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Note from the Editor-in-Chief 
 

Dear readers, 
 

In order for the journal to be included in some other 
index databases (e.g. INSPEC, Scopus, Ei Compendex, 
etc.), much work needs to be done regarding the Editorial 
Board and the International Editorial Council, as well as the 
membership in CrossRef which enables the use of the DOI 
numbers and brings other benefits. 

Instead of the usual foreword I have decided to repeat 
some important things about duties of reviewers which you 
can find also on 

https://tehnickiglasnik.unin.hr/reviewers.php.  
Peer reviews assist the editor in making editorial 

decisions and through the editorial communications with the 
author may also assist the author in improving the paper. 
Any selected reviewer who feels unqualified to review the 
research reported in a manuscript or knows that its prompt 
review will be impossible should notify the editor and 
excuse himself from the review process. Any manuscripts 
received for review must be treated as confidential 
documents. They must not be shown to or discussed with 
others unless authorized by the editor. Under double-blind 
review the identity of the reviewers and the authors are 
hidden from each other. This level of anonymity is designed 
to encourage fairness, with papers being considered on their 
individual merits. Reviews should be conducted objectively. 
Personal criticism of the author is inappropriate. Reviewers 
should express their views clearly with supporting 
arguments. 

Reviewers should identify relevant published work that 
has not been cited by the authors. Any statement that an 
observation, derivation, or argument had been previously 
reported should be accompanied by the relevant citation. A 
reviewer should also call to the editor's attention any 
substantial similarity or overlap between the manuscript 
under consideration and any other published paper of which 
they have personal knowledge. 

Privileged information or ideas obtained through peer 
review must be kept confidential and not used for personal 

advantage. Reviewers should not consider manuscripts in 
which they have conflicts of interest resulting from 
competitive, collaborative, or other relationships or 
connections with any of the authors, companies, or 
institutions connected with the papers. 

Why review? When your time is stretched it is tempting 
to say no to the requests for a review, but there are a number 
of very valid reasons why review should be accepted: 
- Help the author to improve the paper – in the light of 

your own professional expertise. 
- Make the author aware of any additional literature that 

may provide useful comparison, or clarification of an 
approach. 

- Assist in a rigorous process to ensure only the best 
research is published. 

- Maintain your awareness of current research emerging 
within the discipline. 

 
You've agreed to referee a paper, so what should you do 

next? Start by visiting the Journal homepage to get a sense 
of the Journal's usual contents and house style to help 
decide whether the paper being reviewed is suitable. Refer 
to the Instructions for Authors to see if the paper meets the 
submission criteria of the Journal (e.g. length, scope, and 
presentation). At the request of the Editor-in-Chief the 
reviewers are invited to make online review using the Paper 
Submission Tool (PST) – the section for reviewers. 

Fill in the review questions or score sheet to indicate 
the relative strengths or weaknesses of the paper. 
Remember that authors will welcome positive feedback as 
well as constructive criticism from you. Key questions to 
ask: Is the paper original? Is the relative contribution made 
to the existing literature good enough? Will the paper be 
interesting to the readership of the Journal? 
Once you have read the paper and assessed its quality, you 
need to make a recommendation to the editor regarding 
publication. Should it be accepted? Revised and 
resubmitted? Rejected pending revision? Supply some 
comments suitable for transmission to the author as an 
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opportunity to seek clarification on any unclear points and 
for further elaboration. If you have time, make suggestions 
as to how the author can improve clarity, succinctness, and 
the overall quality of the presentation. Confirm whether you 
feel the subject of the paper is sufficiently interesting to 
justify its length. If you recommend shortening of the paper 
it is useful to the author(s) if you can indicate specific areas 
where you think that shortening is required. 

Unable to review? It will prove impossible for you to 
accept every invitation to review. In this situation it is very 
helpful if you are able to recommend an alternative expert 
or someone whose opinion you trust. If you are unable to 
complete your report on a paper then inform the editorial 
office as soon as possible so that the reviewing process is 
not delayed. Make the editors aware of any potential 
conflict of interest that may affect the paper under review. 
We are always very grateful for the contribution made to 
our Journal by our reviewers and would be pleased to hear 
any comments or suggestions on our current peer review 
procedures. 

With great efforts of the authors, reviewers and the 
editorial team, we have managed to complete this regular 
second journal issue with ten selected papers. Following the 
reviewers’ remarks, the authors edited the papers in the 
form in front of you.   

In the end, as always, we welcome you, our dear 
readers, to use your input to contribute to our joint work and 
permanent endeavour to retain the quality of our joint 
journal. 
 

Best regards, 
 

 
Full. Prof. Milan Kljajin, Ph.D. 
Editor-in-Chief 
Tehnički Glasnik-Technical Journal 
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REMOTE RENDERING CONTROL USING PYTHON SCRIPTS AND DROPBOX TECHNOLOGY 

Andrija BERNIK, Dinko GALETIC 

Abstract: The process of rendering a 3D animation often takes a very long time to complete. In situations where it would take several hours or even many days, it is 
inconvenient to spend that time near the rendering computer in order to control and oversee the process. Through the work with 3D computer graphic technologies, the authors 
realized that there is no simple solution on the market that facilitates the monitoring of the remote computer that is running the rendering process. This paper deals with 
developing a system to enable those tasks to be done from a remote computer or any mobile device. The developed proof-of-concept system consists of two Python programs 
communicating over the Dropbox service and a computer that is running the Autodesk Maya software. 

Keywords: Autodesk Maya; Dropbox; Python; remote rendering 

1 INTRODUCTION 

Rendering is a process in which a dynamic environment 
is stored as a 2D image. To create an image, it is necessary 
to use a system for calculating the position of a model and 
sources of light in a 3D space. The Autodesk Maya software 
solution was used in this paper for the purposes of 3D 
modeling and rendering. Since the process of rendering can 
take a very long time, sometimes even up to several hours 
for a single image [1] (usually called a frame), it is often 
inconvenient to be physically present by the rendering 
computer in order to oversee and control the process.  

As for example, Jonah Lehrer said for the Wired 
Magazine regarding the making of Toy Story 3: "The 
average frame (a movie has 24 frames per second) takes 
about seven hours to render, although some can take nearly 
39 hours of computing time. The Pixar building houses two 
massive render farms, each of which contains hundreds of 
servers running 24 hours a day." [1] 

This paper addresses this problem by creating a system 
which enables the user to remotely control the process. The 
goal is to have a simple, portable system with as few 
dependencies as possible. 

2 EXISTING RENDERING CONTROL SOFTWARE AND 
SETTING UP THE SCENE 

The scene is created in Autodesk Maya and the focus is 
based on setting up the render preferences. Important to 
note is that there are two types of inputs for the complete 
setting up of the preferences and those are connected to the 
output file and quality of the rendering calculations.  

Fig. 1 has some important options that directly 
influence the size and the type of rendering. Image format is 
set to jpg because of file size. The quality of an image is 
slightly lower but for the animation it is not a problem since 
we have 24 FPS (frames per second).  

