the light fastness will be higher as the number
of pigments affected by the light in a certain region will
increase. Therefore, it is important to maintain a contin-
uous ink thickness during printing (Aydemir &Yenidogan,
2018). In general, the stability of an ink layer to UV light
depends on the exposure of the ink to light, as well as on
the thickness, transparency, pigmentation, filler content
factors, or white pigment in the ink film (Aydemir et al.,
2021). Studies of effect of electromagnetic radiation

on the stability of the ink layer on paper substrates are
limited, especially in the field of flexographic printing.

The aim of this study was to evaluate the stability
of flexographic print on substrates with hemp fibres
based on the reflectance spectra measurements
after artificial ageing in Suntest XLS+ test chamber
which emits visible and near ultraviolet electromag-
netic radiation in range from 290 nm to 800 nm.

Materials and methods

Paper as a printing substrate

In this study three types of office papers were used.
Their basic characteristics are summarized in Table 1.

Table 1
Characteristics of hemp fibre-based paper
used as printing substrates

Type 1 Type 2 Type 3

90 g/m? 90 g/m? 90 g/m?

25% hemp and 75%

100% hem
° P post-consumer

plant fibre

100% hemp

plant fibre )
waste fibres

100% sustainable 100% sustainable 100% sustainable

non-chlorine acid free,
unbleached ]
bleached chlorine free
uncoated uncoated uncoated
handmade handmade industrial

In previous research (Plazonic et al., 2016) it was found
that paper Type 3 has the highest share of inorganic com-



ponents (6.35% of CaCO, and 0.75% of china clay) and
consequently the highest share of ash (ash,.,. = 7.01%).
Papers made only from virgin hemp fibres, papers Type
1and Type 2, have a low share of ash (ash_ ... <2.4%).

5250C

Full tone prints

All papers were cut in dimensions 190 mm x 40 mm
and subjected to manual printing using a print tester
Esiproof (RK print). The cyan (C), magenta (M), yellow
(Y) and black (K) prints were made in full tone by Iroflex
917 inks manufactured by Sun Chemical (Table 2). For
producing quality flexographic prints, ceramic anilox
roller having 40 lin/cm (60° spread angle) with a total
cell volume of 39.10 cm¥m? was used. The purpose of
the anilox roller and the doctor blade situated at an
angle of 30° with the tangent point of the anilox roll is to
transfer an accurate amount of ink to the surface of the
printing plate. The printing process was carried out at

a temperature of 23°C and a relative humidity of 50%.

To perceive the value of the ink film thickness on hemp
papers, the optical ink density (D) was determined on all
prints by a densitometer eXact, X-Rite (D50/2°). The opti-
cal ink density was calculated according to equation 1.

D.=log & M

where: | - the light intensity of the light remitted by
the ink film in relation to the /  intensity of light,

I, - intensity of the light remitted by

The effect of electromagnetic radiation on the optical
ink density of cyan, magenta, yellow and black print
made on hemp papers was also shown through change
of the optical ink density (AD)) calculated by equation 2.

AD =D -D (2)

i i before ageing i after ageing

where: AD - change of the optical ink density;

: before ageing™ L€ OPtical ink density of cyan, magenta,
yellow and black print measured before ageing;

: after ageing” the optical ink density of cyan, magenta,
yellow and black print measured after 96 hours of ageing.

Artificial ageing of papers and prints

Papers and prints were cut into strips 60 mm x 90 mm
and placed side by side in Suntest XLS+ test chamber,
supplied with a daylight filter, which emit visible and
near ultraviolet electromagnetic radiation in wave-
length range from 290 nm to 800 nm. The procedure
of artificial ageing was carried out according to ASTM
D 6789-02, during which the level of light intensity was
(765 + 50) W/m?, the temperature was kept at 22.6°C
and relative humidity was 50%. Exposure to the UV
radiation was performed in 2 cycles for 48 hours and
in Table 3 is given information about ageing course.
UV dose is the product of UV intensity (expressed

as energy per unit surface area) and residence time
(Feller, 1994) so it can be calculated by equation 3:

unprinted laboratory paper. UVdose=1xt (3)
Table 2
Prints
Prints
Cyan (C) Magenta (M) Yellow (Y) Black (K)
Table 3

Course of ageing in the Suntest XLS+ test chamber

Ageing cycle no.

Time of ageing (h)

Dose of energy

Natural ageing comparable

supplied (kJ/m?) time (days)
1 48 132192 44.5
2 96 264 384 89.0
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where: /- intensity or energy per unit surface area
expressed in J/(cm?sec);
t - exposure time in sec.

According to the ageing conditions used in this study,
every hour spent in the ageing test chamber corre-
sponds a dose of energy absorbed of 2754 kJ/m?, which
is compatible with approximately 22 hours of natural
ageing. This is in correlation with the statement that
one hour of treatment under a xenon lamp correspond-
ing to one day in nature (Debeljak & Gregor-Svetec,
2010; Izdebska, Zotek-Tryznowska & Ksigzek, 2013).

Spectrophotometric analysis

Papers and prints reflectance measurements were pro-
cessed using a spectrophotometer X-rite SpectroEye,
in the wavelength interval from 400 nm to 700 nm
for every 10 nm. The reflectance measured over white
background under illuminant D50 (daylight 5000°K),
2° standard observers, directional geometry, was the
basis for the evaluation of optical properties of experi-
mental samples. During the spectrophotometric mea-
surements, the relative humidity of the atmosphere
was approximately 60% and the temperature was
around 21°C. These measurements were supported

by ColorShop 2.0 software and analysed by Technical
Graphic Origin 6.0 Professional. The reflectance spec-
tra of all samples before and after artificial ageing for
both period of time (48 and 96 hours) was measured,
and the results of reflectance measurements are pre-
sented as AR according to the following equation (4):

AR=R -R (4)

before ageing after ageing

Results and Discussion

Since paper is a complex structure consisting mainly
of a network of fibres, filler pigment particles and air,
light is not only reflected on paper surface. Within the
surface layer, that is, in the paper structure, light also
interacts with fibres and pigments. Therefore, in Fig-
ure 1 are presented the reflectance spectra for each
paper type which are used as a printing substrate.

The spectral reflectance curves shown in Figure 1a-c
confirm that papers used in this study as the printing
substrate differ greatly in composition. The reflec-
tance curves of paper containing only virgin hemp
fibres in their composition are similar (Figure 1a-b),
while the reflectance intensity for paper in which the
fibres undergo a bleaching process (Type 2) over the
entire whole visible part of the spectrum is higher
than for paper whose fibres are not bleached (Type 1).
This shape of curve is characteristic of pure cellulose/
ashless papers such as filter paper (Plazonic, Barbar-
ic-Mikocevic & Dzimbeg-Malcic, 2009). Industrial made
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paper with 25% of virgin hemp fibres in its composition
and 75% of recycled fibres (Type 3) have a totally dif-

ferent spectral reflectance curve as was expected.

