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Introduction

Navigation (or locomotion) techniques refer to the 
way in which users move within Virtual Reality (VR) 
environments. A well-known negative side effect of 
movement in VR is known as cybersickness, which is 
manifested as a physical feeling of nausea, headache, 
dizziness and sweating (Rebenitsch & Owen, 2016). 
This nauseogenic state can be explained as a mismatch 
between vestibular and oculomotor sensors, meaning 
that a person perceives movement even though he or 

she is not actually moving in real space (Golding, 2006). 
This sensation of illusory movement is known as vection 
(Keshavarz et al., 2015b; McCauley & Sharkey, 1992). A 
common example is that of a person sitting on a train 
and another train starts to move, causing the person to 
become confused as to which train is actually moving. 

When immersed in VR, one can often sense these 
cybersickness symptoms. Lawson stated that between 
61% and 80% of participants experience negative symp-
toms (Kelly & Stanney, 2015; Palmisano et al., 2017). It 
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ABSTRACT

 
The aim of this research was to determine if the speed of movement 
in virtual environments has an impact on cybersickness as potentially 
experienced by an end user of the system. Cybersickness is a common side 
effect in virtual reality (VR) systems, shown to have a negative influence 
on user experience. It can be described as a mismatch between vestibular 
and oculomotor sensors, where a person has a feeling of movement even 
though there is none. In this research, we study the impact of different 
navigation speeds in VR on cybersickness, relying on both subjective ratings 
indicating cybersickness symptoms, and objective measures of stress 
level. We wanted to find out if there is a correlation between objective 
and subjective metrics used.  For test purposes, we used the HTC Vive VR 
headset and scenery from the Talos Principle VR game (where subjects 
can easily shift between three different movement speeds). Subjective 
ratings were collected using a questionnaire involving 11 questions used to 
evaluate cybersickness symptoms. Objective metrics were collected using 
the Pip Biosensor. A total of 28 participants took part in the study, while 2 
participants withdrew due to physical discomfort. Results obtained from the 
Pip device show no statistically significant difference between navigation 
speeds for relaxed, stressed, and steady states. Some statistically significant 
correlations were found between gender and stomach ache, need to vomit, 
and physical discomfort while wearing HMD. Furthermore, correlation was 
found between age and variables of nausea in transport vehicles and vertigo. 
Other correlations found are described in the results section of the paper.
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was found that the following factors can have a neg-
ative effect on VR experience: low resolution, narrow 
FOV (field of view), extended duration of immersion, 
habituation, age, susceptibility to motion sickness, and 
speed of movement (Rebenitsch, 2015; Wang & Suh, 
2019). Many of these factors have been investigated in 
research papers, often by using various questionnaires 
for obtaining subjective metrics, and equipment for 
assessing a participant’s objective measures such as 
heart rate, electrocardiogram, and skin conductance 
devices (Baumgartner et al., 2006; Dennison et al., 2016; 
Egan et al., 2016; Keshavarz et al., 2015a). A review paper 
by Brion and Pumudu (2018) provides a chronicle of 
research papers which use subjective and/or objective 
metrics to evaluate and create some form of prediction 
of cybersickness (Brion & Pumudu, 2018). However, few 
papers have explicitly addressed the impact of navigation 
speed on cybersickness and stress level in VR (Medeiros 
et al., 2016; So et al., 2001). In their research on naviga-
tion speed, So, Lo, and Ho (2001) discuss results which 
showed that vection and sickness increase with users 
moving up to a speed of 10 m/s in a VR environment. 
After that, as speed increases up to 59 m/s, speed symp-
toms were found to stabilize, with an ANOVA analysis 
showing no significant interaction between speed and 
nauseogenic symptoms, as is in-line with previous find-
ings. In this paper, we present the results of a subjective 
study aimed at investigating the impact of different nav-
igation speeds in VR on cybersickness, relying on both 
subjective ratings and objective measures of stress level.

Methodology

For the purpose of testing the influence of different 
navigation speeds, we used the game “The Talos Prin-
ciple VR”, developed by Croatian game development 

team “Croteam” (Croteam, 2017). This is a puzzle-based 
game, originally developed for PCs and later adapted 
for VR systems. In the game options, the menu enables 
users to easily switch between two navigation methods, 
each with variations: 1) two types of “teleportation”, 
and 2) the “classic” type, also referred as “hover” or 
“sliding” method. We used this “classic” method since 
it has three different speeds of movement (“slow”: 4.25 
m/s, “medium”: 6.37 m/s, and “fast”: 8.5 m/s;). Figure 
1. depicts the scenery of Talos Principle VR. Tests were 
conducted in a laboratory environment, with the HTC 
Vive VR headset and its corresponding controllers used. 
HTC Vive is a commercial device, with 2160 x 1200 res-
olution (1080 x 1200 per eye), horizontal FOV of 100°, 
and 110° vertical field of view.  The game is originally 
intended as a logic game where players have to solve 
puzzles to unlock levels, but in our case, they were 
instructed to only move freely around the presented 
scenery, given that the focus was on investigating nav-
igation speeds. Since users can move within the VR 
environment with only one controller, the other hand 
was available for the Pip biosensor stress measuring 
device. The Pip biosensor (see Figure 2) detects varia-
tions of electrodermal activity, and uses a proprietary 
algorithm to give numerical results indicating the number 
of relaxed, steady, and stressed situations via galvanic 
skin response measurement, approximately 8 times 
per second (Egan et al., 2016). The Pip device is held by 
the user in their hand with index finger and thumb.

The test procedure was as follows: first, the partici-
pant was seated, and their current level of stress was 
recorded with the Pip biosensor during a 2-minute time 
interval. The person was then asked general questions 
regarding their age, gender, and previous experience 
with VR. Afterwards, they were familiarized with the 
VR headset, and shown how to use the controllers to 

 » Figure 1: Scenery of the Talos Principle VR game
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move in the system. Testing was carried out in such a 
way that the participant held the HTC Vive controller in 
one hand, and the Pip device in the other hand. Upon 
completing 2 minutes of free movement, the participant 
was asked questions related to cybersickness symp-
toms. The administrator recorded answers while the 
participants were still immersed in the VR environment, 
so that they did not need to take the headset on and 
off. In the same manner, each participant complet-
ed the survey after trying the other two locomotion 
speeds. The order of speed movements was random-
ized for every participant. The total test procedure 
lasted approximately 15 minutes per participant (which 
included a short introduction to VR, measurement of 
stress before immersion in VR, testing the movement 
speeds, and questionnaires). The immersion in VR and 
speed testing was about 9 minutes (three speeds, each 
tested for 2 minutes + answering questionnaires).

     

 » Figure 2: The Pip biosensor

A total of 30 participants took part in this study, and 2 
withdrew due to discomfort, leaving a total of 28 partic-
ipants, of which 15 were females and 13 males, between 
the ages of 19 and 58 (median age was 21). For most 
participants, this was their first experience with VR. The 
questionnaire included 11 questions regarding subjective 
experience, used to evaluate cybersickness symptoms. 
The questionnaire is based on Kennedy’s Simulator Sick-
ness Questionnaire (SSQ) (Kennedy et al., 1993), which 
originally contains 16 questions, and these symptoms 
are placed into three categories (nausea, oculomotor, 
and disorientation symptoms). It is important to mention 
that Kennedy’s questionairre is used for assesing sickness 
while using flight simulators, which differs slightly when 
compared to cybersickness (Stanney et al., 1997). Kenne-
dy’s questionairre was thus modified so that only 11 out 
of 16 questions were used. His questionairre has a few 
additional questions, such as general discomfort, fatigue 
(which we expand to “fatigue in VR”), incresed salivation, 
difficulty concentrating, fullness of head, dizzy (eyes 
open/eyes closed), stomach awareness (we modified to 
“need to vomit”), and burping. There are other surveys 
which can be used for assesing cybersickness, one of 
the oldest being the Pensacola Motion Sickness Ques-
tionaire (MSQ) (Davis et al., 2014; Kennedy et al., 1993). 
Short Symptoms Checklist by (Nichols et al., 1997) also 
relies on SSQ, and comprises 6 symptoms (2 taken from 
oculomotor, 2 from nausea, and 2 from disorientation), 

aiming to be easily applied while a user is still immersed 
in the VR environment. To evaluate subjective experience 
in VR, specifically the feeling of presence, a questionairre 
by (Witmer & Singer, 1998) is often used. The SUS (Slat-
er-Usoh-Steed) questionairre can be mentioned as an 
example, where they examine the sense of being present 
in the surrounding space (Usoh et al., 2000). Presence 
and cybersickness are frequently researched issues in 
VR, and according to a review paper from (Weech et al., 
2019), increasing presence could reduce cybersickness. 

In our questionairre, all questions used a 5 point Likert 
scale from 1 (strongly disagree) to 5 (strongly agree). 
Participants were asked the following: Do you feel: verti-
go, blurred vision, difficulty to focus on objects, a head-
ache, sweating, stomach ache, need to vomit, eye strain, 
fatigue, and physical discomfort while wearing a head-
set? The last question was to select which of the symp-
toms was the most dominant, given that we wanted to 
determine if some or any of symptoms would be remem-
bered as most prominent/dominant for each participant. 
After completing all three movement speeds, partici-
pants were asked to determine which speed made them 
feel the least comfortable and which made them feel 
the most comfortable. A dataset including all test results 
is made open at request, available at: ana.agic@grf.hr.

Results and discussion

Results were obtained by using the IBM SPSS 23.0 sta-
tistical program. Since the Shapiro-Wilk test showed 
that variables used in the research significantly deviate 
from the Gaussian curve, non-parametric statistical pro-
cedures were used in processing of the data with basic 
descriptive statistics. The Friedman test was used to test 
the differences between dependent groups of subjects. 
We then used Spearman’s correlation test for testing 
correlation between ordinal variables, and Kendall Tau-b 
for testing correlation between ordinal and nominal vari-
ables.  Statistical significance was set at p<0.05. From the 
28 participants, 18 (64.3%) had no prior experience in VR, 
9 (32.1%) use VR several times per year, and 1 participant 
(3.6%) stated usage of VR once per week. As for experi-
encing sickness in transport vehicles, 3 (10.7 %) partici-
pants feel transport sickness in adulthood while the rest 
do not, 25 (89.3%)). Moreover, participants were asked 
if they had experienced nausea in transport vehicles 
while they were children, 12 (42.9%) stated yes, while 16 
(57.1%) stated no. 10 (35.7%) participants have corrected 
to normal vision, and 18 (64.3%) have normal vision. 

The last question in the questionnaire was to determine 
the dominant symptom among all symptoms asked. 
Our goal was to examine if some symptoms are more 
noticeable after completing every movement speed. The 
percentages of dominant symptoms are presented in Fig. 
3 for all three movement speeds. It can be noticed that 
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the most commonly chosen dominant symptom is verti-
go, experienced in fast movement speed (10 participants, 
(35.7%)), followed by medium speed (9 participants, 
(32.1%)) and lastly slowest speed with 5 participants 
(17.9%). The second interesting dominant symptom is 
blurred vision, which yielded the same score for slow 
and medium speed (9 participants (32.1%)), and interest-
ingly, a lower score for the fastest speed (4 participants 
(14.3%)). Sweating is also interesting, with the fastest 
speed yielding the highest score (5 participants (17.9%)), 
followed by the slowest speed (4 participants (14.3%)).

 » Figure 3: Percentage of participants indicating a given 
symptom as “dominant”, across all three tested speeds

Regarding questions about highest/lowest discom-
fort level after completing all three speeds, results 
shown in Fig. 4 show that the lowest discomfort level 
was experienced by the most participants at medi-
um speed (12 participants (42.9%)), followed by fast 
and slowest speed. The highest discomfort level 
was experienced by the most participants at fastest 
speed, (12 participants (42.9%)) as was expected, 
followed by slow and medium movement speed.

Table 1 portrays the statistical difference for vari-
ables tested across all three speeds, for all partic-
ipants (n=28). Variables did not show any statis-
tically relevant difference between the observed 
moving speeds. Table 2 shows the results from the 
Pip biosensor, median, and standard deviation for 
all participants (n= 28), which did not yield any sta-
tistically relevant results, neither between all three 
measured states, nor in relation to the neutral state.

 » Figure 4: Highest and lowest discomfort levels related 
to speed of movement

Table 1
Statistical difference between variables tested in the 
given questionnaire for all 3 speeds

SLOW MEDIUM FAST
M M M Fr p

Vertigo 1.5 2 2 2.493 .287
Blurred vision 2 2 2 1.143 .565

Difficulty to focus 
on objects 1.5 1 1.5 5.600 .061

Headache 1 1 1 5.429 .066
Sweating 2 2 2 0.520 .771
Stomach ache 1 1 1 0.692 .707
Need to vomit 1 1 1 1.000 .607
Eye strain 1.5 2 2 0.304 .859
Fatigue in VR 1 2 1 0.383 .826

Physical discomfort 
while wearing headset 1.5 2 2 1.167 .558

Table 2
PIP BIOSENSOR statistical results for all measured states

NEUTRAL SLOW MEDIUM FAST
M M M M Fr p

Stress 20 17.5 20 18 5.834 .120
Steady 17 18 20.5 16 3.520 .318
Relaxed 14.5 20 16.5 18.5 4.115 .249

Spearman’s correlation test was performed between all 
the ordinal variables of slow, medium, and fast speed, 
respectively, and objective measures from the Pip stress 
measurement device. For nominal and ordinal variables, 
the Kendall Tau-b correlation method was used. Table 
3 presents correlations described in this section. Vari-
ables with no correlations are not in the tables (such as 
sweating). Bolded values in the table indicate significant 
correlations. We found weak to moderate positive cor-
relation between gender and physical discomfort while 
wearing HMD in slow (r= 0.489, p=0.006), medium (r= 
0.504, p=0.005) and fast speed (r= 0.394, p=0.027), and 
between gender and stomach ache (r= 0.374, p=0.049) 
and need to vomit in fast speed (r= 0.374, p=0.049). 
There is moderate positive correlation between age and 
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nausea in transport vehicles (r=0.448, p=0.008), which 
would indicate that nausea increases with age. We can 
observe weak to moderate positive correlation between 
age and vertigo in fast speed (r= 0.458, p=0.014), need 
to vomit in slow (r=0.388, p=0.041) and medium speed 
(r=0.412, p=0.029), but not in fast speed. Moreover, 
frequency of usage (of VR technology) showed several 
weak to moderate positive correlations between medi-
um speed of movement and: stomach ache (r=0.493, 
p=0.007), need to vomit (r=0.427, p=0.022), physical 
discomfort while wearing HMD (r=0.370, p=0.035) 
and the number of stress events (r=0.326, p=0.045). 
Frequency of usage and headache showed positive cor-
relation in fast speed (r=0.450, p=0.017). As for nausea 
in transport vehicles, one weak positive correlation was 
found with need to vomit variable (r= 0.413, p=0.03). 
Lastly, nausea in transport vehicles as a child shows 
negative, but still significant correlation in slow (r= 
-0.389, p=0.028) and fast speed (r= -0.392, p=0.027) with 
blurred vision, and with difficulty to focus on objects 
at fast speed (r= -0.376, p=0.035). Nausea in transport 

vehicles as a child and vertigo variable showed weak but 
positive correlation (r= 0.357, p=0.047), which indicates 
that adults who experienced nausea in transport vehicles 
as children are more prone to vertigo in virtual reality.

Finally, correlations between highest and lowest discom-
fort regarding speed in relation to variables were found. 
It can be observed that highest discomfort regarding 
speed has a weak positive correlation to stomach ache  
in medium speed (r=0.452, p= 0.016), and we can 
observe weak negative correlation in lowest discomfort 
regarding medium speed also with stomach ache  
(r=-0.391, p=0.040). 