Frame extension is set to the ''name.#.ext'' format. This 
format is a must because of the Operating and file type 
(FAT / NTFS) system. [4]  

Figure 1 Common Render Settings 

Rendered frames are meant to be used in the 
compositing software such as Adobe After Effects and that 
is why we also have to set the first and last frame for the 
rendering process. The last part of Common attributes is 
image size, which is determined by the use of animation. 
The other important feature is connected to the Quality 
itself. The user has the ability to choose from Quality 
presets if he or she does not have enough knowledge to 
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manually set the rendering stats. Rendering is not the main 
subject for this article which is why any further analysis will 
not be made.  

There are several existing solutions for rendering 
available. The 3D Buzz’s "Maya Renderer" application is 
created for the Windows Phone 7 mobile platform. This 
choice of platform imposes a limit on the application’s 
usability: it cannot be used from a PC, and the Android and 
iOS platforms are more widely used when it comes to 
mobile platforms [2]. 

The "Mental Ray Satellite Tech" software can be used 
to control the rendering process through a Local Area 
Network (LAN), making it suitable for remote control only 
if Virtual Private Network (VPN) technology is used. Since 
such systems require some setting up and are often 
commercial, the authors did not find this solution 
appropriate.  

The "Team Viewer" and similar screen casting 
applications give full control of the computer to a remote 
user by transmitting the controlled computer’s entire screen 
over the network to the remote user’s computer, and the 
remote user’s mouse and keyboard input to the controlled 
computer. The authors find this solution inappropriate 
because its broad approach uses a lot of network bandwidth, 
while an application focused specifically on the control of 
the rendering process would use a significantly smaller 
amount. Such an application would be usable even in 
situations where bandwidth is severely limited, such as 
accessing Internet via a mobile phone while in roaming. 

3 OVERVIEW OF THE DEVELOPED RENDERING 
CONTROL SYSTEM 

The Python 2.7. Programming language was chosen to 
develop the solution. Python interpreters exist for a wide 
array of platforms [3], making the code written in Python 
almost entirely platform independent. Python’s high-level 
approach is particularly suitable for solving a high-level 
problem such as this. Lastly, a large amount of Python 
modules [5] [6] greatly increases the functionality of the 
language. 

The system consists of three parts: 
a) The client application,
b) The server application,
c) The Dropbox server.

The client application runs on the computer from which 
one wishes to control the rendering process. The server 
application runs on the computer which does the rendering 
(referred to as 'the rendering server' in this paper). While the 
rendering computers are usually very strong computers, the 
client computer can be any computer capable of running 
Python 2.7. To allow communication between the client and 
the server computer, the Dropbox service was used. 
Dropbox is an online storage service which allows a user to 
store up to 2 GB of files for free and easily synchronizes 
them between different computers [7]. The Dropbox service 
can be used with a Dropbox application, through a browser 
or through their Application Programming Interface (API). 

The API is available in Python through the Dropbox’s 
official python module. 

In this solution, the rendering server uses the Dropbox 
application, and the client computer uses the Dropbox 
Python module in order to access the Dropbox server. This 
was used to show how both approaches can be used to allow 
such communication; alternatives where both computers use 
either the API or the application can similarly be made. 

The server and client applications communicate by 
uploading and downloading files to and from each other via 
the Dropbox server. Those files are used to exchange 
commands for the server ("commands.txt"), to keep track of 
the Maya project currently being rendered 
("active_rend.txt") and to keep track of all the projects 
available for rendering ("projects_to_rend.txt"). 
Additionally, the server uses a log file ("LOG.txt") to keep 
track of the commands it has already executed. 

The server application does three basic tasks: 
a) Check the commands file for updates,
b) Execute new commands,
c) Maintain the available project file.

Since a) and c) are input-output tasks that need to run 
continuously, each of the three tasks runs in its own thread 
of execution. Upon any updates to the command file, the 
commands are read and accordingly executed or queued for 
execution. If a new Maya project is added to the designated 
projects directory, the project name is added to the available 
project file.  
The client application mostly runs in a single thread since it 
only needs to communicate with the Dropbox server upon 
the user’s request and has no tasks it needs to run 
perpetually. It displays the data from the active rendering 
and available project files, and updates the command file 
when the user sends a new command. It briefly invokes a 
second thread to upload the updated command file in order 
to avoid the application from blocking while the file is 
being uploaded. 

4 DROPBOX API SPECIFICS 

In order for an application to be able to use the Dropbox 
API, it needs to be registered on the Dropbox website, 
where it receives two pieces of information unique to it, 
called "APP_KEY" and "APP_SECRET". The creator of 
the application has to choose whether the application will 
have access only to a single directory in the user’s Dropbox 
account, called the "Apps" directory, or to everything in the 
account. The latter requires a special permission from the 
Dropbox staff, but the former was sufficient for this 
application. The key, the secret and the access type 
information are required to use the API. 

The user of the application allows the application to 
connect to their Dropbox account by following a link to the 
Dropbox website (called the 'authorization url') specially 
generated by the application and agreeing to permit the 
application to connect to their account. Once the application 
is permitted, the Dropbox server returns the "access token", 
which is an object containing the credentials signifying the 
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permission. The authorization can be remembered for future 
uses by saving the token to a hard drive and loading it when 
needed. [11] The required parts of the Dropbox module can 
be imported with the following: 

from dropbox import client, rest, session 

In order to start a Dropbox session, the application 
needs to run the following code: 

sess = session.DropboxSession (APP_KEY, 
APP_SECRET, ACCESS_TYPE)  

In order to create the authorization url, the application 
must first obtain a "request token" from the Dropbox server 
and use it to create the url: 

request_token = sess.obtain_request_token() 
url = sess.build_authorize_url 
(request_token)

The url thus obtained is a plain text string. Once the user 
follows it and allows the application to access their 
Dropbox account, the following line of code is used to fetch 
the authorization credentials from the Dropbox server: 

sess.obtain_access_token (request_token) 

The credentials are stored in the sess object as the
sess.key and sess.secret variables. Note that
these are unrelated to the before mentioned APP_KEY and 
APP_SECRET variables. Finally, the sess.set_token 
method needs to be called with the key and secret 
variables before we can use the rest of the API. 

key, secret = sess.token.key, 
sess.token.secret 
sess.set_token(key, secret) 

If the access token was saved to the hard drive, only the 
last step is required. One would load the key and secret
variables from a file and call the set_token as shown
above. 

Uploading a file to the Dropbox server and downloading 
a file from it can each be accomplished by one line of code. 
First, a "client" object is required. 

klijent = client.DropboxClient(sess) 

The client.get_file method returns an open file
object which can be read or saved as a file object returned 
by the Python’s built-in open function. The 
client.get_file.