» Figure 1: Spectral reflectance curves of the analysed
printing substrates: a) paper Type 1; b) paper Type 2; c)
paper Type 3

It can be seen from Figure 1c that in addition to bleached
paper, this paper also contains a large amount of filler

as it intensely reflects light between 420 nm and 480
nm. This shape of the reflectance curve is characteristic
for office papers with large amount of fillers as calcium
carbonate and clay (Plazonic, Barbaric-Mikocevic &
Dzimbeg-Malcic, 2015). By ageing the reflectance of all
analysed printing substrates decreases noticeable after
48 h, while further exposure to electromagnetic radiation
resulted in a slight decrease in the reflectance. It is also
evident that artificial ageing by exposure to electromag-



Table 4

The optical ink density (D) of prints and changes in optical ink density (AD)) effected by electromagnetic radiation

D. AD.
Print I i
Type 1 Type 2 Type 3 Type 1 Type 2 Type 3
Cyan 0.99 +0.03 116 £ 0.02 116 £ 0.01 0.04 0.02 0.01
Magenta 1.03+0.05 1.29 £ 0.01 1.22+0.01 0.08 0.07 0.01
Yellow 0.82+0.03 113£0.02 1.21+£0.01 0.24 0.37 0.25
Black 1.01+0.05 1.32+0.01 1.25+0.01 0.01 0.02 0.00

netic radiation causes approximately the same decrease
in the reflectance of both papers with 100% hemp fibre
content over the entire whole visible part of the spec-
trum. For paper Type 3, it was noticed that electromag-
netic radiation did not affect the intensity of the spectral
reflectance in the visible part of the spectrum in the wave-
length range from 480 nm to 700 nm, just in the blue part
of spectrum (420 nm — 460 nm). In our previous research
where effect of photo-oxidation on the properties of this
hemp office papers were analysed, it was founded that
hemp fibres can produce high-quality office papers that
are more stable against light and temperature influences
than those made with post-consumer fibres. Namely,
results of strength properties (tensile index, elongation
at break, tear index), surface properties (Bendtsen
roughness, Bekk smoothness), pH of paper extracts, and
optical properties have pointed out that for increasing
the durability of manufactured papers, hemp fibres
must be bleached. A main purpose of bleaching the

pulp is to remove the residual lignin and chromophores
inside the pulp, which efficiently absorb UV radiation
and cause paper degradation (Plazonic¢ et al., 2020b).

The Type 1and Type 2 samples are handmade papers,
and their smoothness is lower than the smoothness of
industrially made paper. However, Type 1 made from
unbleached hemp fibres was detected as paper with the
roughest surface (Plazonic et al., 2020a). Although the
anilox roller provides the transfer of an equal amount of
ink to the printing plate, and from the printing plate to
the paper, the rougher surface of the paper Type 1 result-
ed in lower optical ink density for all inks (Table 4). This

is because the transferred ink on the rough surface of
the paper penetrates the paper after filling the irregular
surface (Ha, Park & Kim, 2019). As it is clearly seen from
Table 4, the highest effect of electromagnetic radiation
after 96 hours was observed on the optical ink density of
yellow ink regardless of the composition of paper, while
the black ink was the most stable. From the AD, results it
is also visible that the prints on industrially made paper
(Type 3) are the most stable regardless of the printed ink.

From the differences of reflectance curves between
the non-aged and artificial aged specimens shown in
Figure 2, it can be seen that the unprinted substrate
Type 1 undergoes the greatest reflectance changes due
to exposure to electromagnetic radiation across the
whole visible part of the spectrum (AR =3.9%- 7.9%). It

is also evident that the reflectance values of the printing
substrate (on graph marked with grey colour) decrease
with increasing the exposure time (from 48 h to 96 h).

» Figure 2: Differences of reflectance spectra measure-
ments before and after artificial ageing of paper Type 1
and of prints on that paper with cyan, magenta, yellow
and black inks

On the other hand, prints (on graph each print is marked
with similar colour: cyan print with blue colour; magen-
ta print with pink colour; yellow print with yellow;
black print with black colour) are far less susceptible

to changes in reflectance values than the paper sub-
strate Type 1 on which they are printed. The artificial
ageing in general regardless to the exposure time to
electromagnetic radiation has no effect on the reflec-
tance of black prints. This is in correlation with the
research results provided by Bates, DZimbeg-Malci¢ &
Itri¢ where spectral changes reflection colour in black
offset prints on analysed coated and uncoated papers
were insignificant and most likely were influenced by
printing ink (Bates, DZimbeg-Malci¢ & Itri¢, 2012) and
our previous research (Plazoni¢ et al, 2020b). Other
prints (cyan, magenta and yellow) show a change in the
reflectance with ageing treatment and the longer the
treatment, the greater is the decrease in reflectance
values in an area in which a particular colour reflects
(cyan in the blue part of the spectrum, magenta in the
red part) except for yellow prints which show changes
in reflectance throughout the whole visible part of the
spectrum. It is evident that yellow prints experience the
greatest changes in reflectance due to artificial ageing.
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» Figure 3: Differences of reflectance spectra measure-
ments before and after artificial ageing of paper Type 2
and of prints on that paper with cyan, magenta, yellow
and black inks

Since the composition of the paper Type 2 is identical
to the paper Type 1 (only difference is bleaching pro-
cess before paper formation), Figure 3 shows quite
similar reflectance curve shapes with differences in the
intensity. It is evident that bleached paper substrate
Type 2 undergoes the largest reflectance changes in
the whole visible part of the spectrum due to expo-
sure to electromagnetic radiation (AR = 4.2%- 7.9%).

It has been observed that bleached paper Type 2 is
also significantly affected by time of ageing where the
reflectance of paper is significantly reduces as expo-
sure time increases. All prints are more stable to visible
and near ultraviolet electromagnetic radiation than
the paper substrate itself. Black prints are unchanged
in spectral reflections, while other prints experience

a change in reflectance due to artificial ageing, espe-
cially yellow prints up to 6.5% after 96 h of ageing.

» Figure 4: Differences of reflectance spectra measure-
ments before and after artificial ageing of paper Type 3
and of prints on that paper with cyan, magenta, yellow
and black inks
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It can be seen from Figure 4 that the industrial made
paper Type 3, which contains a much larger amount of
recycled than primary hemp fibre and a high amount

of fillers, shows greater stability to electromagnetic
radiation than other two handmade papers with a 100%
hemp fibre content. The only reflectance differences for
the paper Type 3 due to artificial ageing were observed
in the blue part of the spectrum (maximum value of

AR is 6% at 430 nm) which is a consequence of high
share of fillers in it. Prints on this substrate are also
much more stable than prints on handmade papers for
both periods of exposure to electromagnetic radiation.
The significant influence of electromagnetic radiation
after 96 h was noticed only on the reflectance of yellow
prints in the blue and green part of the spectrum.