Highest discomfort regarding speed is correlated with 
fatigue in VR at medium speed (r=-0.468, p=0.012), and 
physical discomfort while wearing the HMD (r= 0.407, 
p=0.032). Correlations with fast speed and highest 
discomfort were found for vertigo (r= 0.473, p=0.011), 
stomach ache (r=0.432, p=0.022) and need to vomit 
(r=0.432, p=0.022) variables.

nausea in 
transport 
vehicles

vertigo blurred 
vision

difficulty 
to focus on 

objects
headache stomach 

ache
need to 
vomit

fatigue 
in VR

physical 
discomfort

while 
wearing HMD

stress 
events

Gender S: -0.146
0.429

S: 0.283
0.110

S: -0.044
0.804

S: 0.133
0.479

S: -0.209
0.272

S: 0.256
0.180

S: 0.067
0.706

S: 0.489**
0.006

S: 0.011
0.945

M: 0.071
0.693

M: 0.203
0.261

M: 0.028
0.877

M: 0.278
0.139

M: 0.317
0.089

M: 0.249
0.189

M: 0.191
0.289

M: 0.504**
0.005

M: 0.076
0.643

F: 0.184
0.297

F: 0.269
0.129

F: 0.089
0.619

F: -0.010
0.959

F: 0.374*
0.049

F: 0.374*
0.049

F: 0.161
0.369

F: 0.394*
0.027

F: 0.079
0.628

Age 0.448**
0.008

S:0.096
0.626

S: 0.103
0.604

S: 0.084
0.669

S: 0.143
0.469

S: 0.158
0.422

S: 0.388*
0.041

S: 0.193
0.324

S: 0.250
0.200

S: 0.366
0.056

M: 0.191
0.330

M: 0.107
0.587

M: 0.150
0.447

M: -0.018
0.927

M: 0.298
0.123

M: 0.412*
0.029

M: 0.274
0.158

M: 0.230
0.239

M: 0.058
0.768

F: 0.458*
0.014

F: 0.197
0.315

F: 0.062
0.754

F: 0.173
0.378

F: 0.329
0.087

F: 0.343
0.074

F: 0.137
0.488

F: 0.216
0.269

F: 0.076
0.699

How often 
do you 
use VR

S: 0.067
0.713

S: 0.044
0.803

S: 0.054
0.758

S: 0.147
0.426

S: -0.102
0.584

S: 0.060
0.750

S: 0.155
0.377

S: 0.213
0.248

S: 0.280
0.078

M: 0.207
0.242

M: 0.023
0.898

M: 0.067
0.709

M: 0.166
0.380

M: 0.493**
0.007

M: 0.427*
0.022

M: 0.338
0.056

M: 0.370*
0.035

M: 0.326*
0.045

F: 0.009
0.960

F: -0.113
0.518

F: -0.027
0.878

F: 0.450*
0.017

F: 0.351
0.061

F: 0.351
0.061

F: 0.234
0.186

F: 0.240
0.170

F: 0.004
0.981

Nausea in 
transport 
vehicles

S: 0.061
0.742

S: -0.152
0.391

S: -0.151
0.400

S: -0.175
0.351

S: -0.139
0.463

S: 0.333
0.081

S: -0.283
0.113

S: 0.115
0.521

S: 0.300
0.063

M: 0.314
0.080

M: -0.153
0.398

M: -0.098
0.589

M: -0.176
0.350

M: 0.068
0.717

M: 0.413*
0.030

M: -0.021
0.905

M: 0.084
0.637

M: 0.031
0.852

F: 0.062
0.725

F: -0.007
0.969

F: -0.150
0.400

F: 0.365
0.056

F: 0.151
0.427

F:0.174
0.359

F: 0.111
0.535

F: -0.021
0.905

F: 0.060
0.710

Nausea 
in trans. 
vehicles. 
as a child

0.400*
0.038

S: 0.275
0.136

S: -0.389*
0.028

S: -0.188
0.292

S: 0.091
0.627

S: 0.044
0.819

S: 0.030
0.876

S: -0.322
0.072

S: -0.152
0.394

S: 0.034
0.834

M: 0,357*
0.047

M:  -0.292
0.107

M: -0.137
0.451

M: 0.268
0.154

M: -0.133
0.476

M: 0.139
0.464

M: -0.277
0.123

M: -0.136
0.446

M: -0.023
0.888

F: -0.013
0.492

F:  
-0.392*
0.027

F: -0.376*
0.035

F: 0.317
0.096

F: -0.167
0.380

F: -0.152
0.423

F: -0.241
0.179

F: -0.141
0.427

F: 0.091
0.577

S = slow speed, M = medium speed, F = fast speed, ** p<0.01; *p<0.05 correlation coefficient

Table 3
Correlations between variables in all 3 speeds
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Conclusions

In this research, we report on the results of a subjective 
study aimed at exploring how different navigation 
speeds set during “classic” movement through a VR 
environment will impact users in terms of cybersickness 
symptoms and stress levels. The used questionnaire 
consists of several general questions, and 11 related 
to experience in VR, derived by slightly modifying 
Kennedy’s simulator sickness questionnaire. We also 
used the Pip biosensor stress measurement device 
as an objective measurement method. The results 
regarding the given questionnaire showed no statistically 
significant difference between navigation speeds related 
to physiological signs. Dominant symptoms indicated 
by participants at different speeds provide results that 
point to symptoms that may be explored in future 
research (such as vertigo, blurred vision, headache, and 
sweating). The stress measurement device did not give 
any statistically significant results with respect to relaxed, 
steady, and stress events across movement speeds, as 
well as compared to the neutral state recorded before 
the participant was immersed in the VR setting. Some 
interesting weak and moderate correlations were found 
between gender and stomach ache and need to vomit 
in fast speed, with female participants reporting the 
strongest experience of sickness symptoms (as also 
reported in some earlier studies, such as (Biocca, 1992; 
Stanney et al., 2003)). Age was found to have a positive 
correlation with vertigo in fast speed, and moderate 
positive correlation with nausea in transport vehicles. 
Our ongoing research is targeted towards further 
exploring cybersickness and locomotion methods in 
VR, expanding also by using other objective methods 
including behavioral and physiological measurements.
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Introduction

Analyzing the color image by examining its quantitative 
attributes eliminates the subjective judgment on color 
quality evaluation of printed colors or colors in nature. 
Advancements in science and engineering, however, 
have allowed print and graphic professionals to apply sci-
entific research methods across printing workflow. Apply-
ing these methods heightens the importance of proper 

print production workflow. 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 manipulated 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, 
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ABSTRACT

 
The purpose of this applied research in the digital print production was to 
determine the influence of applied Color Output Modification Approaches 
(COMA) or Color Output Sequences (COS) to determine the colorimetric 
variations (COLVA) on the gray balance (GB) hue in a Color Managed Digital 
Printing Workflow (CMDPW). The experiment analyzed the application of 
eight COMA or COS on the digital color output. The data contained in this 
report are the result of an experiment conducted to test an accepted color 
management practice to gain a greater understanding of the presumptions 
associated with the application of correct print parameters (Calibration, 
Screening, Resolution, Source and Destination Profiles) of CMDPW. These 
parameters rely on the 4-C’s (Calibration, Characterization, Conversion and 
Control) of Color Managed Workflow (CMW). The experiment examined 
the eight COMA as independent groups (K = 8) using a one-way Analysis 
of Variance (ANOVA) with equal n’s method (at α = 0.05) to determine 
the significant colorimetric variations that exists among the [K = 8, N = 
800, ni = 80, nt = 640] groups gray balance average hue deviations. With 
eight groups, a one-tailed, non-directional hypothesis was established. 
The conclusions of this study are based upon an analysis of the COLVA 
by ANOVA test data and associated findings.  The data from the ANOVA 
revealed significant differences in the COLVA of the reproduction among the 
multiple COMA groups. The colorimetric data derived by the experiment 
suggest that selection of correct print parameters is an important step in a 
CMDPW as it relates to achieving accurate GB for a desired use/purpose.
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the challenge is to manage color consistency across the 
entire workflow.  Analysis of color image quality in the 
commercial printing workflow requires a Color Manage-
ment System (CMS) to assist the color producer (printer 
operator or the designer) in delivering accurate output 
colors regardless of device color capacities with the use 
of proper color management techniques (see Figure 1).

 » Figure 1: Schematic of PCS of CMS (Retrieved from 
https://www.adobe.com/)

Digital color print reproduction involves physical/
mechanical interaction among the imaging cylinder, dry/
liquid toner, and the substrate (Novaković & Avramov-
ić, 2012). The outcome of this interaction is the color 
print. Color can be viewed as a science where the opti-
cal 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. A contin-
uous-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, gravure 
or flexography) workflow, the method by which con-
tinuous-tone photographic images are transformed to 
a printable image is called halftoning. In this method, 
varying percentages of the printed sheet are covered 
with halftone dots to represent the varying tones in 
the image. The ink (paste or liquid ink) printed by each 
dot, of course, has the same density. At normal view-
ing distance, the dots of a printed image create an 
optical illusion of a continuous tone image. In contrast, 
a 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.

Gray balance is the proper percentage of combinations 
of cyan, magenta, and yellow inks that produce neutral 
shades of gray. Hue shifts will occur when there is any 
imbalance of one of the components. The imbalance is 
due in large part to ink impurities, chromaticity deviation 
of the substrates, and other attributes. Gray balance is 
a significant factor in determining overall color gamut. 
Gray balance can be determined by careful evaluation 
of a full set of tint charts printed with process inks. Col-

orimetric methods are used to determine if the hue of 
gray is desirable in order to make sure that the black 
ink scale is neutral. 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 calcu-
lation of  ∆H*  (deviation of hue, h*) or ∆C* (deviation 
of chroma, c*) and it requires the colorimetric data 
of CMY overlap printing from the L* a* b* model.

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.  

The quality of color image reproduction of any type 
of printing (digital or traditional) is largely influenced 
by the properties of paper. Paper is considered a com-
modity, but its properties are a long way from being 
standardized (Wales, 2009).  In order to produce 
quality printed materials (a good halftone image), the 
press operator must carefully manage several print 
parameters, such as the source colors (a source pro-
file of ISO/ANSI standard), press calibration, press 
characterization (device destination profile), and the 
screening option. Without assigning these parame-
ters to a print job would result in a color mismatch.

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, 2008). The number of laser spots within a half-
tone cell depends on the following parameters: screen 
frequencies/screen angles, imagesetter resolution/
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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 electronic 
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 (Bouman & He, 2004). The minimum size of the 
dots is limited only by the output device resolution and 
dots are measured in microns (μm). A typical modern 
2400 DPI output device has a laser spot size of 10.6 
μm (microns, 10-6) and the size of a microdot is 21 μm 
(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, 2008). 
FM screening, though, uses smaller dots that are not 
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: FM vs. AM screened image (Retrieved from 
https://www.kymc.com/)

Purpose of the research

The purpose of this experimental study was to deter-
mine the significant differences that exist in the gray 
hue (overlap of CMY) deviation (∆H) among the eight 
color output modification approaches (COMA) or Color 
Output Sequence (COS).  The experiment was conducted 

in a color managed digital printing workflow (CMD-
PW) to determine the effect (impact or influence) of 
COMA on the printed gray hue based on the statistical 
evaluation among eight (groups, K = 8) different types 
of color print modifications. The following one-tailed 
non-directional hypothesis was established for this 
study because of the eight independent COMA groups. 
A one-tailed non-directional hypothesis predicts the 
nature of the effect of the independent group on the 
dependent variable (or the color attribute as the out-
come). A non-directional alternative hypothesis does 
not state the direction of the difference, but indicates 
only that a difference exists. The one-tailed test pro-
vides more power to detect an effect in one direction 
by not testing the effect in the other direction.

Hypothesis (Gray Colour 
Hue Deviation)

H0: There is no significant difference (or relationship) 
in the color printing attribute of Gray ΔH (CMY overlap) 
among the eight COMA when the printed colorime-
try is compared against the reference colorimetry.

Ha: There is a significant difference (or relationship) in 
the color printing attribute of  Gray ∆H (CMY overlap) 
among the eight COMA when the printed colorime-
try is compared against the reference colorimetry.

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 
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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 
was a Konica-Minolta bizHub C6000 Digital Color Press. It 
uses a Creo IC-307 raster image process (RIP) application 
(front-end system). A two-page custom test target image 
(12” x 18” 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 gener-
ic images for subjective evaluation of color, an ISO 12647-
7 Control Strip (2013, three-tier), and a TC1617x  target 
for gamut/profile creation. Table 1 presents the variables, 
materials, conditions, and equipment associated with 
this experiment.  Colorimetric, Densitometric, and Spec-
trophotometric data were extracted by using an X-Rite 
Eye-One Spectrophotometer and an X-Rite i1iO Scanning 
Spectrophotometer from the color printed samples for 
the statistical analysis to determine the significant differ-
ences that exist among the eight COMA groups. Print/
Color attributes (primary colors and gray hue) from each 
group were analyzed/compared with one another. For all 
the eight COMA groups, a total of 800 samples of target 
color images were printed, 100 prints for each substrate 
group, noted by letter “N” (N = 100).  Of 100 samples of 
each group, 80 samples were randomly selected from 
each COMA group, and measured, noted by the letter 
“n” (n = 80). Glass & Hopkins (1996) provides an objec-
tive method to determine the sample size when the size 
of the total population is known. The following formula 
was used to determine the required sample size, which 
was 80 (n) printed sheets for each COMA for this study:

   (1)

n = the required sample size
χ2 = 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 expresses as a  
proportion (.05)

Digital Color Press (printer)

Test target TC1617x image was selected for the output 
device profile creation process. The target image was 
placed into an Adobe InDesign-CC layout (12” W x 18” 
H) and a .PDF file was created without any image/col-
or compression techniques (see Figures 3 & 3A). 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 calibration 
process means standardizing the performance of the 

devices according to the device manufacturer specifica-
tions so that the results of the devices are repeatable. 
The calibration data (range of CMYK densities) were 
saved in the calibration lookup tables of the RIP and a 
calibration curve was created. The calibration curve con-
sists of the maximum printable densities of each color 
(CMYK) of both the screening techniques (See Figure 4).

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.  
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Variable Material/Condition/
Equipment

Test image Custom Test Target, 2 pages

Control strips/targets
ISO 12647-7 (2009 
& 2013), TC1617x

Other Images
B/W and Color for 
Subjective Evaluation

Profiling Software X-Rite i1PROFILER 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 = 1.47; 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 Illumination/
Viewing Condition

D50

Color Measurement Device(s)

X-Rite Eye-One PRO 
Spectrophotometer 
with Status T, 20 angle, 
and i1iO Scanning 
Spectrophotometer

Data Collection/
Analysis Software

CGS-ORIS CertifiedWEB 
and SPSS

Table 1 
Experimental and Controlled Variables
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For this experiment, printer resolution was reduced to 
600 dots per inch (DPI) because one screening option 
(FM screen) in the front-end platform (RIP) was lim-
ited to only setting the resolution at 600 DPI. This is 
due to random micro-dot placement, without use of 
screen angles, for the dot reproduction of FM screen-

ing. However, 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 COMA only the 600 DPI resolution was selected for 
both screening technologies to keep the parameters/
variables consistent throughout the experiment.

 » Figure 3: Test Image for the experiment (PAGE 01)
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Output Device Profile (ODP) 
with AM and FM Screening

Hammermill brand, 100 LB matte-coated digital color 
printing paper 12” W x 18” H was used for printing the 
samples in the experiment. A total of 100 sheets/cop-
ies of TC1617x were printed with the calibration curve 

attached. Also, an amplitude modulated (AM) halftone 
screening technique with 190 lines per inch (LPI) and 
600 DPI as the printer resolution was applied during 
the printing.  No color management or color correction 
techniques were applied during the printing. Printed 
patches of TC1617x were measured in CIE L* a* b* space 
using the i1PROFILER application with an X-Rite spectro-

18

 » Figure 3A: Test Image for the experiment (PAGE 02)
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photometer 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 work-
flow. The source profile (SP) used in the experiment is a 
GRACoL2013 for characterized reference printing con-
ditions-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 calibration curve 
and the 600 DPI as the printer resolution. See Figure 6 
for all output device profiles comparison (GRACoL2013, 
AM vs FM Screened) with profile volume (gamut vol-
ume) and L* a* b* values of each  profile used.