The method requires an argument specifying the path to 
the file in the user’s account, with the root directory being 
the one the application is allowed to use. The Dropbox API 
uses the Unix notation of forward slashes ("/") for paths. 

dat = klijent.get_file ("/path/to/file.txt") 

To upload a file, the client.put_file method
needs to be called with the remote path (the name and the 
location under which to save the file) and an open local file 
object parameters specified. By default, the file will be 
automatically renamed to avoid overwriting an existing file 
with the same name. The function returns an object 
containing the uploaded file’s metadata. This operation is 
synchronous and will block the program until the file is 
uploaded. 

response = klijent.put_file (remotepath, 
local_file) 

5 IMPLEMENTATION DETAILS FOR THE CLIENT SIDE 
APPLICATION 

The rendering process can be invoked by using a 
command line interface (CLI) program called "render" 
without starting the Maya Software. [8] The parameters 
passed to "render" can be used to set various rendering 
details. This approach was very suitable for this solution 
because sending, receiving and processing a line of text can 
easily be done and requires very little network bandwidth. 
This solution allows the user to choose which rendering 
algorithm to use and to set which frames are to be rendered 
by choosing the first and the last frame. The necessary 
variables for the CLI command are determined by the user’s 
choices and added to the command file, after which a new 
thread is started to upload the file. [9] 

write_me = "rend:render -r " + render + " -s 
" + start_frame +  end_frame + " " + 
project_file + "\n" 
dat = open(COMMANDS_FILE, "a") 
dat.write(write_me) 
dat.close() 
Thread(target = self.send_work).start()

The Thread object comes from the Python
threading module.  The send_work method wraps
around a generic uploading function and calls it to upload a 
specific file. While this is the only instance in the 
application where the generic function is used, that function 
was written with future expansions in mind. 

def send_work(self): 
    """ Upload the commands file to the 
Dropbox server."""        
    self.__upload__(COMMANDS_FILE, 
remotepath = "/Maya/commands.txt", overwrite 
= True) 

In the __upload__ method, the API put_file 
method is called in the following way. The overwrite
parameter is set to True because the API does not offer a
way to append to a file, making it necessary to overwrite the 
existing one. The expanduser method provides a
portable way to use file names. 
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local_file = open(os.path.expanduser 
(localpath)) 
response = self.klijent.put_file 
(remotepath, local_file, overwrite) 

Besides the command to initiate the rendering process, 
the application supports the "progress" command. The 
command requests the server to upload the latest rendered 
image to Dropbox so the user can check how far the 
rendering process got and whether the scene looks as 
expected. 
The list of available tasks is downloaded by the 
fetch_tasks method. A similar method called
fetch_active_rend does the same thing, with the only
difference of opening a different file and saving in a 
different variable. 

def fetch_tasks(self): 
    """ Download a list of projects awaiting 
rendering.""" 
    dat = self.klijent.get_file 
("/Maya/projects_to_rend.txt") 
    try: 
       data =  dat.read() 
        # Each element of "data" is 

a string representing a project file 
(*.mb or *.ma). 

        data = data.rstrip().split("\n") 
    except:  
        data = [] 
    self.task_list = data

6 IMPLEMENTATION DETAILS FOR THE SERVER SIDE 
APPLICATION 

Once started, the server side application asks the user to 
enter the paths to the required directories and files: the 
Dropbox directory the application is allowed to use, the 
directory where the Maya projects are stored, the path to the 
directory where the rendered images are stored and the path 
to the log file. Afterwards, the application initiates the 
required threads and runs in the background, requiring no 
further user input. The main thread continuously checks the 
command file for updates. A portable way to do that is to 
keep checking the file modification time, stored in the 
st_mtime variable.

old_modify_time = os.stat(dropbox_path + 
"commands.txt").st_mtime 
while(True): 
    try: 
        new_modify_time = 
os.stat(dropbox_path + 
"commands.txt").st_mtime 
    except: 
        # The exception will happen  
if the file is beign written to while 
attempting to read it; 

   # waiting 15 seconds should be 
sufficient for the writing to finish. 
        time.sleep(15) 

        new_modify_time = 
os.stat(dropbox_path + 
"commands.txt").st_mtime 
    if new_modify_time != old_modify_time:        
        old_modify_time = new_modify_time 
        dat = open(dropbox_path + 
"commands.txt", "r") 
        commands =  
dat.read().split("\n") 
        dat.close() 

Since the command file contains every command that 
was ever sent to the rendering server, a log is maintained to 
keep track of what commands were executed. The new 
commands are now read and processed. The lines starting 
with "rend:" represent the commands to render a project, 
and those commands are appended to a queue variable, to 
be read by the rendering thread. The lines saying 
"progress:" are requests for progress updates. Since these 
are just a matter of finding and copying the latest image to 
the Dropbox directory, they can be executed quickly and 
thus do not require a specific thread to execute them. 

for com in commands_to_run: 
    last_command_number += 1 
    if com[0:4] == "rend": 

q.append(com[5:])
    elif com[0:8] == "progress": 
        progress() 

The rendering thread runs the following code. Since the 
subprocess.call blocks the calling thread until the
sub process finishes, the thread will be blocked until the 
rendering process is complete. 

def render_thread(): 
    """ Perpetually checks the queue. 
Executes commands one by one.""" 
    while True: 
        while len(q) > 0: 

command = q.pop(0) 
print command 
dat = open(dropbox_path + 

"active_rend.txt", "w") 
# Write the name of the 
file being rendered. 

dat.write(command.split()[-1]) 
dat.close() 
# Run the command as the 
CLI command. 

result = 
subprocess.call(command.split()) 

# Clear the active_rend.txt 
file. 

dat = open(dropbox_path + 
"active_rend.txt", "w")  

dat.close() 
        time.sleep(5) 

7 PROBLEMS ENCOUNTERED DURING DEVELOPMENT 

The Dropbox API documentation [10] contained an 
error regarding the obtain_access_token method at
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the time of writing of this paper. The method does not 
return a tuple object containing the key and the secret as the 
documentation states; it stores the token in the session 
variable. 

# key, secret = 
sess.obtain_access_token(request_token) # 
Error! 
sess.obtain_access_token(self.request_token) 
print sess.token.key, sess.token.secret # 
Correct. 

Various bugs occurred due to the differences in how the 
GNU/Linux and Windows operating systems treat text files 
and file paths. GNU/Linux separates the lines in text files 
using the line feed (LF) character, while Windows uses both 
the carriage return (CR) and the LF characters, thus 
separating the lines with CRLF (depicted in Python as 
"\r\n"). Both the server and the client application expect the 
lines to be separated with just the LF. While this works fine, 
Windows text editing applications may show all the text 
from this solution’s files as a single line. The difference in 
how the OSs treat file paths (Windows separates directories 
with a backslash ("\"), and GNU/Linux with a slash ("/")) 
were avoided by using the os.path.expanduser
method instead of using file paths directly. 

8 FUTURE DEVELOPMENT POSSIBILITIES 

As a proof-of-concept application, it contains a very 
basic set of just two commands that can be passed to the 
rendering server. It can easily be expanded to include other 
commands, such as stopping the rendering process or 
changing the priority of the queued tasks. Advanced options 
such as allowing multiple machines per user or controlling 
an entire rendering cluster could be added as well. 

Concurrency issues are possible if a thread attempts to 
read its file while the file is not done downloading. This was 
avoided by using a try-except block which delays the 
reading if an error occurs, but a proper solution would be to 
use semaphores and possibly the file metadata to determine 
when the downloading was finished. 