These results of reflectance spectra measurements
after artificial ageing of 96 hours are correlated with the
optical ink density of prints on hemp apers presented in
Table 4.

Conclusions

The aim of this study was to evaluate the usability of
hemp fibre based papers for long-term prints. The sta-
bility of flexographic prints on such substrates is based
on the differences in reflectance spectra for each ageing
period. This study has confirmed that the printing sub-
strate significantly influence on the stability of the prints
when exposed to electromagnetic radiation. Namely, if
the substrate itself is less susceptible to electromagnet-
ic radiation it will provide more stable prints. It is very
important to choose the appropriate printing substrate
to increase stability of prints, because every paper sub-
strate goes through a degradation process during the
time. Interaction between printing substrate and ink are
crucial for print stability. Equal transfer of the ink amount
to the printing plate and from the printing plate to the
paper is enabled by the anilox roller, while the charac-
teristics of the paper surface, such as roughness, reduce
the ink thickness, ie the lower optical density ink on the
paper. Based on the reflectance spectra of prints on
hemp fibre based papers, we concluded that the black
print show equal stability to artificial ageing regardless
to chemical composition of hemp fibre based papers
(AR <0.5%). The lowest stability on electromagnetic
radiation was achieved by yellow prints on all observed
substrates (AR up to 8.5%). It can also be concluded
that with increasing exposure time of electromagnetic
radiation reflectance values of printing substrates and
cyan, magenta and yellow prints generally decreases.
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Drying methods of the printing inks

ABSTRACT

Accelerating the transition to post-print processes needed in the printing
industry and shortening the time the product's release time is closely related
to the drying time of the ink film. The drying of fluid ink on the surface

of the print substrate, transforming from liquid to solid occurs physically
and chemically in several ways. Drying systems can be functional alone on
the surface of the printing substrate for an ink film or depending on the
chemical content of the ink and the properties of the printing substrate,
drying can be achieved at the same time with more than one system.
Recently, in order to reduce climate, environmental and health impacts
and with the development of technology, significant changes are also
being experienced in the printing industry and preferences are changing.
In this study, more environmentally friendly LED UV and microwave
drying systems that save time and energy together with existing basic
drying systems such as absorption, evaporation, oxidation-polymerization
and conventional UV used in the printing industry are examined. The
advantages of different drying systems to the printing industry, preferred
drying systems and new studies on this issue have been evaluated.
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Drying system, UV-curing, LED-UV, microwave drying, radiation curing
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Introduction

through the rollers and printing plate. The complete

drying process required for the ink film is very import-

The visual quality of print results is substantially based
on the optimal level of ink merging with a substrate,
particularly the drying and stabilization process of

ink on the substrate (Aydemir et al., 2019). Drying is
when the ink changes from a liquid state to a solid
state after it is transferred to the printing substrate

ant for finishing processes such as lacquering, coating,
folding and cutting post-printing. (Aydemir, 2010).

In printing, the most important element is to obtain
the correct substrate and ink combination (Aydemir
& Yenidogan, 2018). A physicochemical interaction
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between paper and printing ink greatly determines
the spreading of wet ink, as well as setting and drying
(Aydemir, 2016). In the process of fluid ink settling and
absorption onto the paper surface, the surface charac-
teristics of the paper are extremely important. Depth
and width differences on the paper surface can affect
the quality parameters of the ink film, such as ink set-
tling on the paper, print density, print gloss, and color
(CIE L*a*b*) (Aydemir et al., 2021). Ink’s structure and
solvents are also determinants in the drying process
of the ink. In addition, air, temperature, and humidity
have a major influence on the drying speed of the ink.

With the increasing use of complex surfaces and inks,
the need for different drying techniques has increased
in the printing process. Sensitivity to environment and
human health has also caused changes in drying sys-
tems (increasing use of water-based inks instead of
solvent-based inks, etc.). Drying in the printing process
generally takes place by the penetration or evaporation
of the ink solvent into the printing substrate and the
chemical change of the ink. A combination of two or
more drying systems can be used to ensure final drying
of the ink film. Some inks dry by a combination of two
or more drying mechanisms, such as “penetration into
the printing substrate” and “air oxidation” (McKinney,
1995; Brancher, 2019). For example, in the web-off-

set heat-set drying process, some of the solvent oils
evaporate from the ink, while some are absorbed by
the printing substrate. The remaining part of the ink
undergoes oxidation- polymerization and drying occurs.

Drying Methods of Printing Inks

Drying of the printed substrates is an important issue
for the printing industry. The ink is expected to show
good performance in terms of fluidity and adhesiveness
during transfer from the ink fountain to the printing
substrate during printing, and to dry after transfer to the
printing substrate. Fast or slow drying creates difficulty
in application. If the ink cannot penetrate fast enough
into the paper, there can appear problems during the
printing process of trapping issues, or, after the printing
process, blocking, smearing, set-off to the back of the
next sheet. If on the other hand the ink sets too fast,
penetrates too fast into the paper, other problems can
show up, like strike-through, trapping again and picking.

Drying of printing inks depends on the following factors:

« Printing method (offset, gravure, flexography etc.)
« Inks type (liquid, paste, water-based or organic
solvent-based, radiation curing inks, etc.)
« Ink rheology (viscosity, flow, tack)
« Speed of printing machines
« Printing substrates (paper, foil, plas-
tic etc.) and their properties

30

« The characteristics of the dryer systems (hot-
air, cured systems, IR, etc.) (Saad, 2007).

The drying of the ink film is accomplished by physical
(penetration, evaporation) processes and chemical
reactions (oxidation or polymerization) or a combi-
nation of both, depending on the ink formulation
and the properties of the printing substrate.

The main drying methods are as follows;

« Absorption drying

« Evaporation drying

« Oxidation and polymerization drying

« Radiation (Ultraviolet-Infrared-Microwave)

In general, gravure, flexography and web-off-
set inks are by evaporation, sheet-fed offset inks
are by oxidation-polymerization and cold-set
inks are dried by absorption (Saad, 2007).

Absorption Drying

Printing inks consist mainly colorants (dyes or pig-
ments), binders (natural resins, artificial resins, or
plastics), solvent or solvent blend and additives. Dry-
ing by absorption occurs when the liquid components
(predominantly solvent part) in the printed ink film

are absorbed by the pores of the printing substrate.
Absorption is an interaction between ink and printing
substrate (Figure 1, 2). Generally, this type of drying
method is depending on the carrier viscosity of the
printing ink, the vehicle (binder) and the absorption
capacity of the substrate (Saad, 2007). With absorption,
drying occurs mainly on absorbent surfaces such as
paper and cardboard, and several properties of these
substrates manage the absorption of ink (Huber, 2013).