 » Figure 4: Calibration of AM vs. FM Screening
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Printing Samples for the Analysis

Each COMA in the experiment (see Table 2) was consid-
ered as a group. 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 (of AM OR FM screened), 
a color source profile [General Requirements for Appli-
cations in Commercial offset Lithography for charac-
terized reference printing conditions-6 (GRACoL2013 
for CRPC-6)], and a color destination profile of a digital 
press (AM OR FM screened).  As listed below in the 
table 2 and as parameters illustrated in the figure 5, test 
target was printed for use in the experiment. A total of 
100 sheets/samples were printed for each COMA 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 profiles 
all were applied during the printing (see Figure 5).

A total of 800 prints (copies) were printed, 100 for each 
COMA or COS with the same target image on a 100 LB 
matte-coated paper (K = 8, N = 800, ni = 80, nt = 640). 
For each group, 80 prints (n = 80 at 95% confidence 
level) were randomly pulled (or selected) for data col-
lection/analysis. A total of 640 prints were analyzed (nt 
= 640). Colorimetric data for various color quantifica-
tion for each group were generated from the printed 

colors. This study was focused on the measurement of 
color prints, printed with multiple COMA (See Table 2 
& Figures 3, 3A, & 5) to identify the significant differ-
ences that exist among the multiple COMA. The type 
of paper used for the printing will have a significant 
impact on the print attributes, in turn they affect the 
print quality/visual appearance of colors (hue). Quali-
ty of printed halftone image is influenced by the print 
parameters and attributes (device profiles, screening 
techniques, resolution, and calibration data) which are 
part of the workflow. The print technology of interest 
for this study is dry-toner color electrophotography.

Upon printing the test images, multiple types of Inter-
national Color Consortium (ICC) standard based color 
management applications (software) and instruments/
devices (Spectro-photometer & Densitomter) were used 
for the data collection. The data were extracted by using 
an X-Rite Eye-One Spectrophotometer from the color 
printed samples for the statistical analysis to determine 
the significant differences that exist among the eight 
different COMA color attributes. Print/Color attributes 
(primary colors and gray hue) from each group were 
analyzed/compared with one another.  Colorimetric 
data were collected from the ISO 12647 (2013) CMYK 
control strip. Statistical Package for Social Sciences (SPSS) 
was used to analyze the collected data to determine 
the colorimetric variation (COLVA) among the multiple 

 » Figure 5: Schematic Illustration of COMA

COMA
Group = K 

Type of  
Halftone Screen

Destination Profile 
(of Screened)

Calibration  
(of Screened)

Source
Profile

1 AM AM AM GRACoL2013.icc 
2 FM FM FM GRACoL2013
3 AM FM FM GRACoL2013
4 AM FM AM GRACoL2013
5 FM FM AM GRACoL2013
6 FM AM AM GRACoL2013
7 FM AM FM GRACoL2013
8 AM AM FM GRACoL2013

Table 2 
Color Output (print) Modification Approaches (COMA) in a Color Managed Workflow (CMW)
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COMA groups. Since K = 8, Analysis of Variance (ANOVA) 
with equal n’s method (at acceptable margin of error α 
= 0.05) inferential statistics was used to determine the 
significant differences that exist among the (K = 8, N = 
800, ni = 80, nt = 640) groups mean color deviations of 
the various COMA groups (Glass, & Hopkins, 1996).

Data analysis & research findings

The descriptive and inferential statistical methods were 
used to analyze the data and presented in the following 
pages/tables. Subjective judgment on color difference/
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 mentally processing contextual 
relationships between colors where the changes in light-
ness (value), hue, and chroma (saturation) contribute 
independently to the visual detection of spatial patterns 
in the image (Goodhard & Wilhelm, 2003). Instruments, 
such as colorimeters and spectrophotometers, could 
eliminate the subjective errors of color evaluation 
perceived by human beings. In comparing the color 
differences between two colors, a higher (ΔE  or ΔH) is 
an indication that there is more color difference and a 
lesser (ΔE  or ΔH) is an indication of less color difference.

Statistical Package for Social Sciences (SPSS) was used 
to analyze the collected data to determine the colo-

rimetric variation (COLVA) among the eight groups. 
Since the K = 8, a one-way Analysis of Variance (ANO-
VA) with equal n’s method  (at α = 0.05) was used to 
determine the significant differences that exist among 
the (K = 8, ni = 80, nt = 640) group means (averag-
es) color deviations of the various COMA (Glass & 
Hopkins, 1996). The F-test can be calculated by using 
the following equation (Glass & Hopkins, 1996).

   
(2)

When statistically significant effects were detected 
among the eight groups, the Tukey method - Post hoc 
ANOVA analysis was used to determine which group (K) 
means were significantly different. The Tukey method 
is also known as the honest significant difference (HSD) 
test between two sample means (averages) which can 
be determined by using the following equation (Glass 
& Hopkins, 1996). The F distribution and a probability 
value p, which is derived from the F, were used to deter-
mine if significant differences exist in the output color 
attributes of COMA. F is a ratio of two independent esti-
mates of the variance of the sample, namely between 
the groups and within the groups (K = 8, ni = 80, nt = 
640). A low p value (or higher F value) is an indication 
that one should reject the stated null hypothesis (H0) 
in favor of the stated alternative hypotheses (Ha). This 
is interpreted as one of the COMA means (average) is 
significantly different. It suggests that there is a strong 

 » Figure 6: Output Device Profiles Comparison
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support that at least one pair of the COMA group means 
(averages) is not equal. The higher the p value (or low-
er F value) indicates that the means of various color 
attributes of the COMA are not statistically different.

           (3)

The value of q is the difference between the larger and 
smaller means of the two samples. Differences among 
the means at p ≤ 0.05 were considered to be statis-
tically significant among all the eight COMA groups. 
The main effect of the print parameters on the digital 
color output in a CMDPW was determined by using 
the above stated methods (F and q). The HSD multiple 
comparison test (with α = 0.05) in the experiment that 
enabled the researcher to identify the significant dif-
ference between one COMA group to others. In other 
words, which COMA differs significantly from another? 

Colorimetric, densitometric, and spectrophotometric 
computations were used to determine the gray color 
(overlap of C = 50%, M = 40%, and Y = 40%) hue vari-
ation  (ΔH ) among the eight COMA or COS. The data 
for each group were generated from the printed colors 
of the target (ISO 12647-7, 2013 Control Wedge/Strip) 
image (see Figure 7) by using an Eye-One-Pro spec-
trophotometer with interface application, such as the 
CGS-ORIS CertifiedWEB against the GRACoL2013_CRPC6 
reference data. Measured colorimetric data (CIE L* 
a* b*) from ISO 12647-7 control strip were used to 
determine the means (averages) of: Gray ΔH (CMY 
overlap) between the printed colors and its reference 
data (IT8.7/4). Data derived from ISO 12647-7 control 
strip (sample) is the difference between the character-
ization data set (full IT8.7/4 target) and the sample.

The control strip (wedge) image is intended primarily 
as a control device for pre-press proofs but may also 
be used to control production printers or presses. The 
wedge has 3 rows and 84 patches, and it contains only 
a small sub-sample of the total printable color gam-
ut. The wedge contains too few patches to prove an 

accurate match to a specification like GRACoL or SWOP 
(Specifications for Web Offset Publications). It does 
contain enough patches to monitor the stability of a 
system that has previously been tested with a target 
such as the IT8.7/4 (CMYK target image). The reference 
file content for this image (IT8.7/4) are the CMYK dot 
percentage values and nominal CIE L* a* b* characteri-
zation data values for the GRACoL2013-CRPC6 reference.

Delta E and Delta Hue (ΔE* and ΔH*)

The following equations are used by a spectropho-
tometer and the interface software to calculate the 
color variation between the printed samples and 
reference (GRACoL2013-CRPC6). Assessment of col-
or is more than a numeric expression. It is an assess-
ment of the difference in the color sensation (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 
ΔE (Delta E or Difference in Color Sensation). The fol-
lowing equation is used to calculate the ΔE (Committee 
for Graphic Arts Technologies Standards, 2003).

   (4)

Where: 1 = Reference Color and 2 = Printed Color

 » Figure 8: Schematic of L* a* b* & c*, h * Coordinates

Calculation of ∆H* and ΔE* requires colorimetric 
data from the L* a* b* model. Metric hue angle h* is 
defined by the following formulas (Morovic, 2002):

 » Figure 7: ISO 12647-7, 2013 Control Wedge/Strip with additional Color Patches
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Metric hue angle:      (5)

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

Hue difference (∆H*) is calculated by the following for-
mula (Morovic, 2002):

     
(6)

Colorimetric Variation (COLVA) 
of the Gray Balance (Gray Hue), 
Hypothesis: Gray Color (Overlap 
of CMY) Hue Deviation (ΔH): 
Reference vs. Printed Colorimetry

The ANOVA test revealed that there was a signif-
icant difference among the gray ΔH produced by 
each (or multiple) COMA groups, F (7, 632) = 722.116, 
p = 0.000. Therefore, established null hypothe-
sis was rejected and alternative hypothesis was 
retained. Data indicated that each of the COMA 
group altered the printed gray colors differently. 

Source of Variation Sum of  Square df Mean Square F Sig.

Between Groups 140.439 7 20.063 722.116 0.000**

Within Groups 6.890 632 0.028

Total 147.329 639

*Significant Difference [(α = 0.05 > 0.001) (F = 722.116 < 2.024)] 

Table 3 
Summary of ANOVA for Multiple COMA Influence on the Gray ΔH

 » Figure 9: Gray (Overlap of CMY) Hue Deviation (ΔH) vs. GRACoL2013-CRPC 6 Gray ΔH
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This is due to applied print parameters (see Figure 9). 
As such, the effect was significant at the p < 0.05 for all 
eight COMA (see Table 3). Post hoc analysis using the 
Tukey HSD criterion for significance among the multiple 
COMA groups (K = 8) averages indicated that when com-
paring COMA 1, 2, 3, and 6 with other COMA (4, 5, 7, and 
8) groups, there was a significant statistical difference in 
the gray ΔH produced by these COMA (see Table 4) at 
the p ≤ 0.05. The Tukey HSD test also indicated that the 
mean scores of gray ΔH of multiple COMA (1, 2, 3, and 
6 vs. 4, 5, 7, and 8) are significantly different from each 
other. The COMA 8 resulted in producing the highest 
gray ΔH, while COMA 1 produced the lowest. No sig-
nificant differences were found among gray ΔH mean 
scores of COMA 1, 2, 3, and 6 (See Table 4). Significant 
differences were found among COMA 4, 5, 7, and 8 when 
comparing with COMA 1, 2, 3, and 6 (see Figure 10).

Table 4 
Tukey HSD Multiple Comparison of COMA Influence on 
the Gray ΔH

COMA Mean 
Difference

n = 80 

Standard 
Deviation (SD) 
Difference
n = 80

Sig.

1 vs. 2 -0.109 -0.09 0.155
3 0.017 0.016 1.000
4 -0.996 0.045 0.000**
5 -1.195 0.053 0.000**
6 -0.005 0.0071 1.000
7 -1.580 -0.001 0.000**
8 -1.924 -0.002 0.000**
* p ≤ 0.05 and  ** p ≤ 0.001  [K = 8, N = 800, ni = 80, nt = 640]

Summary/Conclusions

This research demonstrated the use of Analysis of 
Variance (ANOVA ) to determine the effect of Color 
Output Modification Approach (COMA)  or Color Out-
put Sequences (COS) in a Color Management Digital 
Printing Workflow (CMDPW). Correct COMA approach 
would be assigning the correct print parameters during 
the printing. Print parameters play an important role 
in a CMDPW. This is as per the color science of a Color 
Managed Workflow (CMW), which in turn relies on the 
4-C’s (Calibration, Characterization, Conversion, and 
the Control). The findings of this study represent spe-
cific printing or testing conditions. The images, printer, 
instrument, software, and paper that were utilized 
are important factors to consider when evaluating the 
results. The findings of the study cannot be generalized 
to other CMDPW. However, other graphic arts educa-
tors, industry professionals, and researchers may find 
this study meaningful and useful. For example, edu-
cators can implement similar or the presented model 
(or method) to teach color management concepts. 

For each COMA, colorimetric variation (COLVA) in 
the gray balance was determined on the basis of 
GRACoL2013-CRPC 6 reference. The data from the ANO-
VA test revealed that there were significant differences in 
the color reproduction among multiple COMA. The print-
ed gray average color (overlap of CMY) ΔH of the multi-
ple COMA groups (N = 8, Average ΔH = 1.47) was found to 
be within the GRACoL2013-CRPC reference (ΔH = 1.50). It 
suggests that a mismatch of print parameters within the 
COMA groups did not affect the gray hue deviation. How-
ever, the ANOVA test revealed that significant differences 
exists in the gray hue among the multiple COMA or COS.

 » Figure 10: Average Gray Hue Deviation among the Multiple COMA vs. GRACoL2013 Ref.
[Colors presented in this chart do not represent actual COMA group produced colors]
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As a result of this experiment, it is evident that color 
management works and it offers more flexibility and 
control over color reproduction images. The findings 
determined that only the optical aspects of color are 
quantitatively analyzable and measurable because 
humans perceive color subjectively. It will be hard to 
document and measure the color values we see or 
detect. Additionally, the implementation of CMDPW is 
costly, time consuming and a tedious process. It does, 
however, benefit those who implement this workflow 
to get consistent color from device to device. Future 
study is needed to determine the gray hue of color 
management workflow vs. non-color management work-
flow. This study was limited to the electrophotographic 
printing process (color laser) only. Future studies can 
be conducted by using other printing processes. The 
colorimetric data of this experiment led to the conclu-
sion that the application of a correct print parameters 
set-up is an important step in a CMDPW in order to 
output accurate colors or gray balance of choice for a 
desired use/purpose.  Mismatch of print parameters 
could result in a color management discrepancy.
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Introduction

Adhesive binding is widely used in the production of 
counterfoil edging of books in modern technology. 
This method allows relatively easy mechanization and 
automation of production processes. System engineer-
ing analysis has found that perfect binding books have 
insufficient strength of sheets fastening in blocks, which 

causes partial destruction of the spine and dropping of 
sheets when using them. Thus, in (Petriaszwili & Pyrjew, 
2008), it is indicated that significant influence on the 
quality of perfect binding publications has the methods 
of processing of blocks spine before glue applying. The 
analysis of models of adhesive interaction of glues and 
papers depending on the technology of spine processing 
is presented. Researchers (Havenko et al., 2018a) of per-
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ABSTRACT

The factors influencing the backing process of the book block spine are deter-
mined and their priorities are established. The method of backing the spine of 
book blocks in the production of publications by the method of perfect bind-
ing is proposed. This method involves gluing the backing-captal braid to the 
spine of the block with a pre-applied adhesive layer. The positive influence 
of the presence of the adhesive layer of a certain thickness on the physical 
and mechanical characteristics of the backing material is determined. It is 
established that the thickness of the blocks, the type of paper, from which the 
publications are made, and the direction of the cutting of the backing mate-
rial is influenced by the process of backing the spine. With the growth of the 
tension deformation of backing materials from 1.2% (for kraft paper) to 3.8% 
(for the backing braid), the stability of the spine zone of the block increases to 
damage in the process of multiple flippers. The investigated materials in the 
longitudinal direction are more durable than in the transverse in 2-2.5 times, 
so the backed blocks can withstand 4,800 to 15,000 flippers when using kraft 
paper and backing braid, respectively. With the help of optical microscopy, 
changes in the structure of the backing-captal braid after the multiple flippers 
of the book block have been investigated. It is shown that the strength of the 
binding of a book block depends on the choice of the method of backing. In 
the process of optimizing the parameters of backing the block root, various 
variants of linear models were tested, which are described by the functions 
of the dependences of the breaking forces in the longitudinal or transverse 
directions Z on the thickness of the block Tb. The allowable elongation of the 
edging material for its longitudinal and transverse cuttingV is also taken into 
account. The obtained models allow for the particular type of paper to pick 
up the necessary backing materials, which will provide a sufficient strength to 
the perfect binding book blocks.
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fect binding technology are studying the change in the 
stress-strain state of books in the process of exploitation. 
The influence of the physical and mechanical properties 
of adhesives, the method of their applying on the blocks 
spine and the binding process is considered in (Havenko 
et al., 2018b). New devices are being developed to im-
prove the process of gluing the spine of blocks at perfect 
binding (Polit, Snowden & Watson, 1974). Researchers 
emphasize the need to choose a method of processing 
the spine of the block with a special cutting tool. The 
authors (Rabinovich, 1998) suggest a modified method of 
gluing and additional processing of the spine to strength-
en the spine zone of the book blocks. A detailed analysis 
of the practical problems of bonding the spine of blocks 
in the production conditions is given in (Kolpakova, 
2003).