Semaphores could also be used to keep the rendering 
thread inactive when there are no tasks waiting instead of 
using time.sleep(5) to have it checked for new tasks
every five seconds. 

The application could be expanded to support more 
platforms. Mobile phones would be particularly suited for 
the purpose of remotely controlling the rendering computer. 
Finally, support for a 3D rendering software besides Maya 
could be added. 

9 CONCLUSION 

This article shows that even though there is not a single 
PC solution that enables the user to remotely control 
Maya’s batch render, authors have successfully combined 
the given technology. Dropbox is essential and required for 
transferring and triggering python scripts which then 

communicate with Maya’s batch render in the background 
process of the Windows platform. The problems were based 
on the differences between the two operating systems. 
Moreover, there is a flaw inside the Dropbox documentation 
which needs to be corrected for future user readings.  

If running the code samples from the article, please note 
that the article formatting often broke longer lines into two 
or more lines and should be adjusted accordingly.  

Maya’s CLI interface is suitable for use by another 
program to control the rendering process. A rudimentary 
application which remotely controls the process can be 
developed in a few days and there is much potential for 
expanding its functionality. 
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OPERATOR’S WHOLE BODY VIBRATIONS DEPENDENT OF AGROTECHNICAL SURFACE, 
SPEED OF MOVEMENT AND SEAT UPHOLSTERY 

Željko BARAČ, Ivan PLAŠČAK, Tomislav JURIĆ, Mladen JURIŠIĆ, Domagoj ZIMMER, Ivan VIDAKOVIĆ, 
Davor PETROVIĆ, Vinko DUVNJAK, Monika MARKOVIĆ 

Abstract: The paper presents the recorded vibrations that affect the operator’s body when an agricultural tractor moves along three types of agrotechnical surfaces, i.e. asphalt, 
an alfalfa field, and a field path, and when seven different tractor seat upholsteries are used. The research was performed in accordance with the HRN ISO 2631-1 and HRN 
ISO 2631-4 standards. The tractor used in the research was an IMT 560 and the duration of the measurement was 30 minutes, which was repeated three times for every tractor 
seat upholstery type. The research was exploitative. The measurements were performed using an MMF VM30 meter. The paper reveals a different level of vibrations in 
dependence with different surfaces and seat upholsteries. The fewest vibrations were produced by asphalt, and the best upholsteries are memory foam and sponge. 

Keywords: agricultural tractor; agrotechnical surfaces; seat upholstery; vibrations 

1 INTRODUCTION 

Vibrations are generally considered to be oscillatory 
motions of a mechanical system. Oscillation is a periodical 
motion around an equilibrium point, i.e. a motion that 
repeats itself after a certain period. Vibrations are a result of 
dynamic forces in machines with moving parts, as well as in 
the structures linked to machines. In the beginning, the 
insignificant vibrations can cause a resonance in some other 
parts of the structure and they can increase and become the 
main and rather serious source of increased vibrations and 
noise. Different machine parts vibrate at different 
amplitudes and frequencies. Vibrations cause material 
fatigue and wear. They are often a cause of machine defects 
[1]. 

The vibrations transferred to the operator’s body, i.e. 
whole-body vibrations occur when the body leans against a 
vibrating surface, e.g. when the driver is sitting on a 
vibrating chair, standing on a vibrating floor, or lying on a 
vibrating surface [2]. 

The authors [3] posit that the most important machine 
component regarding the influence of vibrations is the seat 
as operators spend most of their time in a seated position. 
Seat construction, the back of the operator, the depth of the 
seat, and the upholstery of the seat can exert a complex 
impact on the operator’s ability to operate the machine, as 
well as on the occurrence of occupational diseases. The 
same authors claim that the seat upholstery wears out in 
time so that it is necessary to mend it. A defective seat 
cannot ensure proper sitting posture, which can cause 
occupational diseases. Overexposure to mechanical 
vibrations can have a negative impact on the human body, 
e.g. overexposure to high vibrational frequencies can lead to 
physical problems such as spinal dysfunction [3]. 

The authors [4] in their research claim that a suspended 
front axle of a tractor generally dampens the vibrations 
transferred to the operator’s seat. The vibrations decrease on 
average from 13% to 15% but they may be reduced as much 

as 30%. The authors [5] suggest that a seat suspension has 
been almost a universal feature of agricultural tractors 
during the last 30 years. The suspension system was 
introduced to enable the operator to manage the machine in 
a more comfortable and easier way, which has resulted in 
increased work productivity. The authors [6] argue that 
operators might drive tractors for as long as twelve hours a 
day, which can cause back problems. The analysis of 
vibrations produced by agricultural machinery is complex 
as it depends on many factors. The abovementioned authors 
emphasize that tyre pressure and seat suspension affect 
vibrations. The authors [7] posit that tractor speed, tyre 
pressure and the distribution of the transported weight are 
the most crucial factors that affect the comfort of a tractor 
operator riding on a tractor that moves along an asphalt 
surface. Lower tyre pressure is more comfortable for the 
operator; however, it is not always possible to lower tyre 
pressure for distinct reasons, one of the most important 
being the quality of the surface along which the tractor is 
moving. The authors [8] claim that air seat reduces both 
high and low vibration frequencies. The same authors argue 
that low vibration frequencies can be reduced by assembling 
an air container next to the seat or onto the cabin. The 
authors [9] suggest that the sitting posture of the driver, i.e. 
the position of his legs during driving is in significant 
connection with the sitting comfort. 

The authors [10] conducted a research on Masey 
Ferguson tractors using the limits of vibration exposure as a 
criterion. They established that after an eight-hour exposure 
to vibrations, the allowed limit was not exceeded. 
Additionally, they claim that it is important to bear in mind 
that in certain situations, some frequencies pertaining to 
axles do exceed the permitted limits. Thus, it was concluded 
that seats can absorb vibrations and create ergonomically 
proper work conditions. The study was performed on an 
asphalt surface. The authors [11] conducted a study on 
vibrations on two tractors. One tractor was a newer model 
with a cabin, whereas the other was an older model without 
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a cabin. It was concluded that it is easier to measure 
vibrations on a tractor without a cabin and that the engine 
itself is the greatest source of vibrations in both tractors. 
The cabin was emphasized as an important part of tractor 
equipment because it protects the operator from vibrations, 
dust, and the objects that might appear in the operator’s 
vicinity. Higher vibration levels were established on the 
older tractor. 

The aim of the research is to measure the levels of 
vibrations that affect the operator’s body when an 
agricultural tractor moves on various agrotechnical surfaces 
at various speeds in dependence with different upholsteries 
of the tractor seat. Additionally, the aim is to establish 
potential interdependencies. It is hypothesized that due to a 
tractor’s movement along various agrotechnical surfaces in 
dependence with different seat upholsteries, the level of 
vibrations affecting the operator’s body will increase. 