» Figure 1: Newly printed ink film on the top surface of
the paper

» Figure 2: Absorbing ink film on the top surface of paper

The ink-absorption capacity is an important factor for
evaluating the printing of paper (Dong, et al., 2020).
The liquid absorption ability of paper and cardboard is
based on micro capillarity (Imamoglu et al., 2013). In
this drying technique, the printing substrate surface
absorbs the solvent (solvent or mineral oil, etc.) in the
wet ink film and separates it from the resin and pig-
ment (Aydemir, Yenidogan & Ozsoy, 2020). Paper or
cardboard acts as a filter with this feature (Aydemir &



Ozakhun, 2014). Since the solvent is not fully compati-
ble with the resin and pigment mixture in terms of its
chemical structure, it dissociates and penetrates into
the fine capillary fiber tubes of the paper horizontally
and vertically at a very low speed (Figure 3) (Brancher,
2019). Thus, the released resin and pigment allow the
formation of a hard and solid layer on the surface. A fully
solidified ink film can sometimes be formed in 6 to 7
days. The absorption ability of the paper surface plays an
important role in the drying of the ink (Brancher, 2019).

» Figure 3: Capillary structure of paper and
absorption of ink

The pore structure of the paper is decisive for the
absorption process of ink. If the pore diameter of
the paper is small enough, only oil enters the paper,
while the pigment and the rest of the vehicle remain
on the surface. If the pore diameter of the paper is
too large, the pigment and vehicle also penetrate the
paper, which leads to a decrease in the color strength
of the printed ink. Drying by means of absorption
occurs faster and more intensively on its uncoat-

ed surfaces, while the absorption of ink on coated
paper surfaces is quite slow and low in quantity.

Especially in cold-set offset printing, wet ink film
dries by being absorbed by paper or penetrating into
paper fiber body (Tsigonias et al., 2010). Absorp-
tion into the paper body also occurs in water-based
and solvent-based inks. The viscosity of the ink is as
effective as the pore structure of the paper in the
absorption of the ink (Sunnerberg & Larsson, 1987).

Evaporation Drying

The fast evaporating solvents in the ink composition
separate from the ink after printing and evaporate.

The remaining binder combines with the pigment and
creates a hard color layer on the printing surface. The
evaporation of the liquid phase causes the remaining ink
components to come into more contact with each other
and create a continuous film (Figure 4) (Brancher, 2019).

» Figure 4: The appearance of pigment particles after
evaporation of the ink

The reach of liquid ink to the desired density depends
on the evaporation time of the solvent inside. As

the liquid phase evaporates, the viscosity of the

ink increases and the ink film begins to change

from liquid to solid (Sappi Printer Technical Ser-

vice, 2012). It then gives a dry ink film that adheres
well to the print substrate (Brancher, 2019).

Solvents used in gravure, flexography and screen printing
inks evaporate at room temperature. High temperature
and heat energy are needed to remove the oil-based
solvent used in heat-set offset printing inks (Aydemir,
1999). In the heat-set printing drying process, the paper
is exposed to oven drier temperature of about 120-
150°C so that the solvent (mineral oils in the boiling
range of 85-120°C containing aliphatic hydrocarbons)

in the printed ink film can evaporate (Aydemir, Akgdl

& Tutak, 2020; Smyth, 2003). The long hot-air dryer is
used to blow hot-air over both sides of the fresh print
via nozzles (Tsigonias et al., 2010). The local temperature
rise in the dryer causes the ink solvent to evaporate.

Despite the above-mentioned facts, the evapo-
ration drying method still has some problems:

« A longer time is required to dry water-
based inks with evaporation methods.
Because the drying of water-based inks is
4.5 times slower than solvent-based inks.

« Alcohol is used to improve the wetting and
drying properties of water-based inks. Alco-
hol use (if there is an ammonia and amine
group) causes environmental pollution.

« Most of the ink solvents that evaporate during the
printing process are released into the atmosphere.
Evaporating solvents are known to severely
damage the ozone layer (Aydemir & Ozsoy, 2020).

« During the evaporation of organic solvent-based
inks, high capital investments are required in order
to prevent the pollution caused by the waste
air from the dryer exhaust in the atmosphere.

« Energy consumption is high.

« Drying systems for water-based and oil-
based inks require considerable space
to achieve complete drying.

« In flexography printing, excessive heat
may cause the visco-elastic proper-
ties of plastic substrates to change.

« In heat-set web-offset printing, the possibility of
overheating of the paper line can cause changes
in the fiber size of the paper, with moisture loss
in the non-printed areas of the paper substrate.
Therefore, printing finishing processes are
getting more and more difficult (Saad, 2007).

« With high heat, the printing substrate
color and printing colors may change.
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Oxidation and Polymerization Drying

This type of drying system depends on the chemical
reaction between the oxygen in the atmosphere and the
drying oil in the components of the carrier system (Saad,
2007). Except for the part (liquid phase) that is absorbed
or evaporated after the ink is printed, the content that
cannot enter the capillaries and remains on the paper
surface (unsaturated vegetable oils such as linseed oil,
soybean oil, tung oil, resins and pigments) polymer-

izes when exposed to atmospheric oxygen. (Figure 5)
(Huber, 2013; PrintWiki, 2018). The oxygen in the air
adds to double bonds of the drying oil molecules to form
hydroperoxides (Saad, 2007). Thus, a rigid ink film with

a thickness of 2- 3 micrometer is formed on the surface
of the print substrate (Saad, 2007). In other words, the
combination of the binding group molecules within the
ink with the oxygen of the air enables the formation

of new and larger molecules (molecular change). Also,
since most molecules have more than one reactive site
(i.e. double bonds), some cross-links form by forming a
network (Saad, 2007) and the ink changes from a thin
and soft state to a solid state. The drying of (sheet-fed)
offset inks on the surface of less absorbent and non-ab-
sorbent printing papers usually occurs in this way.

» Figure 5: Oxidative drying in offset printing

Following the physical drying process, the chemical
drying time varies according to the oxygen uptake

of the working environment and is accelerated by a
heating (Smyth, 2003). Through initiators or catalysts
(metal dryers such as cobalt, lead, manganese salt),
oxygen in the air reacts more easily with the bind-
ing part of the ink and polymerization accelerates.