The technology of processing the spine of book blocks 
with disk knives inclined at an angle to them, the ques-
tion of experimental measurement and quantification of 
torque is considered in the paper (Knysh, 2013).

Modern technology of book production uses a variety 
of adhesives for perfect binding of sheets in the block. 
In recent years, it widely used dispersion, polyurethane 
and hot melt adhesives. Work (Palyuk, 2018) dedicated 
to study the glueing ability of certain types of adhesives 
for the production of book frames from binder materials 
with different technological properties. The influence of 
the structure of materials on the formation of adhesive 
seams and the cohesion strength of bonding the spine 
of the book block is investigated in (Gromyko & March-
enko, 2018). The however, often-existing adhesives 
cannot meet the requirements of consumers regarding 
the strength of the binding of book blocks. Therefore, 
it is necessary to improve the technology of producing 
publications in the way of perfect binding. Moreover, 
one of them is backing of the spine of blocks of special 
materials.

The operation of backing the book blocks is often consid-
ered only in terms of increasing the strength character-
istics of individual parts and units of the finished book. 
However, backing is also a kind of protective element 
that facilitates the execution of technological operations 
in the processing of blocks (rounding, bending folds). 
With the help of the backing of book blocks, the connec-
tion between the endpaper and the internal sheets of 
the extreme folded sheet of the block is strengthened 
(especially in the presence of frontispieces). The also 
strengthens the connection between the first and last 
sheets of folded sheet with the block. All this increases 
the strength of the block connection with the binder.

In the role of a protective element, the backing has a 
dual purpose. Firstly, it protects the fold of the endpa-
per and the bending of the outer sheets of the extreme 
folded sheets from the action of the mechanisms of 

rounding and lamination of the spine of the block. At the 
same time, the probability of endpapers tearing off when 
gluing in the casing-in machine disappears. Secondly, 
it protects the endpaper and the outer sheets of the 
extreme folded sheets of the block from getting glue 
when gluing the gauze and the captal-paper strip when 
inserting the block into the cover. The quality of backing 
depends on the technology of the process, the use of ap-
propriate backing materials, the perfection of the design 
of backing machines or mechanisms.

Therefore, the actual task for improving the strength of 
the spine part of the block and increasing the durability 
of the publication is to improve the technology of back-
ing the spine of the book block with the use of techno-
logical variants of gluing it to the backing material.

Analysis of literature and 
problem statement

The known ways of backing the book blocks can be 
classified according to the principle of performance of 
technological operations, the type of backing material 
(roll, tape of a certain format), the method of joining 
it to the spine (without glue, with pre-applied glue, 
thermal pressure). Additional strengthening of the 
block is achieved by backing the spine with a stronger 
material (for example, gauze, duplicated with paper or 
cloth trimmed with hot glue). The researchers (Anon, 
1998) recommend to backing of extreme folded sheets 
with non-woven material with a 20 mm output of it on 
endpaper. This can provide a high strength connection 
of the block with cover without using any other spine 
material. The strength of books made on this technology 
is practically not inferior to the strength of books sewn 
on gauze. The industrial application of this method is 
complicated by the impossibility of equipping existing 
models of folding machines with sewing apparatus for 
framing the spine-field of the folded sheet at the place of 
the last fold. The importance of mechanizing the treat-
ment of the spines of perfect binding blocks, the process 
of backing to activate the formation of a strong gluing 
adhesive connection is considered in (Petrie, 2008).

The analysis of scientific publications shows that the 
attention of scientists is attracted by the problems of 
intensifying the processes of backing the spines of book 
blocks, fastened threads, thermo threads with the use 
of various materials (Stachowicz, 2013a). The paper 
(Stachowicz, 2013b) describes studies of determining 
the energy absorption criterion for backing materi-
als recommended for strengthening the spine of the 
book block. Studies of the structure of materials, their 
mechanical characteristics for backing the spines of the 
block are given in (Bubela & Shabliy, 2016). An analysis 
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of modern technologies for the production of printed 
publications has shown that the backing of the spines 
of perfect binding blocks with special material has all 
the prerequisites for becoming the main in brochure 
and cover production. After all, this process reduces 
the cost of making books, while providing increased 
strength of block fastening and durability of products.

Therefore, it is relevant to study the technological 
process of backing the book block of perfect binding, 
which involves applying glue to the spine, sticking 
to it in three places: on the edges and in the middle 
of the backing-captal braid (Havenko et al, 1998).

The purpose and objectives 
of the research

The aim of the research is to improve the process of 
backing the book blocks of perfect binding with back-
ing materials with different deformation properties.

To achieve this aim, the following tasks were set:

• to study the influence of physical and mechan-
ical properties of backing materials on the 
strength of the spine part of the block;

• to simulate the discontinuous efforts and 
to pull out a sheet of backed book blocks 
made of offset and coated paper to deter-
mine the optimal performance indicators 
of the perfect binding publications.

Materials and methods of 
studying the processes of 
backing the spines of book blocks

Investigated materials and 
equipment used in experiment

The objects of research were selected book blocks made 
of offset paper Megga matt (weight 80 g/m2, degree 
of gluing 0.75 mm) and coated paper Galeri Art (weight 
90 g/m2, degree of gluing 1.25 mm). The composi-
tion of these papers includes a variety of fillers, which 
complicates the depth of penetration of glue and slow 
down the process of fixing adhesive film to the spine of 
the block. This leads to a decrease in the performance 
indicators of book publications. Polyurethane adhesive 
and hot melt adhesives were used for fastening and 
backing the spines of the blocks (size blocks – 100x150 
mm). For research was made 11 identical samples of 
book blocks. To strengthen the spine part of the block, 
a backing-captal braid, a printing gauze (density 15 
threads/cm) and kraft paper Swan White, the charac-
teristics of which are shown in Table 1, were used.

Backing the glued spines of the blocks was car-
ried out in the layout of the developed device, 
the scheme of which is shown in Figure 1.

The layout consists of two parts. The first part includes 
a device for gluing the spines of the blocks. The gluten 
bath is easily removable, with hole for pouring glue. The 
squeegee system on the glued-up roller ensures uniform 
application of glue strips to the endpaper, width of 5 
to 18 mm, with a layer thickness of 0.2 mm. The guides 
1 of the device through the adhesive bath 3 move the 
book block 2 in a clamped state with a spine down. 

Type of 
material

Technological indicators

Density, g/m2 Thickness, 
microns

Longitudinal direction of cutting Transverse direction of cutting

Breaking 
effort N/cm

Relative 
elongation, %

Breaking 
effort N/cm

Relative 
elongation, %

Backing-
captal braid

100–110 90 20.6 2.6 12.5 10.2

Printing gauze 
(density 15 
threads/cm)

190 50 15.1 2.9 9.8 8.95

Kraft paper 
Swan White

75–80 109 14.8 2.5 8.45 7.1

Table 1 
Characteristics of backing materials
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Then the block enters the backing operation. The 
backing device consists of a rail 4, on which the block 
moves, with the spine of the bottom, and three coils 
5 with a braid 6. The backing braid is applied to the 
guides in three places of the block (in the upper, low-
er and middle). The width of the braid is selected 
depending on the height of the block. The remainder 
of the braid cuts off the knife 7, which moves through 
the handle 8, after fixing the braid on the spine of 
the block in the appropriate places. The backed block 
in the clamped state is output from the device.

 » Figure 1: A model of the developed device for gluing 
and backing of the spines of book blocks with back-
ing-captal braid: 1- guides; 2 - book block; 3 - an adhe-
sive bath; 4 - rail; 5 - coils; 6 - backing-captal braid; 7 
- knife; 8 - fixation handle (Havenko et al, 1998)

Methods of studying the physical 
and mechanical properties of 
backing materials and performance 
indicators of backed book blocks

The deformation properties of the backing material were 
determined on a discontinuous (upgraded) RMP-50 
machine and a DFC falscher. To determine the deforma-
tion characteristics of backing materials, an elastomer of 
the design of Y. Chekhman was used. Structural transfor-
mations in backing materials were investigated by optical 
microscopy by microscope MI-8 (Fischer & Naber, 2006) .

Characteristics of glue connections at the spine of the 
book blocks were determined by studying the effort 
to pull out the sheet from the block, the effort of 
breaking the book block and the resistance to multiple 
flippers. The strength of the backed book blocks was 
researched on the Zihloch testers (Germany). The sta-
bility of adhesive connections to multiple flippers was 
determined by the Flex-Test method, and the durability 
of the sheet-breaking, characterizing the durability of 
publications, by the Pull-Test method according to the 
standard methodology. For each testing methods of 
research (Pull-Test, Flex-Test, tensile test) seven identi-
cal samples of 100x150 mm book blocks were used to 
confirm the accuracy of the measurement results. The 
optimization of the process of backing the spines of 
book blocks was carried out using the Maple package 
for the developed program (Dyakonov, 1998). It took 

into account a statistical sample of experimentally deter-
mined characteristics of the backed materials, the thick-
ness of the blocks, the size of the discontinuous efforts 
and the efforts of pull out the sheets from the blocks.

Investigation of the influence 
of physical and mechanical 
characteristics of backing 
materials on the strength of the 
spine part of the book block

Investigation of the durability of the backing materi-
al (by the number of double flippers) shows that all 
materials in the longitudinal direction are more durable 
than in the transverse. Studies have confirmed that 
the kind of edging material influences the stability 
of book blocks to double flippers. The book blocks 
edged with kraft paper stand 2490 flippers, edged with 
printing gauze - 2680 and edged backing braid - over 
3000 flippers. Moreover, in the backing braid during 
the testing period, there was no significant structural 
change, as evidenced by optical microscopy (Figure 2).

   a)    b)

 » Figure 2: Microphotography of the structure of the 
backing-captal braid: a - before double flippers on the 
testers; b - after testing

The analysis of the microphotographs showed that the 
fibers of the backing braid interlaced at an angle close 
to 45°, forming a structured form of cells and pock-
ets that are uniformly filled with glue. This structure 
promotes the formation of strong ties in the system of 
paper-glue-backing braid, firmly strengthening the spine 
of the book block.

It is known that when gluing the spines of the block, a 
film is formed, the physical and mechanical properties 
of which significantly affect the strength and quality of 
fastened sheets. When using the book, the spine film 
bends and each element of the design, obviously, has a 
different effect on the deformation of the film. There-
fore, it is important to study the optimal conditions for 
the discovery of blocks with different thickness of the 
adhesive film in the spine of the block, which consists of 
the adhesive layer and the thickness of the backing-cap-
tal braid. Adhesive film and backing-captal braid have a 
different magnitude of relative elongation. It has been 
experimentally established that the relative elongation 
of the polyurethane adhesive film is 550%, and the 
relative elongation of the backing-captal braid is only 
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6.5% on the basis and by the duct diagonally - 12.9%. The 
research considered variants when the adhesive film 
was applied on top and bottom of the braid (Figure 3).

In the process of opening the book   when placing a back-
ing material on top, the adhesive film or stretch (Figure 
3, a), or there is a partial break of its upper part (Figure 
3, c). The latter case occurs when the adhesion exceeds 
the strength of the film and its elongation exceeds the 
limit value. In blocks with backing-captal braid from 
below, the reinforced film is separated from the sheets 
(Figure 3, b). At the same thickness of the adhesive film 
with the growth of the thickness of the spine material, 
the size of the split block increases. In the blocks, glued 
by the backing-captal braid from below, the size of the 
splitting is not much different from the size of the split 

blocks, backed with a braid above. But the character of 
the split is different - the edges of the sheets in greater 
degree are separated from the spine film, that is, the 
larger value of the separation. When the block is opened, 
the edges of adjacent sheets are removed from each 
other by a value that far exceeds the distance between 
the sheets in the spine of the closed block. This phe-
nomenon can cause elongation of glue film and spines 
of the backing material. In addition, the deformation 
properties of the same backing material are influenced 
by glues. So polyurethane adhesives improve the prop-
erties of the substrate. Within the relative extension of 
the backing materials, a decrease in their deformation is 
ensured, and at the same stress, the substrate uncoat-
ed with the adhesive deforms much more (Figure 4).

 » Figure 4: Change of deformation properties of backing-captal braid with one axial stretch: without glue (1); with a 
glue layer of thickness - 1 μm (2); 2 μm (3); 3 μm (4); a - longitudinal direction; b - transverse direction

a) b)

c)

 » Figure 3: Model positions of the spine part of the publication, fastened with glue and backing by a backing-captal 
braid: a - stretch of adhesive film; b - separating the glue film from the sheets; c - partial gap of the top of the adhe-
sive film; 1 - sheets; 2 - adhesive layer; 3 - backing-captal braid; 4 - adhesive layer over the backing-captal braid

a)

b)
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Studies have shown that there are changes in the 
deformation of the backing materials, depending on 
the direction of cutting. In the longitudinal direction, 
the cutting significantly increases the resistance to 
multiple flippers in kraft paper and printing gauze. 
The backing-captal braid undergoes slight changes 
with one axial stretch (in the transverse direction, the 
resistance decreases). With the decrease in the thick-
ness of the adhesive layer, the stability of the spine 
zone to the number of double flippers increases.

Modeling of relationships 
between factors of 
influence on the strength 
of backed book blocks

An important task of the technology of backing the 
spines of the blocks is to find the optimal process param-
eters. As a result of the analysis of the influence factors 
on the process of backing the book blocks, an oriented 
graph of relationships between them was developed 
taking into account the priority of influence (Figure 5). 
The isolated factors of influence are different in content. 
The influence of the individual factor has a weight, which 
was further taken into account for estimating the back-
ing process of the block spine. The set of factors under 
consideration is a set Z={z1, z2, …, zn}, from which one can 
define a subset Z1ϵZ of the most significant criteria. At the 
vertices of the graph, we place the elements of subset 
Z, and the arches connect the adjacent vertices (zi, zj) for 
which a connection is defined, indicating the influence 
of the factor zi on the factor zj. Thus, the physical and 
mechanical properties of the backing materials depend 
on the direction of the cutting of the backing material.

 » Figure 5: A graph of relationships between the factors 
influencing the process of backing the spines of book 
blocks: Z1 - the type of paper from which book blocks 
are made; Z2 - the thickness of the book block; Z3 - a 
way of backing (cold gluing, thermal bonding); Z4 - the 
direction of cutting the backing material; Z5 - the thick-
ness of the backing material; Z6 - physical and mechan-
ical properties of backing materials; Z7 - the thickness 
of the adhesive layer

Based on the given relationship graph between the 
factors, a binary matrix of dependence and reach for 
a plurality of factors Z was constructed, and the lev-
els of factors hierarchy were determined. As a result, 
the probabilistic model of the hierarchy of factors of 
influence on the process of backing is synthesized. At 
the highest level of the hierarchy, the dependence of 
the strength of the backed block (expressed as efforts 
to break and to pull out of the sheet) on the thickness 
of the block and the type of backing material is locat-
ed. This laid the foundation for further research.

Options for sticking the backing material to the spine 
of the block with different adhesives were considered. 
Hot-melt glue applying on a backing-captal braid implies 
warming it in the process of gluing to the spine of the 
block. Deformation properties of the backing-captal 
braid affect endurance to multiple flippers. The heating 
of a backing material with a glutinous layer does not 
reduce its resistance by repeated flipping. In the books, 
the line of bending of the backing material coincides 
with the longitudinal direction of the fibers, so the 
research backing materials can withstand the maximum 
number of bends, providing the necessary durability 
of the publication. Polyurethane adhesive within the 
relative extension of the backing materials provides a 
reduction in their deformation. At one and the same 
stress, the non-glue substrate deforms much more.