2 MATERIALS AND METHODS 

MMF VM30-H is the measuring device used for the 
measurement of mechanical vibrations that affect the body 
of the operator when an IMT 558 agricultural tractor is in 
motion. The tractor moved along three different surfaces, 
namely asphalt, an alfalfa field, and a field path. The 
following are the seat upholsteries on which the driver sat: a 
seat without an upholstery (i.e. only a metal seat 
framework), cork, styrofoam, sponge, memory foam, cotton 
wool, and air cushion, Tab. 1. Each measurement was 
repeated three times. The motion speed was 4, 5 and 6 
km/h. The research shown here was exploitative. The 
measurements were performed in 2017 in a period of 20 
days. The average daytime air temperature in the days when 
the measurements took place ranged between 18° and 19°, 
whereas the relative humidity was between 58% and 60%. 

Table 1 Characteristic of the seat upholstery material 
Type Main characteristic Thickness 

Industrial Cork density 110-120 kgm-3 100 mm 
Viscoelastic polyurethane 

memory foam density 80 kgm-3 100 mm 

Expanded polystyrene (EPS) – 
Styrofoam density 15 kgm-3 100 mm 

Polyuretan sponge density 35 kgm-3 100 mm 
Cotton wool cushine density 120 gm-3 100 mm 

Orthopedic PVC air cushion diameter 330 mm 100 mm 

The research was performed in accordance with the 
standards [12] and [13]. The measurements were performed 
while the driver was sitting in accordance with the standard 
[12]. The seat therefore represents the contact point between 
the operator and the tractor. The measuring device was set 
in the exact position in accordance with the operators sitting 
position. It was set onto the seat so that the axes were 
recorded in the following directions [12]: x axis: 
longitudinally (along the axis of motion – forward (positive) 
/ backward (negative), y axis: laterally (at the right angle to 
the motion direction) and z axis: vertically, upward 
(positive) / downward, vertically to the surface (negative). 
The vibrations were recorded based on a coordinate system 

for particular body parts. The device recorded the vibrations 
that were directly transferred through the seat to the 
operator’s body.  

According to [14], the limit values for the daily level of 
vibration exposure were established. The limit value for the 
vibration transferred to the body of the operator is 1.15 
m/s2. Wd and Wk are the weight filters used in the 
measurements. Wd is used for vibration measurement in the 
direction of the x and y axes in the sitting position, whereas 
Wk refers to the vibrations in the direction of the x axis. 

The R.M.S. measurement method used for the 
measurement in motion accounts for the occasional impulse 
and transient vibrations. It applies a short integral time 
constant. The size of vibrations is defined as a maximum 
transient vibration value (MTVV), which is the maximum 
for aw(t0). 

𝑎𝑎𝑤𝑤(𝑡𝑡0) = �1
𝜏𝜏

 ∫ [𝑎𝑎𝑤𝑤(𝑡𝑡)]2𝑡𝑡0
𝑡𝑡0−𝜏𝜏

𝑑𝑑𝑡𝑡�
1
2 (1) 

aw(t) – the current frequency of the recorded acceleration 
(m/s2), 
τ – time of integration for the current averaging, 
t – time (s), 
t0 – time of observation (s). 

MTVV = max [aw(t0)] (2) 

MTVV - maximum transient vibration value (m/s2) 

The measured values were statistically analyzed using 
an application for statistical analysis in the MS Office Excel 
2013, and IBM SPSS Statistics v.19.0.1. The paper shows 
the descriptive statistical values and multiple analysis of 
variance (MANOVA). Multiple correlations and the 
regresion equation in this analysis were perfomed. 

3 RESULTS AND DISCUSSION 

The measurement of vibrations for the upholstery-free 
seat produced on the asphalt surface resulted in the 
occurrence of the maximum vibration value recorded in the 
direction of the y axis at all motion speeds. The lowest 
recorded value was established in the direction of the x axis 
at all speeds (Fig. 1). Furthermore, a conspicuously highest 
level of vibrations was recorded on the alfalfa field in the 
direction of the x axis at all speeds, whereas the lowest level 
was recorded in the direction of the z axis at 4 km/h, with all 
other values being the same. The vibrations recorded on the 
field path were the lowest in the direction of the z axis at all 
speeds, whereas the highest value was recorded in the 
direction of the x axis at 4 km/h. All other values were 
identical. 

The highest level of vibrations for the cork seat (Fig. 2) 
was established in the direction of the y axis at all motion 
speeds on the asphalt surface, whereas the lowest recorded 
value for the same surface occurred in the direction of the x 
axis at 4 km/h, while all other values were the same. 
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Additionally, the highest recorded values on the field path 
happened in the direction of the z axis at 5 km/h) and at 6 
km/h in the direction of all three axes. 

Figure 1 Measured vibration data – empty seat 

Fig. 3 shows the highest levels of vibrations recorded 
on the asphalt surface in the direction of the y axis at all 
motion speeds, whereas the lowest values were recorded in 
the direction of the x axis at all motion speeds as well as in 
the direction of the z axis at 5 and 6 km/h. 

Figure 2 Measured vibration data – cork seat 

The highest values of vibrations on the alfalfa field 
were found in the direction of the z axis at all speeds, while 
all other vibration values were the same. 

Figure 3 Measured vibration data – Styrofoam seat 

 The vibration measurement for sponge (Fig. 4) resulted 
in the highest values on the asphalt surface in the direction 
of the x axis at 4 km/h, while the lowest value was recorded 

in the direction of the y axis at 4 and 5 km/h, while all other 
values were the same. Moreover, the highest level of 
vibrations was recorded on the alfalfa field in the direction 
of the x axis at all speeds as well as in the direction of the z 
axis at 5 and 6 km/h, whereas the lowest value was recorded 
in the direction of the y axis at 4 km/h, while all other 
values were the same. The vibrations recorded on the field 
path are the lowest in the direction of the y axis at all 
speeds, whereas the highest value was recorded in the 
direction of the z axis at all motion speeds and in the 
direction of the x axis at 6 km/h. All other vibration values 
were the same. 

Figure 4 Measured vibration data – sponge seat 

The vibrations recorded on memory foam (Fig. 5) have 
the same values on the asphalt surface in the direction of all 
three axes and at all motion speeds. The highest vibration 
value was recorded on the alfalfa field in the direction of the 
z axis at all speeds and in the direction of the x axis at 5 
km/h, while all other values were the same. The lowest level 
of vibrations on the field path was recorded in the direction 
of the y axis at all speeds, whereas the highest value was 
recorded in the direction of the z axis at 6 km/h. All other 
vibrations had the same values. 

Figure 5 Measured vibration data – memory foam seat 

The vibrations recorded on cotton wool (Fig. 6) have 
the same values on the asphalt surface in the direction of all 
three axes and at all motion speeds. The highest vibration 
value was recorded on the alfalfa field in the direction of the 
x axis at all speeds and in the direction of the z axis at 6 
km/h, while the lowest value was recorded in the direction 
of the y axis at all speeds and in the direction of the z axis at 
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4 km/h. Moreover, the lowest level of vibration was 
recorded on the field path in the direction of the y axis at all 
speeds, while the highest values were recorded in the 
direction of the z axis at all speeds and in the direction of 
the x axis at 5 and 6 km/h. 