Radiation Drying

In cases where physical and chemical drying is insuf-
ficient, radiation and ink drying systems can be used.
There are several types of radiation used to dry inks.
These include ultraviolet radiation (UV), infrared (IR),
microwave (MW) and radio frequency (RF). Each
drying method determines the ink chemistry and
the nature of the print ink used (Leach et al., 1988).
Radiation drying types are preferred by printing
enterprises because they increase the type of sub-
strate and printing speed, accelerate the transition to
post-printing processes, prevent drying problems of
the ink, and reduce environmental effects (Figure 6).
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» Figure 6: Radiation drying - Electromagnetic spectrum
(Khan Akademy, 2017)

Ultraviolet (UV) Curing

UV curing is a photo-polymerization process that uses
UV energy source (the UV light) to transform a liquid
into a solid. With the absorption of the UV energy, the
photo-initiators contained in varnish, ink, adhesive or
resin in the liquid state produce substances called free
radicals, that react with the chemical compounds of
the liquid substance, turning it into solid. This process
is also called “polymerization” (PhotoElectronics, 2019;
Kunwong, Sumanochitraporn & Kaewpirom, 2011). UV
curing is widely used in sheet-fed offset printing, inkjet
printing, screen printing and flexography printing where
oxidation drying is insufficient, especially in packag-
ing applications (Smyth, 2003; Leach et al., 1988).

For UV curing, UV-curable inks whose binder and solvent
molecules react to UV radiation and form a fixed film
layer in a short time must be used. These inks contain
photo-initiators that absorb UV radiation and thus gen-
erate highly active chemical compounds known as free
radicals (Argent, 2008).

UV inks is cured by a chemical polymerization reaction
initiated by exposure to UV radiation and can therefore
only be used in printing machines with UV curing sys-
tems (Aydemir, 1999; Brilliant Universal Limited, 2012).
UV systems consist of beam source (lamp) and reflec-
tors as in IR systems. UV dryers can be added to the
output of printing machines or can be placed between
printing units for intermediate drying (Argent, 2008).

UV curing uses light energy to initiate polymerization
(Argent, 2008). Liquid ink is exposed to UV radiation

by passing under the metal halide or mercury vapor

arc lamps in the machine immediately after printing
(Brancher, 2019). Strong UV radiation hits the photo-ini-
tiators in the ink and activates it, and the photo-initia-
tors become macromolecules under the effect of the
radiation. Liquid ink begins to harden. At the end of the
reaction, cured or polymerized, a solid layer is formed
that combines the pigment (Figure 7) (Smyth, 2003).

The curing speed of the ink; the spectral distribution of
the lamp depends on the reactivity of the printing ink,
the radiation and radiation distribution in the curing



» Figure 7: Ultraviolet curing

plane, the thickness of the ink, the oxygen concentration
(air or inert), the coating temperature conditions (Meh-
nert, 1999).

Since different photo-initiators require different UV
wavelengths, radiation from the source and photo-initi-
ators must be matched to ensure polymerization (Hung,
Wimberger & Mujumdar, 2006). For this purpose, UV
lamps radiate light at different UV ranges to have maxi-
mum drying efficiency.

The UV radiation spectrum is located in a series of wave-
lengths shorter than visible light and can be divided into
3 parts:

« UV-C (200-280 nm) activates photo-ini-
tiators and lets the surface dry out.

« UV-B (280-315 nm) continues
polymerization reaction.

« UV-A (315-380 nm) provides deep
curing (Figure 8) (Brancher, 2019).

» Figure 8: Ultraviolet wavelengths

The power output and condition of lamps and
reflectors significantly affect the amount of UV light
energy the ink is exposed to (Argent, 2008).

Regardless of the type of dryer or ink used, it is very

important to check the power rating, nature and con-
dition of the lamps during printing, the printing speed
and the compatibility of the amount of ink consumed.

If the inks do not dry adequately, several opera-
tions can be done, such as checking the efficien-
cy and working hours of each lamp, and slowing
down the printing speed (Brancher, 2019).

Advantages of the UV system:

1. The lack of solvent in UV ink makes UV
curing an attractive alternative in situa-
tions where solvent emissions need to be
reduced (Brilliant Universal Limited, 2012).

2. Print stability and print quality are very good in
UV curing because the chemical reaction does
not start during drying until energy is applied.
Therefore, there is no volatile organic com-
pounds (VOC) problem (Argent, 2008).

3. The UV curing process is very fast, usually
completed within fractions of a second. This
means less space required. Shelf or second-
ary drying processes are eliminated with UV
curing (Brilliant Universal Limited, 2012).

4. Since the lamp reflectors in the dryer are cooled
by air or water cooling equipment, the effect of
the heat rays coming to the printing substrate
decreases compared to the IR technique. This
allows printing of certain heat-sensitive materi-
als (PVC, polyester, etc.) of certain thickness.

LED-UV Curing

In the traditional UV curing process, quartz discharge
lamps have been used for many years, and these lamps
contain lead, mercury and cadmium metals (PhotoElec-
tronics, 2019). The disadvantages of conventional UV
systems are that they produce ozone, need exhaust sys-
tems to maintain air quality, use a lot of energy, and emit

a lot of heat. Also, the disposal of used mercury arc vapor

lamps is problematic. Because mercury is a toxic metal, it
has attracted the attention of environmental regulators.

LED-UV are definitely the innovation of the future, offer-
ing many advantages in curing and drying industrial pro-
cesses. For this reason, its use is increasing day by day.
With the development of LED technology, changes are
also experienced in UV curing systems. The LED-UV cur-

ing system uses diodes that convert electrical current into

light. When the electrical current flows through an LED,
it gives off IR or UV radiation. The UV light causes chem-
ical reactions in the molecules within the liquid, forming
chains of polymers until the liquid becomes a solid.
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This process is a new technology that was designed to
provide solutions to many of the issues found in conven-
tional UV curing and heat-set drying (DoctorUV, 2018).

The LED-UV curing system, which is preferred in sheet-
fed offset lithography and digital printing machines,
allows printing on substrates with lower thickness and
different heat-sensitive because it emits less heat than
conventional UV systems. It also reduces electricity
consumption and can contribute to a reduction in VOC
(Mirkovi¢, Medek & Bolanca, 2019). LED-UV systems
are more environmentally friendly due to odorless
production, less heating and lower energy consump-
tion. With these advantages, it provides an important
alternative to conventional UV curing systems for solid-
ifying inks, lacquers and adhesives (DoctorUV, 2018).

Infrared (IR) Drying

Infrared (IR) drying is a kind of radiant heating. In this
drying system, no mechanical effects such as high-
speed hot-air jets are required for heating. IR radiation
may transfer large amounts of energy in short time.
The energy emitted by IR radiation is directly used for
heating the wet ink film (Saad, 2007). In this system,
heat energy is generated when the ink film absorbs
sufficient IR light energy. At high temperatures oxi-
dation, penetration, evaporation and polymerization
mechanisms all accelerate (Leach et al., 1988).