For an objective assessment of the influence of glues 
on the deformation properties of the backing material, 
with one axial tensile, a conditional coefficient of defor-
mation Kd was introduced. This coefficient expresses 
the dependence of the stress Q1, which deforms the 
backing material with a certain thickness of the coat-
ing Δh, to the corresponding stress value Q0, which 
deforms the material without glue for the same value.

Kd(Δh) = Q1/Q0           (1)

Consequently, if the glue coating strengthens the spine 
of the block, for deformation of it of the same magnitude 
as the uncoated paper, the stresses Q1/Q0>1 are required. 
Thus, adhesives which provide Kδ(Δh)>1, strengthen the 
block in the spine, and at Kd(Δh)<1  - weaken it. The value 
of the coefficient of deformation of the backing materials 
with a pre-applied adhesive layer is presented in Table 2.

Table 2 
Coefficient of deformation of backing materials with 
applied adhesive layer 

Material / direction 
of cutting

Polygraphic 
gauze

Kraft 
paper

Captal 
braid

Longitudinal direction 1.21 1.14 1.31

Transverse direction 1.71 1.30 1.89 
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As a result of experimental studies, it was found 
that the strength of the book blocks depends on 
their thickness, the type of backing material (back-
ing-captal braid, printing gauze and kraft paper Swat 
White), the direction of its cutting (transverse and 
longitudinal). The values of the breakthrough efforts 
of the backing materials are given in Table 3.

Figure 6 shows the dependence of the break-
through efforts of book blocks made of offset paper 
and backed by a captal braid on their thickness.

As can be seen, the longitudinal direction of cutting the 
backing-captal braid provides somewhat higher values of 
the breakthrough efforts of the blocks (2.9 kN/m) than 
the transverse direction (2.75 kN/m). With the increase in 
the thickness of the blocks from 2 to 7 cm, the strength 
of the binding decreases by approximately 1.4 times.        

It was found that the strongest are blocks of offset 
paper backed with a captal braid. The force of pulling 
a sheet from a block backed with a braid is 17.8 N/cm 
(for blocks of offset paper) and 16.2 N/cm (for blocks 

Kind of edging 
material

Application method

Direction of cutting

Transverse Longitudinal

Z, kH/м V, % Z, kH/м V, %

Captal braid
With glue 12.5 10.9 20.6 2.6

Without glue 12.0 10.2 18.3 2.5

Polygraphic 
gauze (density 15 
threads/cm)

With glue 9.8 8.95 15.1 2.9

Without glue 9.2 8.55 14.9 2.7

Kraft paper 
Swan White

With glue 8.45 8.5 14.8 2.8

Without glue 8.3 8.1 13.8 2.7

Table 3 
Breakthrough efforts of the backing materials

 » Figure 6: Dependence of the breakthrough effort (Q) of the book block made of offset paper on the thickness of the 
block (T), backed by a captal braid with a transverse (1) and a longitudinal (2) cutting: a - with an applied glue layer; 
b - without glue

a)

b)
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of coated paper). Backing the spines of the blocks with 
a braid with longitudinal cutting, increases the effort 
of pulling the sheet from the block by 0.5-1 N/cm.

Different variants of linear models were tested for 
simulation of the dependence of breakthrough 
efforts. They have the following features:

Q (S, Z, V) = A + B·φT(Tbl) + C·φZ(Z) + D·φV(V)   (2)

where A, B, C, D – the unknown parameters of the model;

φT(Tbl)  – a function that describes the dependence of 
breakthrough efforts on the thickness of the block Tbl;

φZ(Z)  – a function that describes the depen-
dence of breakthrough efforts on the direction of 
applied effort (longitudinal or transverse) Z; 

φV(V)  – a function that describes the depen-
dence of breakthrough efforts on permissible 
elongation (longitudinal or transverse) V.

Q(T,Z,V) – is the amount of breakthrough 
efforts, that taking into account the thickness 
of the block T; direction of applied effort Z; rel-
ative extension of the backing material V.

The parameters A, B, C, D of the model were determined 
by the least squares method according to the criterion

E =  (Qi-Q(Tbl(i), z, v))2 → min       (3)

where n – the number of experimentally record-
ed observations of breakthrough efforts at dif-
ferent thicknesses of the book blocks Tbl (i).

Among the considered functions, different types of 
dependencies were tested, in particular, logarithmic, 
degree and index. Of all tested for the mean square cri-
terion of the models variants of the form (2), the least 
value of the sample deviation average (3) was observed 
with the application of a linear dependence of the form

Q(Tbl, Z, V) = A+ B·Tbl + C·Z + D·V      (4)

When constructing models of breakthrough efforts of 
the enclosed book blocks (Q), the thickness of the block 
(Tbl), relative elongation (V) of the backing materials in 
the transverse (Zh) and longitudinal (Zl) directions of 
cutting were taken into account. As a result of the study 
of book blocks backed with captal braid, gauze and kraft 
paper, it was discovered that the nature of the break-
through effort of the block depends on its thickness, 
types of paper and the backing material and the direc-
tion of the cutting of the backing materials (Table 4).

Thus, the obtained dependence models of breakthrough 
efforts and the efforts of pull out the sheet from the 
block of thickness confirm the expediency of the backing 
operation in order to strengthen the spines of the book 
and ensure the compliance of the performance indicators 
with the norms of the International standards of the ISO.

Conclusions

1.  It has been established that adhesives influence the 
deformation properties of the backing material. So, 
the non-glue substrate deforms much more than 
with the applied glue layer. The maximum coeffi-
cient of deformation has a braid in the transverse 
direction - 1.89 and in the longitudinal - 1.31, the 

The paper from 
which the book 
blocks are made

The type of 
backing material

Direction 
of cutting

Models of breakthrough efforts Qh [кН/м], and 
pull out the sheet from block Рh[N/cm],

Medium-quadratic 
deviation

Offset

Braid Gauze 
Kraft paper

transverse Qh(Тbl,Zh,Vh)=2,43354–0,14133·Тbl+0,17973·Zh–0,14132·Vh, 0,081

Braid Gauze 
Kraft paper

longitudinal Q1(Тbl,Z1,V1)=2,73061–0,12533·Тbl+0,049295·Z1–0,215662·V1 0,078

Braid Gauze 
Kraft paper

transverse Рh(Тbl,Zh,Vh)=9,58911–0,44295·Тbl+1,092303·Zh–0,50595·Vh 0,27

Braid Gauze 
Kraft paper

longitudinal Р1(Тbl,Z1,V1)=8,6171–0,444857·Тbl+0,489829·Z1–0,167083·V1 0,49

Coated

Braid Gauze 
Kraft paper

transverse Qh(Тbl,Zh,Vh)=1,99266–0,13619·Тbl+0,13757·Zh–0,07073·Vh 0,067

Braid Gauze 
Kraft paper

longitudinal Q1(Тbl,Zh,Vh)=2,0591–0,12962·Тbl+0,05525·Zh–0,0771·Vh 0,081

Braid Gauze 
Kraft paper

transverse Рh(Тbl,Zh,Vh)=11,83287–0,48666·Тbl+2,069135·Zh–2,06997·Vh 0,59

Braid Gauze 
Kraft paper

longitudinal Р1(Тbl,Z1,V1)=22,91415–0,4321·Тbl+0,3011021505·Z1–5,2234·V1 0,16

Table 4 
Models of breakthrough efforts of backed book blocks 
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minimum kraft paper -1.14 - in the longitudinal 
direction and 1.5 in the transverse. With the growth 
of the deformation of stretching of the backing 
materials from 1.2% (for kraft paper) to 3.8% (for 
the captal braid), the stability of the spine zone of 
the block increases to damage in the process of 
multiple flippers. The investigated materials in the 
longitudinal direction are more durable than in 
the transverse 2-2.5 times, so the enclosed blocks 
can withstand 2490 to over 3000 flippers when 
using kraft paper and backing braid, respectively.

2.  The factors of influence on the process of back-
ing the spine of the block are determined and an 
oriented graph of connections between them is 
developed. As a result of simulation of the depen-
dence of breakthrough efforts, linear models 
are obtained, the functions of which describe 
the dependence of breakthrough efforts on: the 
thickness of the block; direction of applied efforts 
(longitudinal or transverse); permissible elongation 
(longitudinal or transverse) of the backing material.

3.  It was established that the strongest are blocks 
from offset paper backed with a captal braid. 
Efforts to break the blocks backed with a braid 
with a transverse cutting is  - 2.7 kN/m, and with 
a longitudinal  - 2.95 kN/m. Backing the spines of 
the blocks with a braid with longitudinal cutting, 
increases the effort of pull out the sheet from 
the block by 0.5-1 N/cm. With an increase in the 
thickness of the blocks from 2 to 7 cm, the strength 
of the binding decreases by about 1.4 times.
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Introduction

Creative graphics using computer program can help 
designer to have control over the produced image or 
art i.e. the designer can edit or change the art. This 
manipulation of design can be achieved either by using 
control tool/library or by using command through 
input device. The major advantage of using creative 
design are: 1) Achieve high quality of art, 2) Precise 
results and accuracy, 3) Higher productivity and lower 
design cost, 4) Less computation time etc. You can’t 
step much ahead in computer graphics programming 
without comprehensive math abilities. Without math, 
graphical programming stays limited to things, for 
example, changing shades of objects or making a few 
items through code for entertainment only. Codes and 
graphics libraries are only tools; mathematical skills and 
creative imagination can be transformed into virtual 
reality using computer programming. Trigonometry, 

Matrices, Linear Algebra, and Calculus are an unques-
tionable requirement (Blair-Early & Zender, 2008). The 
computer created visual design and arts can be looking 
realistic as we have experiencing in our daily life. There 
are various software’s for rendering, animations, visual 
arts such as Terragen software used to create landscape, 
blender, Houdini, Sketchup, etc. and apart from these 
software’s, computer programs can also be used for 
generating graphics design/art. Matlab, Python, Java, 
JavaScript etc. are popular programming languages 
which are widely used by scientific community (Neu-
mann, 2019; Sugimoto & Nagasawa, 2017; Stojanović, 
2016). This current research work is dealing with pro-
cessing.js and p5.js web editor tool based on JavaScript 
for generating the creative graphics. Processing.js and 
p5.js is multi-functionality, collective with user friendly 
interfacing, various graphic libraries which help user to 
reduce time and enhance creativity (McCarthy, Reas & 
Fry, 2016; Reche-Martinez, Martin & Drettakis, 2004).
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ABSTRACT

Mathematics is most beautiful thing in our daily life but when it comes to 
equations and formulae people seems to be unpleasant. This equations 
and formulae exhibits interactive properties and relation in our daily life.  
It is sure that the almost all beautiful thing in our nature even Universe 
unveils mathematical properties. These properties produce many patterns 
and shape and is directly related to geometric algebra as we can see in 
nature for example, fluorescent green beetle and colourful galaxies. These 
gorgeous properties of nature can be transformed into equations and log-
ics. Therefore, the main aim of this paper is to generate creative graphics 
using mathematical equations such as number theory, position vectors 
and trigonometry functions. The sectional organization of this paper is as 
follows: section 1 gives the introduction of interactive graphic design and 
related work. Mathematical approach for graphic design has been briefed 
in section 2. In section 2 adopted algorithms and Graphical visualization 
of design is given. Graphic designs are applied to Indian ethnic wear and 
T-shirts. Last Section gives the conclusions and further scope of this work.

KEY WORDS
Design, Collatz conjucture, double pendulum

A mathematical approach for creative 
graphics design 

http://doi.org/10.24867/JGED-2020-1-037Original scientific paper

https://orcid.org/0000-0002-7382-5463
http://doi.org/10.24867/JGED-2020-1-037


38

The JavaScript library have various options to play with 
image, sound, video, text etc. and also great lighting, 
hue, alpha value which helps designer to showcase their 
creativity. Table 1 shows example code for creating circle 
with multiple colours and alpha values and it can be 
scene that centre of circle is charcoal grey that is extract-
ed from the color(250, 126, 255, 200). Similarly there 
are various commands for pixel array such as blue(), 
brightness(), green(), saturation() and hue(). These 
lines of code are user-friendly and can be edited as per 
requirement. Similarly for creating various shapes with 
user dependent size, there are commands known as 2D 
primitives, attributes, curves, vertex, 3D primitives and 
3D models and these library includes different command 
lines for example 2D primitives have arc(), ellipse(), cir-
cle(), line(), rect() etc. More details about processing.js 
can be found in references (McCarthy, Reas & Fry, 2016).

Table 1
Sample code for generating circle 

function setup() {
  let canva= createCanvas(400, 400);
  noStroke();
  let c = color(250, 126, 255, 200);
  fill(c);
  ellipse(200, 200, 200, 200);
  let value = alpha(c); // Sets ‘value’ to 102
  fill(value);
  ellipse(200, 200, 100, 100);
  
}

function setup() {
  let canva= createCanvas(400, 400);
  noStroke();
 let c = color(250, 126, 255, 200);
 fill(c);
 ellipse(200, 200, 200);
 let value = alpha(c); // Sets ‘value’ to 102
 fill(value);
 ellipse(200, 200, 100, 100);
 
}

Mathematical approach 
for graphic design

Math is useful for graphic design for example design of 
web page, chocolate wrappers, billboard, packaging, 
printed T-shirts etc. Mathematics play crucial role for 
designing things in our daily life products.  It can be 
hard like calculus or may be basic intermediate algebra 
but the graphics design has to go through it. Golden 
ratio, Fibonacci number, number theory etc. are the 
most common mathematical techniques that are used 
to design webpages, computer graphics etc. Creative 
and innovative ideas for designing products, indus-
try related modules even graphics are dependent on 
mathematical theories. Most of the tools or computer 
programming languages are equipped with basic alge-

braic equations and many times we don’t even need 
to write those equations (Pickover, 2001; Silva, 1999; 
Vince, 2017; Ward, 1991; Mantiuk, & Heidrich, 2009).

As we have seen in Table 1 that creating a circle need a 
simple command ellipse(x, y, w, h), but when it comes 
to parametric design than mathematical equations 
help a lot for precise outputs. Therefore, in this article 
two different and known theories of mathematics have 
been adopted for the graphic design. These theories 
are based on kinematic equations of double pendulum 
and recursive number theory (Collatz conjecture).

Double pendulum

Kinematics of double pendulum has been used to 
create random graphics using processing.js JavaScript 
language. Position coordinate of second rod has been 
used to draw random circle with dimension based on 
the current position and orientation. Brief introduction 
and kinematics equations have been discussed below.

Kinematics of double pendulum

A double pendulum contains two links with two 
degrees of freedom, means two joint variables(θ1  and 
θ2) required to describes the position and orienta-
tion of the end point (x, y) of pendulum as shown 
in figure 1. The position and joint variables can be 
calculated from kinematics equations (Jankowski, 
2011). Kinematics of any mechanism can be defined 
as calculation of position, orientation, velocity, accel-
eration, displacement etc. without considering the 
forces or mass. Kinematics of upward rod can be 
given by trigonometry equation (1) through (10).

 » Figure 1: Double pendulum
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x1, y1= position of mass m1

x2, y2= position of mass m2

l1  and l2=length of rods
θ1, θ2 = joint angle of rod l1  and l2

     (1)

     (2)

    (3)

    (4)

     (5)

     (6)

   (7)

   (8)

Equation 1 and 2 are the displacement equations and 
derivative of it gives velocity with respect to time.

The acceleration can be found by differentiating veloc-
ity equation (5) through (8) and equation (9) -(10) can 
be used in programming to accelerate the pendulum. 
Figure 2 and 3 is the result of oscillating pendulum with 
tracing of position (x2 ,y2) of mass m2.  The position of 
the mass 2 is varying with the velocity and accelerating 
and which causes to change the dimension of circle. 
Figure 2 is made using double pendulum code in pro-
cessing.js JavaScript in which circle at oscillating rod 2 
has been attached. The possible application of creative 
graphics has been used in Indian traditional Kurti as 
shown in figure 3. The JavaScript library for circle is 
ellipse (x, y, w, h); where x and y is pixel location w, 
h are width and height of the ellipse. The width and 
height is changing with respect to the current position 
of the mass 2 and that causes to generate the various 
shape of ellipses. The color of each circle is continual-
ly changing with the JavaScript command fill (R, G, B, 
Alpha), the values of RGB can be randomly given from 
0 to 255 and which gives random color in the ellipses.