Figure 6 Measured vibration data – cotton wool seat 

Figure 7 Measured vibration data – air cushion seat 

The vibrations recorded on the air cushion (Fig. 7) on 
an asphalt surface show the highest values in the direction 
of the x axis at all speeds and in the direction of the z axis at 
6 km/h, while the lowest level was recorded in the direction 

of the y axis at 6 km/h at all speeds, while all other values 
were the same. Furthermore, the highest vibration level was 
recorded on the alfalfa field in the direction of the x axis at 
all speeds, whereas the lowest was recorded in the direction 
of the y axis at 4 and 5 km/h, as well as in the direction of 
the z axis at 6 km/h. The vibrations recorded on the field 
path show the lowest value in the direction of the z axis at 4 
km/h and in the direction of the x axis at 5 and 6 km/h. The 
highest value was recorded in the direction of the x axis at 4 
km/h and in the direction of the y axis at all speeds. 

Tab. 2 shows the statistical significance of all tested 
effects and their interaction in the direction of the x axis, 
with the impact of the independent variables ‘seat 
upholstery’ and ‘agrotechnical surface’ being highly 
significant, and the impact of the independent variable 
‘motion speed’ being significant. The mutual interaction of 
all three independent variables is highly significant. 

The impact of all independent variables in the direction 
of the y axis is highly significant. The interaction of the 
independent variables (‘agrotechnical surface’, ‘motion 
speed’) is significant, whereas it is highly significant for all 
other variables (Tab. 3). 

The impact of all three independent variables in the 
direction of the z axis is generally highly significant, which 
is shown in Tab. 4. Moreover, the interaction of the 
independent variables ('seat upholstery', 'motion speed') is 
significant, while it is highly significant for all other 
variables.  

Tab. 5 shows the correlation coefficient, the connection 
between a dependent and independent variable (i.e. the 
vibrations that impact the body of the operator in the 
direction of the x, y, and z axes). Additionally, according to 
[15], the actual significant connection in the direction of the 
z axis is discernible, whereas the connection in the direction 
of the x and y axis is slight. 

Table 2 Tests of Between - Subjects Effects - Dependent Variable: xos 
Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared Noncent. Parameter Observed Powerb 

Corrected Model 3.340a 62 0.054 42.423 0.000 0.954 2630.250 1.000 
Intercept 10.290 1 10.290 8103.375 0.000 0.985 8103.375 1.000 

Seat_upholstery 1.533 6 0.256 201.250 0.000 0.906 1207.500 1.000 
Agrotechnical_surface 1.007 2 0.503 396.500 0.000 0.863 793.000 1.000 

Motion_speed 0.012 2 0.006 4.625 0.012 0.068 9.250 0.772 
Seat_upholstery * 

Agrotechnical_surface 0.609 12 0.051 39.938 0.000 0.792 479.250 1.000 

Seat_upholstery * 
Motion_speed 0.066 12 0.006 4.333 0.000 0.292 52.000 1.000 

Agrotechnical_surface 
* Motion_speed 0.045 4 0.011 8.875 0.000 0.220 35.500 0.999 

Seat_upholstery * 
Agrotechnical_surface *  

Motion_speed 
0.068 24 0.003 2.240 0.002 0.299 53.750 0.995 

Error 0.160 126 0.001 
Total 13.790 189 

Corrected Total 3.500 188 
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Table 3 Tests of Between - Subjects Effects - Dependent Variable: yos  
Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared Noncent. Parameter Observed Powerb 

Corrected Model 2.472a 62 0.040 22.161 0.000 0.916 1373.951 1.000 
Intercept 7.957 1 7.957 4421.901 0.000 0.972 4421.901 1.000 

Seat_upholstery 1.653 6 0.276 153.129 0.000 0.879 918.772 1.000 
Agrotechnical_surface 0.301 2 0.150 83.571 0.000 0.570 167.141 1.000 

Motion_speed 0.023 2 0.011 6.299 0.002 0.091 12.599 0.891 
Seat_upholstery * 

Agrotechnical_surface 0.305 12 0.025 14.140 0.000 0.574 169.682 1.000 

Seat_upholstery * 
Motion_speed 0.055 12 0.005 2.547 0.005 0.195 30.558 0.967 

Agrotechnical_surface 
* Motion_speed 0.022 4 0.005 3.053 0.019 0.088 12.213 0.793 

Seat_upholstery * 
Agrotechnical_surface 

* Motion_speed 
0.113 24 0.005 2.624 0.000 0.333 62.986 0.999 

Error 0.227 126 0.002 
Total 10.656 189 

Corrected Total 2.699 188 

Table 4 Tests of Between - Subjects Effects - Dependent Variable: zos 
Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared Noncent. Parameter Observed Powerb 

Corrected Model 2.546a 62 0.041 59.697 0.000 0.967 3701.231 1.000 
Intercept 10.478 1 10.478 15232.692 0.000 0.992 15232.692 1.000 

Seat_upholstery 0.890 6 0.148 215.538 0.000 0.911 1293.231 1.000 
Agrotechnical_surface 1.020 2 0.510 741.769 0.000 0.922 1483.538 1.000 

Motion_speed 0.078 2 0.039 56.385 0.000 0.472 112.769 1.000 
Seat_upholstery * 

Agrotechnical_surface 0.407 12 0.034 49.308 0.000 0.824 591.692 1.000 

Seat_upholstery * 
Motion_speed 0.017 12 0.001 2.000 0.029 0.160 24.000 .905 

Agrotechnical_surface 
* Motion_speed 0.029 4 0.007 10.462 0.000 0.249 41.846 1.000 

Seat_upholstery * 
Agrotechnical_surface 

* Motion_speed 
0.106 24 0.004 6.423 0.000 0.550 154.154 1.000 

Error 0.087 126 0.001 
Total 13.110 189 

Corrected Total 2.632 188 

Table 5 Coefficient of variation dependent variable x, y and z axes 
Model r r2 

Square 
Adjusted r2 

Square 
Std. Error of 
the estimate 

xos 
1 0.379 0.144 0.130 0.12727 

yis 
2 0.309 0.095 0.081 0.11488 

zos 
3 0.633 0.401 0.391 0.09233 

4 CONCLUSION 

The two-way variance analysis generally shows that 
the impact of the two independent variables 'seat 
upholstery' and 'agrotechnical surface' in the direction of 
the x axis is highly significant in relation to the dependent 
variable. The impact of the independent variable 'motion 
speed' is significant. The interaction of all independent 
variables is highly significant. 

Additionally, the impact of all three independent 
variables in the direction of the y axis is highly significant, 
the interaction of the independent variables 'agrotechnical 
surface' and 'motion speed' is significant, and the impact of 
all other independent variables is highly significant. The 
impact of all three independent variables in the direction of 
the z axis is highly significant, while the interaction of the 

independent variables 'seat upholstery' and 'speed motion' 
is significant. For all other independent variables, the 
impact is highly significant. 

The correlation coefficient shows a connection among 
dependent variables (i.e. the vibrations that affect the 
operator’s body in the direction of the x, y, and z axes) and 
the independent variables for which an actual significant 
correlation in the direction of the z axis was established, 
while a slight correlation was established in the direction 
of the x and y axes. 