The wavelength spectrum of the radiation depends on the
nature and temperature of the heat source. The wavelength
range of thermal radiation is 0.75-1000 um within the
spectrum. IR radiation is conventionally classified as short-
wave (0.75-3.00 um), medium-wave (3.00-25 um), and
long-wave (25 um —1000 um) (Figure 9), (Selim et al., 1997).

As the wavelength of the IR radiation is too long (much
longer than the wavelength of UV radiation), the energy
of their photons is too low (it is much lower than the
energy of UV photons) to achieve any photochemical
reactions. This means that, with IR radiation only a heat-
ing of the printed substrate is reached (Saad, 2007).

» Figure 9: Short, medium, long wavelength drying

34

The most common current applications of IR drying in print-
ing are dehydration of ink films (Ratti & Mujumdar, 2006).
IR technology is mostly used to solve the drying problem

of water-based inks, varnishes, lacquers and adhesives that
cannot be evaporated. The spectrum of the medium wave
radiator is very well matched to the absorption line of water,
so it is highly efficient and economical in water-based ink
drying (Jingxiang et al., 2019). Shortwave IR radiators, on the
other hand, are effective in drying thick wet ink films due to
their high penetrating power. Maximum drying sensitivity
of offset printing inks is in the medium wavelength range

of 3-3.6 um. It is important to adjust the IR wavelength

for the absorption of the inks to substrates (Saad, 2007).

IR dryers are used in newspaper printing only to stim-
ulate ink adsorption, thereby facilitating printing with
higher ink density, that is, with higher ink application

(Tsigonias et al., 2010). UV and IR drying systems can

be used for drying inks as well as protective and dec-

orative over-print varnish and lacquer applications.

Microwave (MW) Drying

Microwave (MW) drying is a technique based on elec-
tromagnetic waves that generate heat directly inside the
ink film. MW radiation is a part of the electromagnetic
spectrum ranging from 300 MHz to 300 GHz (Wagh-
mare et al., 2021). This system effectively, quickly and
efficiently dries the water-based inks on the paper.

Various liquid materials in printing such as inks, varnish-
es, lacquers, and adhesives contain high ratios of water.
(Aydemir, Altay & Akyol, 2021). Water and other polar
solvents are easily heated by microwave energy. Polar
solvent molecules act like small magnet. The movement
of molecules then generates heat. Under the action

of the microwave electromagnetic field, the heated
medium molecules become polarized molecules with
positive and negative charges. Since the microwave
field changes rapidly, solvent molecules oscillate and
try to align with the field. MW are non-ionizing, they
can interact with dielectric materials to generate heat
by agitating molecules in an alternating electromag-



netic field. While solvent-based inks are widely used in
flexography, gravure and screen printing systems, the
use of water-based inks is limited (Aydemir & Ozsoy,
2020). Water-based inks create a drying problem due
to the low evaporation rate of water (McKinney, 1995).
Despite such problematic aspects of water-based inks,
use to the instead of solvent-based inks is still greatly
encouraged due to environmental and health concerns.

Infrared radiation or other hot-air drying methods,
require a long drying period and large amounts of ener-
gy. Besides that, conventional drying mechanisms lead
to, in certain cases, insufficient drying which results

in misprints and added cost (Tsigonias et al., 2010).
Using a microwave-assisted drying system has envi-
ronmental benefits compared to a conventional drying
system (Jingxiang et al., 2019). In addition, MW drying
is known to provide extremely high energy savings
compared to existing conventional drying technologies,
although equipment costs are high (Sharma, 2015).

Marios et al. compared several drying methods com-
mon to water-based inks, hot-air drying, IR drying,
MW drying speed and energy consumption (Tsigo-
nias et al., 2010). The results proved that MW dry-
ing has distinct advantages in terms of both drying
speed and energy consumption. In the study con-
ducted by Marios, the energy consumption of MW
drying was much less than that of hot-air drying.

Radio Frequency (RF) Drying

The principle of the RF drying method is very similar
to MW drying. In this system, an alternating electric
field is created between two electrodes. The material
to be dried (for example glue, inks and paper, car-
ton or others) is conveyed between the electrodes
where the alternating electric field causes polar
molecules in the material to continuously re-reori-
ent themselves to face opposite poles such like the
way bar magnets behave in an alternating magnetic
field. The friction resulting from molecular movement
causes the material to rapidly heat throughout its
entire printed ink film (Trembley & Loring, 1969).

Conclusion

It is important for ink manufacturers to test the
placement behaviors of the ink and for paper manu-
facturers to control the absorption behaviors of the
paper to improve the drying process. In this study,
the drying methods used in the printing process-

es were evaluated in terms of printing substrate,

ink and printing systems. According to this;

Drying systems can be functional alone on the surface of

the printing material for an ink film, or multiple systems

can be active simultaneously, depending on the chemi-

cal content of the ink and the properties of the printing
substrate. High-speed hot-air drying, IR drying, UV cur-

ing, MW drying and other conventional drying methods
can be used together to increase the drying speed.

UV-curable inks and coatings contain low amounts

of or no VOC. Therefore, UV curing systems can be
preferred instead of evaporative drying systems using
solvent-based inks. However, UV curing must be
designed and used to meet all safety requirements
of personnel and the environment due to biologi-

cal effects on the skin and eyes and hazards from
ozone, nitrogen oxide (NOx) and other by-products.

UV ink and UV over-print lacquers can cause large
stains that cannot be easily removed with con-
ventional de-inking methods and can be seen on
recycled paper. This situation should not be over-
looked in the selection of ink and drying system.

The MW drying method can be preferred in prints made
with water-based ink and in cases where the printing
substrate properties are not desired to be adversely
affected. Because studies have shown that MW drying
does not damage the ink-free areas of the paper. With

a microwave-assisted drying system, both environ-
mental benefits and energy and cost efficiency can be
achieved compared to a conventional drying system.

Finally; Excessive ink consumption in the printing pro-
cess will have negative effects on the economy and the
environment due to higher consumption of resources
to be used in drying energy. For this reason, the envi-
ronmental sustainability of printing can be achieved

by keeping ink consumption at an optimum level..
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Impact of packaging shape and
material on consumer expectations

ABSTRACT

Packaging appearance is important in evoking consumer impressions. No
study has yet explored how two prominent packaging attributes, shape

and material, affect the consumers’ impressions and their expectations in

the case of coffee products. Therefore, the objective of this study was to
investigate whether the packaging shape has an impact on the taste intensity
expected by the consumer, and whether packaging materials influence the
expected coffee quality. In an online experiment, 115 participants evaluated
different packaging samples. They rated the expected taste intensity for
packaging samples that varied in shape complexity (i.e., cylindrical, rounded-
angular, hexagonal and multifaceted). They also rated the expected coffee
quality for packaging samples that varied in material (i.e., plastic, aluminium,
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glass and metal). The results showed that the packaging with a higher
degree of shape complexity was associated with a higher taste intensity.
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Furthermore, we found a negative effect of glass on the expectation of

product quality. The findings could be applied in product packaging design
which aims to match the expected and actual characteristics of the product.