(9)

(10)

 » Figure 2: Shown below is generated through the concept of double pendulum
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 » Figure 3: Double pendulum generated graphics 
imprinted on Indian Kurti

Collatz conjecture (3*n+1) algorithm

The Collatz conjecture is mathematical estimation or 
guesswork that proposed in 1937 by Lothar Collatz, 
(O’Connor & Robertson, 2006). It is otherwise called 
the (3×n+1) conjecture, the Ulam guess, the Kakuta-
ni’s concern, the Thwaites conjecture, or the Syracuse 
issue, (Olloh, 2018). Many mathematical researchers 
are trying to theorized this problem of conjecture but 
it is recursive in nature and leads to again an estima-
tion work. The basic pseudocode is given in Table 2.

Table 2
Pseudocode of Collatz Conjecture

Pseudocode 
Begin Collatz(n) {
// if the number is even
  if (n /2 = = 0) {
    return n / 2;
    // if the number is odd
  } else {
    return (n * 3 + 1)/2;
  }
}

The Collatz Conjecture is that regardless of what the 
number (n) is taken, the procedure will in every case 
inevitably arrive at 1 see the Figure 2. The large iteration  
of collatz conjecture from 10 billion to 100 quadrillion 
are determined by Leavens & Vermeulen (1992) and 
Crandall (1978) individually. Ren et al. (2018) checked 
(2100000 -1) can come back to 1 after multiple times of 

(3×n+1)  calculation, and multiple times of n/2 calcula-
tion, which is the biggest number being confirmed so far 
(Krasikov & Lagarias, 2003). So far nobody has attempted 
to make sense of whether the entirety of the positive 
numbers in the end arrive at one, yet we realize that 
the majority of them do as such. Specifically, Krasikov & 
Lagarias (2003) demonstrated that the quantity of num-
bers at last arriving at one in the interim [1, n] is at any 
rate relative to x 0.84. Therefore, large number sequence 
can be generated from this algorithm and can be used to 
create graphics out of these numbers as a pixel.

Continue applying this rule until you arrive at a revis-
ing sequence of numbers. For instance, if we start 
with both of the numbers 3 or 10 and apply this rule it 
ends at 1 see figure 4 (a) but again 1 is an odd number 
so it a repeating sequence see figure 4 (b). Therefore, 
computer programming is efficient approach to gen-
erate number sequence and these number sequence 
can later be used to generate the graphics and with 
little modifications on available library it can leads to 
various graphic designs (Swimmingthestyx, 2019).

 » Figure 4: Number sequence of Collatz conjecture

Once the pseudo code is implemented in programming 
language such as JavaScript it became more user-friendly 
to generate various design.  The genuine fun of Collatz 
is mapping it. By expanding the quantity of number 
sequence and twisting impact, graphics start to get 
entirely magnificent. It can be seen in Table 3.  The 
designs are made utilizing p5.js JavaScript. Research 
has been made on the code and tried to adjust the 
parameters by hit and trial to get better graphics. 

The different graphics have been achieved using random 
command in JavaScript. From Table 4 it can be seen that 
manipulating the values of random numbers as shown in 
row number 13, 14, 20, 22 (highlighted) can create differ-
ent designs. Table 5 gives various possible application of 
the Collatz conjecture theory and is imprinted on T-shirts.

a) b)
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Table 3 (first part)
Visualization of modified collatz conjecture
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Table 3 (second part)
Visualization of modified collatz conjecture
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Table 3 (third part)
Visualization of modified collatz conjecture
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Table 4
Processing.js JavaScript code for Collatz conjecture

1 void setup() {

2 size(1800, 800);

3   background(255, 255, 255);

4   for (int x = 1; x < 10000; x++) {

5 IntList seq = new IntList();

6 int n = x;

7 do {

8 seq.append(n);

9 n = colla_tz(n);

10 } while (n != 1);

11 seq.append(1);

12 seq.reverse();

13 float l = random(10);

14 float theta = random(-100, 100);

15 resetMatrix();

16 translate(width/2, height/2);

17 for (int y = 0; y < seq.size(); y++) {

18 int val = seq.get(y);

19 if (val % 2 == 0) {

20 rotate(tan(10*sin(theta)));

21 } else {

22 rotate(tan(cos(-theta)));

23    }

24 strokeWeight(1);

25 stroke(0, 0, 0, 100);

26 fill(random(255), random(250), random(250), 150);

27 point(10, 10);

28 translate(0, -l);

29       }

30     }

31  }

32 int colla_tz(int n) {

33   // even

34   if (n % 2 == 0) {

35 return n / 2;

36 // odd

37 } else {

38 return (n * 3 + 1)/2;

39   }

40 }
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Table 5
Possible applications of graphics design
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Conclusion and further scope 

Many of us never know from where the design comes 
from in our day to day life. It can be different structures 
made on clothes, a photo picture on boards, even on 
magazines there can be plenty of images. These cre-
ative designs that are on computer or piece of paper is 
the basis of visual graphic designs. In this work graphic 
design is made out of mathematical logic and shown a 
potential application. The printed T-shirt and Indian Kurti 
is an example of the use of creative computer graphics 
design. Behind all these designs mainly two methods 
which are kinematics of pendulum and recursive number 
theory. The printed T-shirts and Kurti’s seem to be pleas-
ant. These mathematical approach can also be used in 
various fields such as website design, magazine covers, 
bags, toys etc. There are various other mathematical 
algorithms such as golden ratio, Fibonacci number, frac-
tal tree etc. can be adopted for creating graphics designs.
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Introduction

Synthetic polymers made of petroleum are used in the 
packaging industry for sealing, transparency, barrier, 
moisture protection etc. Although they have very supe-
rior abilities, the interest of biodegradable polymers 
is increasing day by day due to the fact that they do 
not dissolve in nature for a long time and are harmful 
to the environment and human body   (Mohanty et 
al, 2005; Avella et al, 2009; Auras et al, 2011; Kuor-
wel et al, 2011; Pilla, 2011). Biodegradable polymers 
can be grouped under 3 main headings. These;

1.  polysaccharides (starch and cellulose), proteins (gel-
atin and casein), and lipids that are derived directly 
from natural raw materials and renewable resources; 

2.  poly(lactic acid) (PLA), polyvinyl alcohol (PVA) that are 
chemically synthesized from bio-derived monomers; 

3.  poly(hydroxybutyrate) (PHB), poly(hydroxy-
valerate), and poly(hydroxyalkanoates) that 
are made from microbiologically produced 
materials or genetically modified bacteria 
(Chandra & Rustgi, 1998; Avérous, 2008).

Natural polymers materials are being used in ever more 
areas and under ever more demanding environmental 
conditions. These include antimicrobial coatings and 
packaging, indicator labels and films, flame retardant 
coating and films, edible prints and conductive inks (Lu 
& Hamerton, 2002; Duncan, 2011). Flame retardant coat-
ing and films prevent or delay the ignition of valuable 
documents (check, money, valuable book) or printed 
papers (wallpapers, laminate parks, etc.) used in a home 
environment, thus providing features such as provid-
ing extinguishing time or preventing the spread of fire. 
Such materials fall into the field of advanced polymeric 
applications (Siracusa et al, 2008). The use of flame 
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ABSTRACT

Papers are raw materials with high flammability. Some of the prod-
ucts produced in the printing industry are used in places requiring 
high heat resistance. High-tech papers can be produced by add-
ing a flame retardant to the paper coating formulation or pulp. 
In this study, it is aimed to prepare polyvinyl alcohol (PVA  )- zinc 
borate / melamine / zinc borate-melamine paper coating formula-
tions and to produce flame retardant paper by coating on paper.
For this purpose, primarily zinc borate is produced by boric acid and zinc 
carbonate reaction  . In the second part of the study, four  different coat-
ing formulations were prepared by adding zinc borate, melamine and 
their double mixtures to the main formulation, where PVA polymer matrix 
was used as binder, and coatings were made on an 80g/m2 paper sur-
face. Limiting oxygen index (LOI  ), gloss, color, surface energy and contact 
angles properties of the produced papers were determined. Offset print-
ing was done onto coated papers with IGT C1 test printing machine. All 
produced flame retardant papers have good printability characteristics.
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retardants to reduce the combustibility of polymers, and 
smoke or toxic fume production becomes an important 
part of the development and application of new materi-
als. Although halogen atoms (e.g. bromine or chlorine) 
form some of the most widely applied flame retardant 
materials, in particular for polymers used in composite 
organic matrices or in electronic equipment, they have 
obvious disadvantages: not least the potential to corrode 
metal components and, more pressingly, the toxicity of 
the hydrogen halide formed during combustion (Ren et 
al, 2007). For this reason, halogen-free flame retardants 
for polymeric materials have attracted more and more 
attention from scientists and engineers in recent times 
(Chang et al, 2004). Sometimes, some metals (zinc, 
aluminum, molybdenum, silicon) can be added to the 
polymers (Hirschler, 1984), and sometimes the polymer 
hybrids formed with organic compounds give the coating 
a fire retardant feature. Although the flame retardancy 
properties of zinc borate compounds cannot be fully 
explained, it is thought that they prevent oxygen trans-
mission by slowing the combustion with the high ash 
they form (Garba, 1999). In addition, since harmful gas 
emission is low, it has been the subject of many studies. 
Nitrogen based material’s main advantages are low tox-
icity, solid state, and in the event of fire, absence of toxic 
gases and low evolution of smoke (Horacek & Grabner, 
1996). The most important organic nitrogen compounds 
used as flame retardant additives are melamine and its 
derivatives. In the light of this information, in this study, 
coating formulations in which zinc borate, melamine 
and both are added together are prepared and coated 
on paper. Both the printability and flame retardancy 
properties of the coated papers were examined.

Material and method

Material

Zinc carbonate, boric acid, melamine, poly vinyl 
alcohol was obtained from Sigma Aldrich.

Method

The Synthesis of Zinc Borate

The synthesis of Zinc borate was carried out as indi-
cated in the relevant literature (Acarali et al, 2015) 1.25 
g of zinc carbonate were dissolved in 100 ml water 
and 2.5 g boric acid refluxed in an inert atmosphere at 
about 95 °C for 2 hours stirred 500 rpm. The resulting 
suspension was rapidly filtered at the same tempera-
ture and dried in a vacuum oven at room tempera-
ture. Percentage of yield was calculated as 88%.

Preparation of formulations and coating on paper

In this part of the study, coating formulations are pre-
pared according to Table 1. The paper sample described 
as F0 is 80 g/m2 office paper that has never been pro-
cessed. Used for the purpose of the control group.

Table 1
Formulation of paper coatings

Formulation Poly Vinyl 
Alcohol 
(PVA) %

Water % Zinc 
Borate %

Melamine %

F0 0 0 0 0

F1 20 80 0 0

F2 20 80 10 0

F3 20 80 0 10

F4 20 80 10 10

The papers to be used before the coating process 
were conditioned for 48 hours in laboratory condi-
tions. The obtained paper coating formulations were 
coated with a laboratory type K303 Multi-coater (RK 
Print Coat Instruments Ltd, United Kingdom) with using 
Mayer Rod 2, at room temperature onto amount of 
0.1 g/m² to one side of 80 g/m² paper at a speed of 
2 m/min and dried overnight in room conditions. The 
average thickness of the coatings was set to 3μm.

Determination of printability

Uncoated and coated papers were printed with IGT C1 
test printing machine using equal amount of process ma-
genta ink (DIN ISO 2846-1). Printing parameters; 300 N 
printing pressure and 0.2 m/s printing speed. The ink film 
thickness of all printed samples was measured as 8 μm.

Characterization

Zinc borate and coated papers FTIR spectrum were 
recorded on Perkin Elmer Spectrum100 ATR-FTIR 
spectrophotometer. Surface characterization were 
determined with Leica optical microscope.

The wettability of hybrid coatings was determined using 
the contact angle with the sessile water droplet meth-
od. The characteristics of surfaces were determined 
with contact angle (TAPPI T 458). Distilled water was 
used as standard wetting fluid in a Pocket Goniometer 
Model PG-X, (FIBRO Systems AB, Sweden), which was 
measured as a function of time. The program is of ver-
sion 3.4. Images of water droplets were then recorded 
by using a CCD video camera. Surface energies were 
calculated on the contact angle by ASTM D5946 stan-
dard test method. The flammability characteristics of 



Journal of Graphic Engineering and Design, Volume 11 (1), 2020. 49

coatings were determined by LOI and UL-94 VTM tests. 
The LOI values of the coatings were measured by using 
an FTT (Fire Testing Technology) type instrument. 

The color measurements of the coatings and prints 
on different coated paper were made by CIE L*a*b* 
method using X-Rite eXact spectrophotometer accord-
ing to ISO 12647-2:2013 standard (International Orga-
nization for Standardization, 2013). The measurement 
conditions of the spectrophotometer are determined 
as polarization filter with 0°/45° geometry with 2 
observer angle with D50 light source in the range of 
400-700 nm. The difference between the colors of the 
different prints was calculated according to formula 1 
according to the CIE ∆E 2000 ISO 13655 standard.

 (1)

The gloss measurements of coated papers were carried 
out with BYK Gardner GmbH micro gloss 75° geometry 
in accordance with ISO 8254-1:2009, and the gloss mea-
surements of prints with BYK Gardner GmbH micro Tri-
gloss 60° geometry in accordance with ISO 2813:2014.

Results

In this study, in order to produce flame retardant paper, 
coatings containing different reinforcements were made 
and their effects were investigated. For this purpose, 
zinc borate was synthesized to be used as a flame retar-
dant additive. When the FTIR spectrum is examined, 

the bands at 3205-3456 cm-1 show O-H vibrations. O-H 
stress vibrations with hydrogen bond are observed at 
2509 cm-1. The bands between 1292-1462 cm-1 and 857 
cm-1 show asymmetric vibrations of the three-faced 
(BO3) borate groups. In-plane bending vibration bands 
of B-O-H groups were exposed at 1254 cm-1. The peaks 
at 1062-1192 cm-1 and 792-858 cm-1 indicate asymmet-
ric and symmetrical stress vibrations of the four-faced 
(BO4) borate groups. The peak three-sided (BO3) borate 
groups at 751 cm-1 show off-plane bending vibrations. 
When FTIR results are evaluated, it is seen that zinc 
borate is successfully synthesized. The results are 
consistent with the literature (Tugrul et al, 2015). SEM 
images of zinc borate are shown in Figure 2. The particle 
sizes of the zinc borate range from 350 nm to 1μm.

The formulations in Table 1 were successfully prepared 
using the synthesized zinc borate and melamine, and 
coatings were applied to the paper surface. The chemical 
structures of the obtained nanocomposite coatings are 
explained by FTIR. When nanocomposite coatings spec-
trums are examined OH vibration of cellulose of paper 
3294 cm-1, about 2900 cm-1 symmetric aliphatic C-H 
stretch vibration of methylene, and aromatic C=C stretch-
ing vibrations at 1387 cm-1, these peaks clearly explain 
the cellulosic paper chemical structures (Danial et al, 
2015). F1 showed that the O-H vibration is becomes more 
prominent because of PVA molecules. It has emerged 
a peak 1268 cm-1 because of C-O of alcohol (Kaczmarek 
& Podgorski, 2007). When F4 and F2 were examined, 
although the peaks of zinc borate appeared, they did not 
make a big distinction because they were too small in 

 » Figure 1: ATR-FTIR spectra of zinc borate
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quantity besides PVA peaks. F3 exhibited that melamine 
added PVA coated paper. It is as a little vibration peak 
appeared NH2 peaks at 3468 cm-1, characteristic 1427cm-1 

C-N stretching of cyclo melamine, 1548.62 cm-1 side-
chain asymmetry C-N stretching and C-N ring stretching 
of melamine was seen at spectrum (Ozcan et al, 2019).