The published research shows that none of the 
recorded vibration values that affect the operator’s body 
exceeded the limit value of 1.15 m/s2. 
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A COMPARATIVE STUDY ON THE PERFORMANCE PROPERTIES OF BREATHABLE AND 
NON-BREATHABLE BABY DIAPER BACK SHEET 

Seval UYANIK, Hatice Kübra KAYNAK 

Abstract: Disposable diapers are very important in terms of babies’ health because they are in touch with the baby’s skin. Disposable diapers have sheets with different 
functions from each other. The main layers of disposable diapers are as follows: top sheet, absorbent layer and back sheet. The function of the top sheet is to pass the liquid to 
the lower absorbent layer whereas the function of the absorbent layer is to absorb the liquid. As for the back sheet, this layer keeps the liquid inside and prevents it from leaving 
the diaper. The back sheet is usually a nonwoven/ polyethylene (PE) film composite. Considering the babies’ health, breathable back sheets are mostly used in baby diapers to 
keep the skin drier. These have a positive effect on the baby’s skin, especially in terms of occlusion, diaper dermatitis. In this study, the performance properties of some 
commercial baby diaper back sheet layers have been investigated. For this purpose, weight, thickness, air permeability, water vapor permeability and water resistance tests 
were applied to back sheet samples with different fabric mass as breathable and non-breathable films. All back sheet samples are SMS nonwoven/ polyethylene (PE) film 
composites. Breathable samples have a larger fabric mass than non-breathable samples. For breathable samples, while increasing mass, air permeability and water vapor 
permeability decrease, water resistance increases. On the other hand, the same tendency is not seen in non-breathable samples. Breathable samples have higher air 
permeability, water vapor permeability, water resistance, and bursting strength than non-breathable samples. Consequently, the using of a baby diaper containing breathable 
back sheet is more proper in terms of baby’s skin health. 

Keywords: air permeability; back sheet; breathable; bursting strength; non-breathable; water resistance; water vapor permeability  

1 INTRODUCTION 

The disposable diaper is one of the most significant 
consumer product developments of the twentieth century. 
Baby diapers are safely used every day by parents all over 
the world. Disposable diapers affect the skin’s health 
directly because they are in close contact with the baby’s 
skin [1]. Since single-use diapers were invented in the 
1930s, they have constantly improved and become lighter 
over the years.  Now, baby diapers are easily used, have 
higher comfort, better hygiene, and improvement in the 
number and quality [2]. 

The layers in a typical disposable diaper are namely: 
top sheet, core, breathable film, and back sheet (Fig. 1). 
These layers have different effects on the baby diaper 
thermal comfort property [3]. 

Figure 1 Diaper layers [3] 

All sheets forming disposable diapers have different 
functions. The main layers of disposable diapers are a top 

sheet, absorbent layer and back sheet. The function of the 
top sheet is to pass the liquid to the lower absorbent layer 
whereas the function of the absorbent layer is to absorb the 
liquid. In addition, coverstock between the top sheet and the 
absorbent layer does not let the liquid return to the top 
sheet. On the other hand, the function of the back sheet is to 
keep the liquid inside. 

In the late 1980s and early 1990s, baby diapers became 
thinner and a lot of innovations were made. The innovations 
have improved leakage control (control shields and guards, 
curved elastic leg openings, waste barriers); comfort (stretch 
sides and waist bands, cloth-like covers, breathable 
materials); and aesthetics (cover prints and designs, pleasing 
scents) [2]. 

Polyethylene (PE) film or a nonwoven/film composite 
may be used for the back sheet. This layer contributes to the 
product performance by preventing the liquid transfer to the 
outer side of the diaper. Thus this layer has a vital role by 
the containment of the whole structure. Also, this is the first 
material that the consumer comes in touch with, therefore a 
soft touch is an important factor. It is also required from this 
layer to be robust enough to fulfill its functions. On the 
other hand, this layer is expected to be thin and noiseless. 
Breathable film back sheets are widely used in the modern-
day absorbent products manufacture. These can help keep 
the skin drier, which has been shown to have a positive 
impact on the skin condition in the diapered area, 
particularly in terms of occlusion, diaper dermatitis [4]. 

Since the mid-90s when the "breathable" feature was 
first launched, many brands of baby diapers have been using 
permeable laminated back sheets (Fig. 2). 

The easiest way to manufacture them is by adding 
calcium carbonate, a very fine mineral just like talc. The 
CaCO3 powder is added to the PE pellets and 
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homogeneously mixed before the melting screw. Once the 
film is being extruded, it is stretched with a group of rollers 
while the film is still warm. This stretching results in 
millions of micro holes that are made into the film (Fig. 3) 
[6].  

Figure 2 Breathability [5] 

Figure 3 Breathable film after adding CaCO3 [7] 

The water vapor can pass through the film, but not a 
drop of water, so it is liquid impervious (Fig. 4) [6]. 

Figure 4 Breathable film [7] 

This breathable film can be laminated with a nonwoven 
sheet using hot melt (Fig. 5) (also commonly called "hot 
melt lamination breathable laminate"); or extruded directly 
into a nonwoven sheet (also called "melt embossed 
breathable laminate") to create the breathable textile back 
sheet [6].  

Typical weights for baby diaper Textile Back sheet 
range between 20 gsm (as a minimum for direct melt 
embossed extrusion) to around 28 gsm (as a minimum for 
hot melt lamination) [6]. 

Figure 5 Breathable back sheet [6] 

In the majority of previous works [8-11], thermal 
comfort properties i.e., thermal conductivity, heat, air, and 
water transport properties of one layer of diapers were 
investigated especially for top sheet layer. 

In this study, the purpose is determining the 
performance properties of breathable and non-breathable 
baby diaper back sheet. 

2 MATERIALS AND METHODS 

All back sheet samples are SMS nonwoven/ 
polyethylene (PE) film composites. Fabric mass and 
thickness values of the samples were determined according 
to the standards of TS 12127 and TS 7128 EN ISO 5084 
and given in Tab. 1. As seen from Tab. 1, breathable 
samples have a higher mass than non-breathable samples. 
For all samples, 1 g hot-melt was used for the lamination of 
film and nonwoven. On the other hand, there is no 
difference between thickness values of breathable and non-
breathable samples. Likewise, the increase in weight does 
not affect the thickness of the samples when breathable and 
non-breathable samples are examined without 
discrimination. 

Table 1 Fabric mass and thickness values of the back sheet samples 
Samples Mass, gsm Thickness, mm 

Non-breathable 
1 23 0.09 
2 23 0.11 
3 24 0.11 

Breathable 
4 25 0.10 
5 26 0.10 
6 28 0.11 

In the context of this study, air permeability, water 
vapor permeability, water resistance and bursting strength 
tests were applied to back sheet samples having different 
fabric mass as breathable and non-breathable films in 
accordance with TS 391 EN ISO 9237, BS 7209, TS 257 
EN 20811, and EN ISO 13938-2 standards, respectively. 
Moreover, independent samples T-test and Pearson 
correlation tests were performed via SPSS 21 package 
program in order to understand the statistical importance of 
breathability on the back sheet properties. The program was 
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also used to determine the relationship between independent 
and dependent variables.  