KEY WORDS

First received: 8.2.2021.
Revised: 23.4.2021.
Accepted: 5.5.2021.

Packaging, coffee, shape, material, expected taste, perceived quality

Introduction

Packaging appearance is important because it is the only
form of communication between the product and the
buyer during the first purchase (Dadras, 2015). A well-de-
signed combination of packaging attributes with certain
visual elements can evoke emotional reactions from the
consumers. The most prominent packaging attributes,
which contribute to the packaging appearance at first
glance, are shape and material.

Previous studies showed that consumers are sensitive

to visual shapes on the packaging. For example, a study
by Westerman et al (2013) demonstrated a greater
tendency towards designs which use round elements on
packaging labels in the case of vodka and water. Accord-
ing to Hassan, Lee & Peng (2012), the packaging shape

is one of the two attributes that influences a purchase
decision the most. The shape of packaging varies accord-
ing to purpose and product type. Sometimes, deviation

of packaging form from existing packaging design in a
product category may draw more attention from the
consumers (Schoormans & Robben, 1997). Packaging
shape can make the product more attractive and help
consumers predict the volume of the product and its
monetary value. In the area of food products, it can also
impact the perception of product taste. The taste sen-
sation (i.e., sweet, salty, bitter, acidic) can be activated
even without consuming the product. This is commonly
done through the visual design of the packaging, such as
pictorial content and colours, but it can also be achieved
through packaging shape (Velasco et al., 2014). If the
shape corresponds to the actual taste of the product, the
compatibility effect is perceived through two modalities:
vision and taste, resulting in consumer satisfaction. If the
consumers’ created sensory and hedonic expectations
do not match the actual taste of the product, there is a
greater possibility for the consumers’ dissatisfaction with
the product and a decreased likelihood of repurchase
(Ares & Deliza, 2010).
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Another attribute that significantly influences the
consumers’ perception of the packaging is the material.
Several studies from the last decade demonstrated the
impact of the material on the participants’ reactions.
Kobayashi & Benassi (2015) reported on the importance
of the shape of glass jars for the consumers’ acceptance
and purchase intention. Steenis at el (2017) found that
the packaging material affects the perception of sustain-
ability, but also the perception of taste and quality. Labbe
Pineau & Martin (2013) revealed that the visual, auditory
and tactile sensory diversity of the packaging materials
result in differences in the consumers’ expectations.
Ferreira (2019) manipulated both the texture of the
packaging material as well as the product texture and
demonstrated their impact on taste perception.

Altogether, previous packaging-oriented researches sug-
gest that both the shape and the material can influence
people’s perception and their responses to packaging.
Thus, the focus of our study was on these packaging
characteristics and their impact on the consumers’ ex-
pectations from the product.

Problem statement

The investigation of the association between shapes

and different flavours was interesting to researchers
(Turoman et al., 2018). The existing literature suggests
that packaging shape can be one of the influential factors
in forming peoples’ impressions about product taste.
Previous studies (Velasco et al., 2014; Velasco et al.,
2016) confirm that there is a connection between the
shape and the taste. They found a correlation between
sweet taste and rounded forms. On the other hand, sour
and bitter flavours were more correlated with angular
and sharp forms. Spence & Ngo (2012) reported on the
connection between stringent forms and an increase of
bitterness, as well as the association of dairy and mint
tastes with rounded shapes. Rounded shapes were also
investigated in the study by Wang et al (2017) which
showed that a round-shaped product is expected to be
sweeter and less bitter than an angular-shaped one.

While most of the previous research was focused on
sweet food products, our study went further in the ex-
amination of taste expectations in relation to packaging
shape, by focusing specifically on coffee taste. Although
there was a significant research interest in this popular
drink (Harith, Ting & Zakaria, 2014; Van Loo et al., 2015;
van Ooijen et al., 2017; Wever et al., 2010), none of the
previous studies reported on the possible connections
between the expected coffee taste intensity and the
shape of its packaging. So, our first hypothesis was:

H,: Packaging shape has an influence on the expected
taste intensity of the coffee.
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Besides the packaging shape, its material can also affect
people’s perception of the product (Ferreira, 2019;
Kobayashi & Benassi, 2015), especially its perceived qual-
ity (Steenis et al., 2017). Consumers’ expectations about
the product quality can be based on various aspects of
the material, such as sustainability (Steenis et al., 2017;
Vukoje et al., 2020), texture (Ferreira, 2019), transpar-
ency (Chandran, Batra & Lawrence, 2009; Sabo et al.,
2017) and coating (Cigula et al., 2020; Doli¢, Pibernik

& Majnari¢, 2014; Hudika et al., 2020; Pibernik et al.,
2020). From a practical viewpoint, all of these aspects
mostly arise from product type, its specifications and
requirements for its protection. When it comes to coffee
products, their expected quality was investigated in the
area of ready-to-drink beverages (Wang & Yu, 2016) and
product packaging design (van Ooijen et al., 2017). How-
ever, consumers’ expectations about coffee quality have
not been examined in relation to variations of packaging
material. Accordingly, our second hypothesis was:

H,: Packaging material has an influence on the expected
quality of the coffee.

Methodology

In order to test the hypotheses, we conducted an online
survey which consisted of two main parts. The first part
of the survey included four samples of the packaging that
varied according to shape, from cylindrical to multifacet-
ed. For the second part of the survey, we used four dif-
ferent samples of the packaging which varied according
to material.

The survey was active from 28.4.2020. to 9.5.2020. It
included 115 respondents and all of them were over 18
years old. Only those who claimed that they consume
coffee at least once a month were included. The highest
percentage of participants ranged from 18 to 50 years

of age (95.7%), while only 5 participants (4.3%) were
older than 50. 57.2% were women and 42.8% were men.
51.3% of participants claimed that they drink coffee
several times a day, 28.7% drink coffee once a day, 15,4%
drink coffee several times a week and 4,6% drink coffee
several times a month.

In line with previous studies which dealt with food pack-
aging (Ares & Deliza, 2010; Velasco et al., 2014), images
of empty coffee packaging were used in our study. For
the first part of the survey, the images of different glass
coffee containers were presented to the participants. Fig-
ure 1 shows the containers. Their packaging shape varied
in complexity, and they were classified into four main
packaging shapes; cylindrical (A), rounded-angular (B),
hexagonal (C) and multifaceted packaging (D). The pack-
aging volume was 250 g, all of them were transparent,
with the same lid colour and on the same background.
The participants were asked to rate the expected coffee



taste intensity for each packaging shape. The ratings
were recorded using a five-point Likert scale ranging from
1 (low intensity) to 5 (high intensity).