 » Figure 2: SEM images of zinc borate

The properties of the obtained nanocomposite coatings 
such as color and gloss are determined and given in  
Table 2.

Table 2
Color and gloss values of nanocomposite coatings

Formulation
Number L* a* b* ΔE00 Gloss

F0 95.46 2.91 -10.21 Standard 5.2

F1 95.75 3.12 -12.32 1.37 27.9

F2 96.78 2.73 -11.86 1.48 26.2

F3 96.39 2.69 -11.79 1.33 26.7

F4 95.98 2.71 -11.81 1.28 25.8

Untreated base paper was used as reference. When the 
color differences were examined, it was determined 
that the F1, F2, F3, F4 coatings shifted the color slight-
ly to blue (b value) compared to the base paper. This 
is an expected result (Herrera et al, 2015). The color 
change (ΔE) is range about 1.28-1.48, and this value 
cannot be detected by the human eye. It is also within 
the acceptable reference range according to ISO 12647-
2:2013 (International Organization for Standardization, 
2013). When the gloss values were examined, it was 

a) b)

 » Figure 3: ATR-FTIR spectra of F0 (paper), F1(PVA-paper), F2 (PVA-paper-zinc borate), F3 (PVA-paper-melamine), F4 
(PVA-paper-zinc borate-melamine)
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determined that all nanocomposite coatings were at 
least 5 times glossier than the base paper. This is due 
to the fact that the roughness on the paper surface is 
covered by the coating and the diffuse reflection is pre-
vented. Thus, the papers became glossier. The results 
are similar to the literature (Chinga & Helle, 2003).

Surface energy plays an important role in the interaction 
of paper with liquids. The contact angles and surface 
energies of the nanocomposite coatings are given in 
Table 3.

Table 3
Contact angle and surface energies of  
nanocomposite coatings

Formulation 
Number

Surface Energy
(mJ/m2)

Contact Angle
(°)

F0 34.7 83.9

F1 46.2 52.1

F2 58.7 17.5

F3 50.6 40.0

F4 60.5 12.7

When the contact angles of the coatings are examined, 
it is seen that the zinc borate decreases the contact 
angle and increases the wettability. In fact, it was deter-
mined that F2 had a super hydrophilic property. It has 
been determined that it decreases the contact angle in 
melamine, but this decrease is lower than zinc borate. 
Melamine reduces the contact angle due to its H bonds. 
It has been determined that it has very low contact 
angle in the F4 coating, which uses both zinc borate 
and melamine, that is, F4 has the properties of both. As 
expected, the surface energy increases as the contact 
angle increases.

The flame retardancy properties of nanocomposite paper 
coatings were examined with LOI measurements. LOI is 
widely used technique to determine the flame retardan-
cy of coatings. LOI values of the nanocomposite paper 
coatings are given in figure 4. As can be seen from Figure 
4, all coatings increased the LOI. In F2, F3 and F4 LOI 
values was increased with addition of nano zinc borate 
and melamine. The greatest increase was seen in F4, 
where both substances were used together. The increase 
in the flame retardancy of nanocomposite paper coatings 
can be attributed to the synergistic effect of borate and 
melamine. When flame retardancy is examined; It was 
determined that the LOI value of the paper increased by 
58% when compared with F4.

 » Figure 4: LOI values of F0, F1, F2, F3 and F4 nanocom-
posite paper coatings

Offset test prints were made with IGT C1 on the sur-
face of all coated paper. CIE L*a*b* color, gloss, color 
differences of the obtained prints are given in Table 
4. When Table 4 is examined; As with coatings, it is 
seen that F0, F1 and F3 direct the color towards blue in 
their prints. F2 directed the color to a little yellow. The 
color difference in the coatings (ΔE00) is reduced. This 
shows that the ink tolerates the color difference of the 
magenta tone. The color differences of the prints on 
all coatings are within the tolerance limits according to 
ISO 12647-2 (International Organization for Standard-
ization, 2013). When the gloss values were examined, 
parallel results were obtained. The reason for the 
decrease in gloss of all prints is that the pigment in the 
ink distributes the light slightly. Thus, surface roughness 
and diffuse reflection increased, gloss decreased. 

Table 4
Printability parameters of coatings

Formulation
Number L* a* b* ΔE00 Gloss

F0 47.24 73.94 -3.55 Standard 1.8

F1 48.42 74.21 -5.61 1.32 17.1

F2 48.57 74.74 -4.82 1.37 15.2

F3 48.19 73.49 -5.29 0.64 15.1

F4 47.94 73.61 -5.21 0.86 14.9

Conclusions 

In this study, PVA based flame retardant (zinc borate 
and/or melamine) containing paper coating nanocom-
posite formulations were successfully prepared and 
applied on paper. It was determined that the colors of 
the coated papers containing flame retardant shifted 
to blue. However, deviations in colors are small enough 
to be ignored. In addition, all coatings significantly 
increased the gloss of the base paper. Depending on 
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the nature of the additives, the printability of the paper 
has been increased due to the wettability of paper. 
When examined thermally; the highest thermal stability 
was observed in paper coatings containing zinc borate 
and zinc borate/melamine. Similarly, flame retardancy 
properties of coatings were compared with LOI. It was 
determined that all of the coatings ignited later. In the 
light of these results, all coatings obtained will take 
longer to ignite the paper and thus have more time to 
recover valuable documents. Prints were made on the 
coated papers and it was determined that the coating 
types did not change the color of printings much. As a 
result, hybrid coatings made within the scope of this 
study have improved the printability properties as well 
as adding flame retardancy properties to the paper.
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Introduction

There is a long way of the packaging product from the 
manufacturing plant to our home, as it exchanges several 
environments with different hygienic conditions as well 
as the effects of the external environment (tempera-
ture, humidity, handling of the products, etc.) All these 
are excellent opportunities for product contamination, 
especially with insects (and microbes), which can cause 
enormous material and consequently financial losses. 
In our research, a suitable material was selected and 
a repellent was applied to test the effectiveness of 
coatings on graphic products. In recent years, essen-
tial oils (EOs) have been studied as additives in films 
and coatings (Rodriguez, Batlle & Nerin, 2007; Atarés 
& Chiralt, 2016; Yuan, Chen & Li., 2016; Guerrero et 
al., 2020). Due to their properties, essential oils have 
a hydrophobic character, reduce the water vapour 
permeability of films and coated paper. Furthermore, 
some studies have shown that they have a positive 
influence on tensile strength, optical and structural 

properties (Khwaldia, Arab-Tehrany & Desobry, 2010; 
Sánchez-González et al., 2011; Atarés & Chiralt, 2016). 

Some studies have shown that essential oils should 
have a high potential as natural pesticides (Mossa, 2016; 
Nollet & Rathore, 2017; Upadhyay et al., 2018). Some 
examples of studies have shown that essential oils have 
already been used effectively in packaging materials as a 
natural insecticide for pests (repellent, digestive, growth 
inhibiting) (Licciardello et al., 2013; Ribeiro-Santos et al., 
2017; Stejskal et al., 2017; Ju et al., 2019; Lee et al., 2019). 
Molecules in EOs that act on insects as mentioned above 
are considered rapidly non-toxic. Even with EOs it is not 
possible to replace all synthetic insect repellents for the 
time being, but some studies have shown that EOs are 
sufficient for certain insects such as S. zeamais, meal-
worm beetles, Tenebrio molitor Linnaeus, etc. (Plata-Rue-
da et al., 2017; Lopez et al., 2018; Tavares et al., 2018). 

The current use of synthetic chemicals to control insects 
raises many concerns for the environment and human 
health, as there are alternative uses for natural products 
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that are also effective but more environmentally friendly 
(Tavares et al., 2018; Da Silva & Ricci-Júnior, 2020). 

Among the alternatives are bio-pesticides, whose market 
value has risen to $3 billion in 2018 and is expected to 
rise to $6.4 billion by 2023 (Markets & Markets, 2020). 
Safety and regulatory issues have played an important 
role in this growth, as the use of bio-pesticides EO in 
Europe, Japan and North America as an ingredient in 
medicines has increased confidence in their safety. 
Bio-pesticides involve a variety of control methods, 
from microbial to plant based. Among the herbal meth-
ods, EOs play a major role. During evolution, aromatic 
plants have developed many important chemical com-
pounds to defend against the herbivorous insect. 

On the other hand, there is chitosan, as a cationic 
polysaccharide consisting of (1,4)-linked (1,4)-amino-
desoxy-b-D-glucan deacetylated from chitin. Chitosan 
has been shown to have multiple biological activities, 
including antioxidant, non-allergic and antimicrobial, 
and it is considered a suitable biopolymer for edible 
coatings and films (Vrabič Brodnjak, 2017; Wang, Qian & 
Ding, 2018). Chitosan coatings can be used both as drug 
carriers and as EOs. Many EOs such as oregano, thyme, 
rosemary, basil and cinnamon are gaining popularity in 
bio-based coatings for various packaging purposes. 

The aim of our research was to produce chitosan 
coatings with incorporated rosemary essential oil 
for packaging products that can be used as natural 
repellents. Based on the use in graphic products, the 
influence of coatings on paper was evaluated in terms 
of mechanical, physical and printing properties.

Materials and methods

Materials

Two uncoated papers, with different grammage  
were used:

• sample 1: uncoated (not calendared), white, 
paper, with specified grammage 330 g/m²

• sample 2: uncoated and calendared on one side, 
white, paper, with specified grammage 250 g/m²

Coating solution was prepared with rosemary essen-
tial oil (Bergland GmbH, Germany), chitosan (Sig-
ma-Aldrich Chemie GmbH, Germany), acetic acid 
(Sigma-Aldrich Chemie GmbH, Germany) and glyc-
erol (Sigma-Aldrich Chemie GmbH, Germany).

Preparation of coating dispersion 
and coating procedure

Chitosan solution was prepared by dissolving 2g chi-
tosan in 100 ml of 2 % acetic acid. To the solution, 50 
ml of glycerol was added. The solution was mixed for 10 
min, at stirred speed 800 rpm and at 85°C. After that 
the mixed solution was cooled to room temperature. 
After the mixing, solution was filtered through a polyes-
ter screen (mesh no. 140, mesh opening 160 µm) with 
aspiration to remove small lumps in the solution. When 
chitosan solution was filtered, 20 ml of rosemary essen-
tial oil was added and stirred at room temperature. 

After the solution was prepared, the coating with a 
coater (RKPrintcoat Instruments Ltd, Great Britain) 
was proceeded. Papers were coated with bio-based 
film forming solutions on a coating table at ambient 
temperature, using a 60 µm blade. Afterwards, it was 
dried at 30 °C for 10 minutes. On each paper, 5 g/m² of 
solution was applied. For a comparison, the uncoated as 
well as coated papers were analysed in the research.

Methods

Grammage, thickness

Firstly, the grammage was determined, to obtain the 
amount of coating on all samples, which had an influ-
ence on other properties. Grammage was determined 
in accordance with the ISO 536 standard, where 10 
samples of each paper were cut into size 10 × 10 cm and 
weighed. The thickness of samples was measured with 
a precision digital micrometre (Mitutoyo Corporation, 
Japan), to the nearest 0.0001 µm at 10 random loca-
tions on each paper. From the grammage and thickness, 
density and specific volume of paper were calculat-
ed, as described in the standard method ISO 534.

Tensile properties and tear resistance

Tensile strength (TS) and elongation at break (E) of 
papers were determined on a tensile testing machine 
Instron 6022 (Instron, USA) at standard atmosphere 
at 23 °C and 50% of relative humidity. The cross speed 
head was 0.15 mm/s. Paper stripes of 18 cm in length 
and 1.5 cm in width were used and a minimum of ten 
probes for each sample was tested. During the sample 
stretching, several load and elongation data per second 
were recorded until the break of a sample occurred. Tear 
resistance was determined according to the standard 
ISO 1974–9290, where four samples of each paper were 
tested with the Elmendorf method. Tear resistance was 
determined in N, as the force required to tear a sam-
ple after a cut was already started. All samples were 
tested at 23 °C and 50% RH. After the measurement 
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and determination of tensile strength and tear resis-
tance, the tensile and tearing index were calculated.

Water absorption capacity and capillary rise

Water absorption capacity (the Cobb60 value, g/m2) was 
determined as described in the standard method ISO 
535, where 100 ml of water was in contact with the paper 
for 45 seconds and weight differences were compared. 
For each paper, ten sample tests were made. Capillary 
rise was determined as described in ISO 8787 (Klemm 
method). For each sample ten replicas were made.

Resistance of coatings and colour

The resistance of coatings, the cross-cut test was per-
formed as described in standard ISO 2409:2013, using 
Byko-cut Universal instrument (BYK Additives & Instru-
ments, Germany). This test method was used for assess-
ing the resistance of coatings and colours, to separation 
from substrates when a right-angle lattice pattern is cut 
into the coating, penetrating through to the substrate. 
The property measured by this empirical test procedure 
depends, among other factors, on the adhesion of the 
coating to either the preceding coat or the substrate.

Results and discussion

Grammage, thickness and density of coated and 
uncoated papers are summarised in Table 1. Gram-
mage influences mostly the mechanical properties of 
the paper. The same is with thickness, which causes 
a difference in tensile strength, elasticity, bending 
and tearing stiffness, water barriers and optical prop-

erties of the paper. It can be seen that 5 g/m² of 
bio-based coating solution was successfully applied 
to the surface of the samples. The thickness of a 
paper coating has a strong influence on many prop-
erties such as tensile properties, moisture, water 
vapour permeability and water absorption capacity.

Tensile tests

Tensile strength and elongation are summarised in 
Table 2. As paper is considered an anisotropic mate-
rial, since fibres are aligned in the direction of travel 
in the papermaking machine (i.e. MD direction) and 
across the fibre alignment called cross-machine direc-
tion (i.e. CD direction), tests were performed in both 
directions. Tensile strength and elongation at break 
are very important for packaging materials, due to 
the specific handling and shipping of the products.

Polysaccharides blends with other polymers, in dif-
ferent ratios can improve mechanical properties as 
well (Vrabič Brodnjak, 2017). Combination of chitosan 
and rosemary essential oil coating had an effect on 
lower tensile strength but higher elongation at break, 
compared to uncoated samples. This indicated that 
combination of these two polymers governed the 
structural change and the polymer matrix became 
more flexible. Especially at uncoated sample 1, which 
had higher tensile strength as coated, but lower elon-
gation. Sample 2 had as uncoated sample lower val-
ues of tensile strength and elongation as sample 1. 

The tear resistance determines the force applied 
during the tearing procedure. It indicates the behaviour 
of paper and it is important in packaging papers, 

sample 1-uncoated sample 1- coated sample 2-uncoated sample 2 –coated

Tensile strength [MPa] –MD 222.00±0.40 209.02±0.50 187.54±0.50 179.46±0.02
Tensile strength [MPa] –CD 123.00±0.70 111.23±0.40 109.91±0.20 90.62±0.40
Elongation [%]–MD 2.00±0.05 2.58±0.05 1.30±0.09 1.07±0.03
Elongation [%]–CD 5.20±0.60 6.46±0.10 3.20±0.30 2.94±0.06
Tear resistance [N] – MD 335±0.76 361±0.54 247±0.27 280±0.32
Tear resistance [N] – CD 262±0.29 282±0.67 206±0.93 244±0.58

Sample 1 Sample 2

Grammage [g/m²] – uncoated 330±1.0 250±0.5
Grammage [g/m²]– coated 335±0.4 255±0.4

Density – uncoated  [kg/m³] 569±0.5 781±2.0

Density – coated  [kg/m³] 531±1.0 689±1.0
Thickness [mm] – uncoated 0.58±0.4 0.32±0.3
Thickness [mm] – coated 0.63±0.2 0.37±0.2

Table 1
Results of grammage, density and thickness of uncoated and coated sample 1 and 2.

Table 2
Results of tensile strength, elongation and tear resistance of uncoated and coated sample 1 and 2
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where the toughness and shock absorption are very 
important factors. The fact is that fillers and addi-
tives improve tear strength, as it tends to distribute 
the stress over the whole over long, cellulose fibres 
in the paper. The tear resistance was the highest at 
coated sample 1, compared to coated sample 2.