In the second part of the survey, we used images of dif-
ferent packaging that varied in materials, which resulted
in four different packaging samples shown in Figure 2; a
plastic bag (E), aluminium packaging (F), a glass container
(G) and a metal box (H). All packaging samples were in a
neutral colour and had the same volume of 250 g. The
participants were asked to rate the expected coffee qual-
ity for each packaging sample, using a five-point Likert
scale ranging from 1 (low quality) to 5 (high quality).

» Figure 1: Packaging samples used for the expected
taste intensity

» Figure 2: Packaging samples used for the expected
coffee quality

Results

In order to test our hypotheses, a repeated measures
ANOVA was used. There was a significant effect of the
packaging shape on the expected taste intensity,

F (3,342) =12.30, p < 0.05. Post hoc tests were conduct-
ed with the Bonferroni correction (adjusted level of sig-
nificance was set at p < 0.008). The results showed that
the participants expected the same taste intensity of the
coffee in the cylindrical and rounded-angular packaging,
p > 0.008. They also expected the same taste intensity of
the coffee in the hexagonal and multifaceted packaging,
p > 0.008. However, the cylindrical packaging was associ-
ated with lower taste intensity ratings (M = 2.69,

SD = 0.93) than the hexagonal packaging (M = 3.21,

SD =1.10), p < 0.008, and the multifaceted packaging

(M =3.22,SD =1.24), p < 0.008. Furthermore, the round-
ed-angular packaging was also associated with lower
taste intensity ratings (M = 2.73, SD = 0.98) than the
hexagonal packaging (p < 0.008), and the multifaceted
packaging, p < 0.008. Figure 3 illustrates these results.

For the expected quality (see Fig. 4), the analysis showed
that the packaging material affects the participants’
expectations of the coffee quality F (3,342) =13.52,

p < 0.05. Post hoc tests were conducted with the Bon-
ferroni correction and an adjusted level of significance
(p < 0.008). There were no statistical differences in the
expected quality between the coffee in the plastic bag,
aluminium packaging and the metal box, all p > 0.008.
However, the quality was perceived as significantly
lower for the glass container (M =2.92, SD = 0.93) than
for the plastic bag (M = 3.55, SD = 0.99, p < 0.008),
aluminium packaging (M =3.62, SD =117, p < 0.008)
and the metal box (M =3.72, SD =1.26, p < 0.008).

» Figure 3: Mean ratings and standard deviation for the
expected taste intensity

» Figure 4: Mean ratings and standard deviation for the
expected quality
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Discussion

The results of our study confirmed both of our
hypotheses. In particular, the packaging shape had
an impact on the participants’ ratings of the expect-
ed taste intensity, and the packaging material influ-
enced their ratings of the expected coffee quality.

Becker et al (2011) have reported on the impact of
packaging shape on the expected flavour in the case of
yoghurt, and Heuvelmans’s research (Heuvelmans, 2017)
confirmed this in the case of chocolate. The results of our
study confirmed it in the case of coffee as well. The par-
ticipants perceived the cylindrical and the rounded-an-
gular packaging as coffee with a lower taste intensity.
However, the participants expected that more complex
packaging shapes (i.e., the hexagonal and the multi-
faceted packaging) contained coffee with a high taste
intensity. The connection between the angular shaped
packaging and higher taste intensity is not surprising.
Previous research showed that angular forms can affect
the taste intensity in the case of yoghurt (Becker et al.,
2011). Furthermore, Velasco et al (2016) confirmed that
there is a correlation between bitter taste, which is the
main flavour of coffee, and sharp forms. Similar results
can also be found in recent research focused on coffee.
Sousa, Carvalho & Pereira (2020) investigated people’s
expectations of coffee acidity and sweetness in different
packaging design conditions. They found that angular
graphic elements printed on the packaging increased the
expectations of acidity more than rounded elements.

By connecting their results with those in our study, it

is not unreasonable to expect that the combination of
angular packaging with angular graphic elements printed
on it may result in the consumers’ predictive expec-
tations of the coffee taste. However, this area should
definitely be more investigated to provide research-
based evidence for this valuable design guideline.

When it comes to packaging material, our study demon-
strated the negative effect of glass containers on the
expected quality, since the glass container was rated
significantly lower than the plastic bag, aluminium pack-
aging and the metal box. Among all packaging samples
in our study, the glass container was the only packaging
made of a transparent material which enables light
penetration. It is known that light can affect food and
beverage quality (Duncan & Hannah, 2012) and cause
oxidation (Pristouri, Badeka & Kontominas, 2010). Thus,
itis likely that the participants associated the packag-
ing material’s light transmission with a decreased level
of coffee aroma and quality. A study by Kobayashi and
Benassi (2015) revealed similar results. The partici-
pants in their experiment were not keen on selecting
glass coffee packaging unless it used modern forms
that enable better visualization of the actual product.
Our results confirm other previously reported scientific
conclusions on consumer expectations of coffee quality.
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For example, Harith et al (2014) reported that packaging
can stimulate the perception of coffee quality. Fenko, de
Vries & van Rompay (2018) showed that packaging can
guide the evaluation of the coffee product. Wang & Yu
(2016) demonstrated that packaging appearance can play
a critical role in generating consumer perception of the
product value. All these findings suggest that packaging
design should not be underestimated in the process of
transmitting the message about the product quality. The
impact of different environmental aspects of people’s
experiences of drinking coffee should also be taken into
consideration in this process (Spence & Carvalho, 2020).

Conclusions

This study explored people’s expectations of coffee in
relation to its packaging attributes. The results revealed
a significant effect of packaging shape on the expected
taste intensity and the impact of packaging material on
the consumers’ perception of the coffee quality. The
findings could be applied to future packaging design for
certain types of coffee. Strong taste can be presented by
increasing the level of packaging shape complexity. For
example, cylindrical packaging can be used for mild cof-
fee, while multifaceted packaging can be used for strong
coffee. Consumers’ expectations of low coffee quality can
be avoided by using non-transparent packaging materi-
als, such as metal box. Matching the expected and actual
characteristics of the coffee product may create better
trust between the consumer and the producer, which
opens up possibilities for greater consumer satisfaction.

Since the online survey was conducted using two-di-
mensional photographs as stimuli, the study's main
limitation is no physical contact between the participants
and the realistic three-dimensional packaging samples.
Viewing the samples in their actual structural form may,
perhaps, evoke more noticeable effects on the partici-
pants’ impressions and, consequently, their subjective
expectations. Undoubtedly, despite the great scientific
interest in packaging design, this area is still undevel-
oped and needs further research. Introducing a greater
number of packaging variations for each material group
could also provide useful insights. Future studies should
also include coffee tasting tests which would provide
wider research-based knowledge on the packaging’s
effects on the perception of taste in a realistic context.
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