 The grammage of uncoated and coated papers were 
different; therefore, using tensile strength and tear 
indices represents the real effect and are presented in 
Figure 1 and 2. The tensile and tear indices for all tested 
samples were determined in CD (Figure 2) and MD (Fig-
ure 1) directions. As expected, the values of tensile and 
tear indices are higher at samples in MD direction than 
in CD direction. Coated samples had the highest tear and 
tensile index in both directions, compared to uncoated.

 » Figure 1: Tensile and tear index of samples in  
MD direction

 » Figure 2: Tensile and tear index of samples in  
CD direction

Water absorption capacity and capillary rise

To analyse hydrophilic/hydrophobic nature of the 
paper coatings, their water absorptiveness and capil-
lary rise was determined as seen in Figure 3 and 4.

As expected, the poorest water barrier properties had 
uncoated paper. At coated papers, the best absorptive-
ness achieved uncoated, non-calendared sample 1. It 
can be observed that hydrophobicity of the papers was 
enhanced with the addition of coatings. It is known, 

that chitosan has poor water barrier properties, due to 
its hydrophilicity, but on the other hand the addition 
of the essential oil improved water barrier properties 
of coated samples. The same trend was observed at 
capillary rise (Figure 4), where the highest values were 
at sample 1. Calendared, non coated sample 2 had 
lower values of capillary rise (11.5 in MD and 10 in CD), 
compared to sample 1.  As expected, the addition of the 
coatings improved water barriers on both samples.

 » Figure 3: Water absorptivness (Cobb value) of samples 
on A and B side

 » Figure 4: Capillary rise of all samples in MD and  
CD direction

Resistance of coatings on printing surfaces

To explore the relationship between the coatings and 
printing surfaces, the Cross test has been done (Figure 
5). The results have shown that coatings and printing ink 
have influence on the surface. At coated samples it can 
be seen that small flakes of coatings have detached and 
intersections are seen. At sample 1, a cross area is from 
the measured standard, 5 % affected, but still acceptable 
for the packaging purposes. At sample 2, small flakes of 
coating have detached along sides and at an intersections 
of the cut. A cross area between 5 and 15% was affected.

On the other hand, the uncoated samples showed 
that the edges of the cuts are completely smooth, 
none of the squares in the grid have detached. 
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Conclusions 

In summary, we have developed a coating of chi-
tosan, rosemary essential oil and paper to produce 
water resistant packaging material. The coated papers 
showed excellent water resistance (with Cobb60 values 
of 5.18 and 4.55 g/m2). As expected, the results of the 
tensile and tear indices were higher in the samples in 
MD direction than in CD direction. The coated sam-
ples had the highest tensile and tear indices in both 
directions compared to the uncoated samples. 

The resistance of the coatings verified the surface and 
coating resistance, with sample 1 having the worse 
results among all samples analysed. For packaging 
materials, water absorption and tensile properties are 

among the most important properties. Therefore, surface 
structuring has the potential to prove a fully effective 
coating on a biological basis as a potential in the field of 
repellent products, which will be analysed in the future. 
In order to improve the stability, migration and barrier 
properties of such papers, and this type of bio-based 
coating could still be combined with additional additives.
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Introduction

Self-service automated systems can be found in almost 
all aspects of our lives.  They can be found in the form 
of vending machines, ATMs, rent-a-bike systems, auto-
matic car wash, etc. (Castro, Atkinson & Ezell, 2010). 
Self-service automated systems provide their services 
or products to customers 24/7 without requiring human 
presence to work. In this way, labor costs are reduced 
(Lin et al., 2011). According to the European Vending 
Association, there are around 4 million vending machines 
in Europe that sell about 80 million items a day. The total 
turnover of vending machines for 2018 is € 15 trillion 
(EVA, 2020). Due to the increasing use of self-service 
automated systems, there is a constant tendency to 
improve them. One form of improvement is the expan-
sion of functionality and the introduction of new tech-

nologies. However, it is important not only to provide 
services but also a way of providing services. The service 
must be affordable, consistent and reliable. Otherwise, 
customers will be dissatisfied and may no longer use the 
service provided by the automation system or may use 
a third-party automated system (Wachter, 2002) and 
(Vicini, Sanna & Bellini, 2012). This is especially true for 
the new services and technologies being introduced. 
The cost-effectiveness of a self-service automated 
system depends on its productivity and the quality of 
service it provides (Dilijonas & Sakalauskas, 2011).

One way for the improvement of the service and user 
experience can be by introducing augmented reality. 
Augmented reality is a way of looking at the real envi-
ronment in which the computer-generated environ-
ment, such as still graphics, audio, or videos, is located. 
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ABSTRACT

Augmented Reality (AR) is a way of looking at the real environment in which 
the computer-generated environment is located. The use of augmented real-
ity changes the way we interact with the real environment. In the past few 
years, with the development of technology, augmented reality is gaining in 
importance and becoming closer to everyday users. Many companies such as 
Google, Sony, HTC and Samsung are investing heavily in the development of 
this field. Augmented reality is finding usage in various areas such as enter-
tainment, marketing, navigation, surveillance, system maintenance, and 
user training. The purpose of this paper is to present the possibilities of using 
augmented reality systems for the needs of self-service automated systems.
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Augmented reality is not a new technology,  it was 
invented in 1968 when Ivan Sutherland’s develop the 
first head-mounted display (HMD) system (Billinghurst, 
Clark & Lee, 2015), (Azuma et al., 2001). HDM device 
enabled users to see computer-generated images com-
bined with the real world. Although the augmented 
reality was an attractive concept, it never experienced 
widespread commercial use due to technological con-
straints. The hardware needed for augmented reality, 
such as computers, cameras, and displays, was too big 
to make it for commercial use. Some well-known AR 
headsets are the Microsoft HoloLens, the Meta 2, and 
the Magic Leap even though they are available for pur-
chase none of them is truly a mass consumer device just 
yet. With the expansion of smartphones, augmented 
reality gained its importance. Development of the soft-
ware development kit, such as ARCore, ARKit, Vuforia, 
augmented reality it is now accessible to the average 
developer. This practically means that all devices on iOS 
and Android platforms became AR-compatible devices.  
It is easier for the developers to build an AR experience 
using a variety of platforms. Although mobile devices 
provide low-end AR experiences, they currently cover 
the largest market segment for AR (Chatzopoulos et al., 
2017), (Wagner & Schmalstieg, 2009). Smartphones can 
be used as an entry point into augmented reality. To gain 
a better AR experience AR headset can be used. Even 
though they are not yet accessible to an average user 
in the future this will change. Many companies such as 
Google, Sony, HTC and Samsung are investing heavily 
in the development of this field. With the develop-
ment of the technology augmented reality will become 
more and more available to average users. AR market 
prediction on global AR users by Tomi Ahonen (2014) 
is shown in Figure 1 (Billinghurst, Clark & Lee, 2015).

Expansion of the augmented reality and self-service 
automated systems raises the question is how aug-
mented reality can improve not only user experience 
but also the way self-service automated system work.

 » Figure 1: AR market prediction on global AR users (Bill-
inghurst, Clark & Lee, 2015)

Classification of 
augmented reality

As mentioned earlier, AR is a computer-generat-
ed content placed on top of real-world content. To 
be able to place and register 3D objects onto the 
real world, some form of tracking (positioning and 
orientation) of the device with respect to some 
coordinate system in the real world is required. 

According to (Rabbi & Ullah, 2016), (Zhou, Duh & Bill-
inghurst, 2008), (Kim et al., 2017) and (Wang, Ong & 
Nee, 2016), the tracking technologies for augmented 
reality can be classified into sensor-based, vision-based, 
and hybrid approaches. Sensor-based systems use data 
obtained from the sensors to determine the position and 
orientation of the device. They can be classified onto 
acoustic, magnetic, optical and inertial tracking. The 
vision-based tracking uses a camera and image recogni-
tion to detect and recognize the object and also to cal-
culate the position and orientation of the object. There 
can be marker-based tracking and markerless tracking. 
Marker-based tracking uses a specifically designed mark-
er that is placed in the real world, while the markerless 
tracking does not require them and uses natural features 
of the environment to calculate position and orienta-
tion of the object, and thus make in it more flexible. 
Even though markerless tracking is easier for the user, 
the marker-based approach is currently more popular 
because it is easier to implement. The vision-based track-
ing needs only to recognize the marker and not to pro-
cess the entire image received. Markerless tracking can 
suffer from the shape and texture of the object as well 
as the lighting and reflection. The hybrid-based methods 
combine the advantages of each method by combining 
them together, and thus the accuracy is enhanced.

To make augmented reality applications to be functional 
user interface is required. Placing objects into the real 
world without the ability for users to interact with them 
is not practical. One of the challenges is how to utilize 
user input without constraining the user’s movements 
and ability to interact with the physical world. In mobile 
applications, the touch screen can be used. But using 
a touch screen is restricting users because one hand 
is required for holding the device and the other hand 
is used for manipulating (Seo & Lee, 2013). In recent 
years, there is an attempt to provide intuitive and natu-
ral AR interaction through tangible interfaces. Tangible 
interactions can be paddle-based,  glove-based, and 
direct hand-based interactions (Seo & Lee, 2013) and 
(Wang, Ong & Nee, 2016). The paddle-based interaction 
means that some marker is used for the interaction. 
Glove-based interaction means that the user wears 
special gloves with or without sensors. In both previous 
cases, the user requires to have additional hardware. 
Paddle-based interaction does not provide natural 
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and intuitive movement and can be used for simple 
manipulations. Wearing gloves with attached markers 
and optional additional sensors can be inconvenient 
for the users. Hand-based interaction is most natural as 
users use their hands to interact with the environment. 
However, detecting hands and gestures is difficult since 
the detection is influenced by light and illumination 
conditions. To augmented reality become fully function-
al an easy and intuitive user interaction is required.

The research and technology progress in the future 
will enable better object tracking and a natural and 
intuitive user interface with the augmented objects.

Supporting the self-service 
automated systemsby 
augmented reality

The world’s increasing demand for quick and personal-
ized service has lead to an increase in using self-service 
automated systems in different areas. With the con-
cept of the Internet of Things (IoT) data are collected, 
analyzed, and are available for further use. IoT extends 
the connectivity between things with minimal need 
for human intervention. Data are collected and ana-
lyzed to increase the efficiency and productivity of the 
self-service automated system (Stankovski, Ostojić & 
Zhang, 2016) and (Stankovski et al., 2019). Self-service 
automated systems become digitalized, allowing them 
not only to provide the service but also to have a mar-
keting service. Smart-systems that are more service-ori-
ented cloud solutions, interconnected and intelligent 
systems enable retailers to provide a better shopping 
experience to customers (Demirkan & Spohrer, 2014) 
and (Nemet et al., 2019).Understanding and prediction 
of customer’s behaviorare very important character-
istics/attributes of the intelligent/smartself-service 
automated systems. (Baranovski et al., 2020) and 
(Ostojić et al., 2015). Edge computing is a computer 
architecture that addresses some of these problems 
and enables well synergy with Cloud computing (ECC 
& AII, 2017; Stankovski et al., 2020a; Stankovski et al., 
2020b). Also, these architectures are suitable for the 
implementation of Big Data technologies and the devel-
opment of hybrid databases (Zečević et al., 2018)

The design of a self-service automated system must be 
attractive to catch the attention of customers. Further 
increasing user experience can be with augmented 
reality. User experience is a significant quality factor of 
interactive products and services. As more and more 
services emerge, the user experience will be a dominant 
factor for the success of interactive products and services 
(Irshad & Rambli, 2014). Augmented reality can have a 
positive and significant impact on user experience (Irshad 
& Rambli, 2014; Poushneh & Vasquez-Parraga, 2017). 

Current studies -Pantano & Servidio, 2012; Domina, Lee, 
& MacGillivray, 2012; Demirkan & Spohrer, 2014, Barlow, 
Siddiqu & Mannion, 2004; Spreer & Kallweit, 2014- indi-
cate that the introduction of immersive environments in 
shopping experience can positively affect consumer buy-
ing behavior. The shopping experience must be as easy to 
use, useful while providing enjoyment. Enjoyment of the 
customers has the most powerful influence on consum-
er’s towards the innovative shopping experience. Retail-
ers are turning around to augmented reality to improve 
their product information and engage customers to try 
them. The goal is for each customer to be personalized, 
and based on his habits to suggest products that are 
interesting for him. The authors of this paper are part of 
the team that developed smart store showed in Figure 2. 
This smart shop will work in conjunction with a salesman 
to allow the sale of products that would require specific 
vending machines (Stankovski et al., 2020c). Collecting 
the data from the self-service automated system with 
the introduction of business intelligence and knowledge 
management services can allow personalized augmented 
messages to be presented to the customers in order to 
attract them to use the self-service automated system. 
The usage of mobile augmented reality applications in 
retailing has proven to engage user experience (Dacko, 
2017). Users can try on products and get more informa-
tion about them. One example is IKEA that has created 
the AR app where users can try out their products in 
their apartments. On the other hand, virtual information 
kiosks can be found in public places. They allow the cus-
tomers to access information like product details, price, 
and availability through the virtual interface which is 
projected in front of the AR glass (Rajendran, 2018). For 
example, clothes retailer Topshop has a fitting room with 
AR support. Standing in front of augmented reality kiosks, 
customers can see a digital reflection of themselves with-
out need to change the clothes (Kovics, 2020). Another 
example is the LEGO AR kiosk that provides a visual 
3D animated model of what contents inside the box.

 » Figure 2: Providing an augmented experience  
to the user’s
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Navigating through the building and finding self-ser-
vice systems can also be done using augmented real-
ity. GPS system is not precise enough to navigate the 
users through buildings. Augmented reality can detect 
a real 3D object and based on it directly superimpose 
directions on a real-world view, therefore making the 
directions easier to perceive.  Studies showed that AR 
could support accurate localization and improve user 
experience (Rehman & Cao, 2017). Providing direc-
tions inside the building can be personalized based 
on a user’s habits and suggest directions. Users can 
find easier the self-service automated system that 
they prefer and thus improve their user experience.

Servicing the system can also be much easier with the 
augmented support for servicers. Augmented reality 
has proven in maintenance applications. Using the AR 
technology and interactive guidance can have multiple 
advantages and can lead to improvements in a shorter 
duration of the procedure of disassembly and faster 
component condition analysis and diagnosis (Tegeltija 
et al., 2016) and (Rentzos et al., 2013). Also, remote 
maintenance using AR can easier provide information 
and analytics to the servicers to resolve any issues that 
may arise during maintenance (Masoni et al., 2017). 
Servicers with the head-mounted displays can have 
real-time information on the go, and guidance on how 
to resolve problems of the self-service automated sys-
tems. Interactive tutorials can be provided with the 
augmented reality. Providing 3D virtual information on 
how to use the self-service system can make it easier 
for people to use it. The educational experience using 
augmented reality includes the interaction between 
real and virtual environments and powerful contextual 
learning experiences (Bower et al., 2014; Lee, 2012).

Conclusions 

Self-service automated systems can benefit using aug-
mented reality improving user experience while provid-
ing entertainment. User experience is shown to be one 
of the important criteria for the usage of self-service 
systems. Usage of the mobile augmented reality is now a 
reality and has found a way to improve user experience 
in retailing, but there is still much work to be done until 
we can use the full potential of the augmented reality. 

Studies had shown that detecting hand gestures can be 
tricky due to light and illumination conditions. Also wear-
ing the head-mounted device can affect user attention 
outdoor. Users are distracted with information that is 
seeing and has a reduced field of view. Information that 
is shown through AR glass is affected by the sun, and 
sometimes they are not visible enough. Using a mobile 
phone for the augmented reality is accessible to the 
users but provide a limited experience. Users have to use 
one hand to hold the device and constantly point out to 

the device in the direction of the interest. Due to the size 
of the mobile phone, they are providing only a small win-
dow to the augmented reality. The first results from the 
implementation of the smart shop show user satisfaction 
with augment reality for personalized user experiences.
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