Air permeability test was done with digital air 
permeability test device at a 100 Pa pressure drop and a 20 
cm² test area with 5 specimens from each sample (Fig. 6). 

Figure 6 Air permeability test 

Water vapor permeability test was done according to 
the evaporative dish method BS 7209:1990. Three test 
specimens were mounted over the test dishes containing 
distilled water at 20±2ºC. These dishes were placed on a 
rotating turntable. The samples were rotated with a turntable 
for one hour to establish equilibrium of water vapor 
pressure gradient across the sample (Fig. 7). Then, the 
masses of the dishes were determined. The turntable with 
dishes was rotated for a further 5-hour time-period. The 
masses of the dishes were weighed after this period. The 
weight difference was found.  

Figure 7 Water vapor permeability test (evaporative dish method) 

The water vapor permeability (WVP) in g/m2/day is 
given by the equation:  

𝑊𝑊𝑊𝑊𝑊𝑊 = 24𝑀𝑀
𝐴𝐴𝐴𝐴

(1) 

where,  
M = loss in mass of the dish over the time period in grams 

t = time between successive weighing of the assembly in 
hours 
A = area of the exposed sample, 5.41×10−3 m2

Water resistance test was done with Hydrostatic head 
tester by Dynamic test (Fig. 8). Test head of 100 cm² was 
used and the tests were performed with 10 cm water 
column/min (mbar/min) pressure increase. Five specimens 
were tested from each sample. 

Figure 8 Water resistance test (dynamic test) 

Figure 9 Bursting strength test (pneumatic method) 

The bursting strength test was done by a pneumatic 
bursting strength test device (Fig. 9) in five different places 
per sample, and test results were evaluated in kPa. The test 
area used in the instrument was 7.3 cm2. The tests were 
performed using a pneumatic method where the sample was 
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placed on an elastic diaphragm and increased pneumatic 
pressure was applied beneath the diaphragm until the 
specimen burst. It should also be noted that nonwoven 
surfaces of the specimens were placed at the bottom. 

3 RESULTS AND DISCUSSION 

The results were analyzed under 4 headings as air 
permeability, water vapor permeability, water resistance, 
and bursting strength. 

3.1   Air permeability 

From Fig. 10, different tendencies were seen between 
breathable and non-breathable samples. Increase in weight 
increased air permeability values of the samples 
unexpectedly. On the contrary, increase in weight reduced 
these values in breathable samples. 

Figure 10 Air permeability 

Breathability as a factor has no effect on air 
permeability of back sheet, since 2- tailed sig. value 
(0.944)>0.05 according to Tab. 2.  Furthermore, Pearson 
correlation test results show that there is no relationship 
between breathability and air permeability.   

3.2   Water Vapor Permeability 

Breathability is a water vapor transmission with 
diffusion of a material and it is important for healthy skin as 
determined above. In terms of water vapor permeability 
properties of the samples, there is a very clear difference 
between breathable and non-breathable samples (Fig. 11). 
Breathable samples have noticeably higher water vapor 
permeability than non-breathable samples. In addition to 
this, water vapor permeability values decreased with 
increasing mass for breathable samples. 

T-test results display that breathability (p value is 
0.07<0.05) has a significant effect on water vapor 
permeability of back sheet. According to Pearson 
correlation, there is a very strong and positive relationship 
between breathability and water vapor permeability. 

Figure 11 Water vapor permeability 

3.3  Water Resistance 

According to Fig. 12, breathable samples have higher 
water resistance than non-breathable samples. For 
breathable samples, increasing mass increased water 
resistance. On the other hand, the same tendency is not seen 
for non-breathable samples. 

Figure 12 Water resistance 

According to t-test results, breathability (p value is 
0.02<0.05) has a significant effect on water resistance of 
back sheets. As for Pearson correlation, it is visible that 
there are very strong and positive relationships between 
breathability and water resistance, and between mass and 
water resistance. However, the relationship between 
breathability and water resistance is stronger than the 
relationship between the mass and water resistance. 

3.4 Bursting strength 

It is seen that bursting strength values of breathable 
samples are higher than that of non-breathable samples from 
Fig. 13. There is no clear tendency of increasing bursting 
strength with higher mass for non-breathable samples. On 
the contrary, it is clear that the bursting strength values of 
samples increase by increasing mass for breathable samples. 

T-test results show that breathability (p value is 
0.026<0.05) has a significant effect on bursting strength of 
the back sheet. There are very strong and positive 
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relationships between breathability and bursting strength, 
and between mass and bursting strength according to the 
Pearson correlation analysis. This means that bursting 
strength increases with breathability and increasing mass.  

Figure 13 Bursting strength 

Independent samples T-test and Pearson test results are 
shown in Tabs. 2 and 3, respectively. According to Tab. 2, 
group variances were assumed as equal for all variables 
since all significance values>0.05 in Levene's test. 2-tailed 
significance values displayed with * symbol were 
considered for the interpretation of t-test. 

Table 2 Independent Samples T-test results 
Levene’s test for 

equality of variances T-test for equality of means 

F Sig. T Sig. (2-tailed) 

Air permeability 1.791 0.252 -0.045 0.966* 
-0.045 0.967** 

Water vapor 
permeability 6.384 0.065 -5.167 0.007* 

-5.167 0.035** 

Water resistance 0.025 0.881 -7.094 0.002* 
-7.094 0.002** 

Bursting strength 7.515 0.052 -3.454 0.026* 
-3.454 0.067** 

*Equal variances assumed 
** Equal variances not assumed 

Table 3 Pearson correlation test results 
Type Mass Thickness 

Air permeability 0.023 -0.195 -0.025 
Water vapor permeability 0.933** 0.612 -0.161 
Water resistance 0.962** 0.880* 0.103 
Bursting strength 0.865* 0.965** 0.132 

*Correlation is significant at 0.05 level.
** Correlation is significant at 0.01 level. 

The definition of ‘type’ expresses breathability or non-
breathability for back sheet in Tab. 4. 

4 CONCLUSIONS 

For breathable samples, while increasing mass, air 
permeability and water vapor permeability decrease, water 
resistance and bursting strength increase. On the other hand, 
the same tendency is not seen for non-breathable samples. 
Breathability is a water vapor transmission with diffusion of 
a material and it is important for healthy skin as determined 

above. Breathable samples have higher air permeability, 
water vapor permeability, water resistance and bursting 
strength than non-breathable samples. 

T-test results display that breathability (p value is 
0.07<0.05) has significant effect on water vapor 
permeability of back sheet. According to Pearson 
correlation, there is very strong and positive relationship 
between breathability and water vapor permeability. This 
means that breathability increases water vapor permeability 
in parallel. 
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THIN LAYER DRYING OF ZUCCHINI IN SOLAR DRYER LOCATED IN OSMANIYE REGION 
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Abstract: In this study, the dehydration behavior of zucchini using solar assisted drying system was examined according to 22 thin layer drying models available in literature. 
The correlation coefficient (R2), chi-square (χ2) and root mean square error (RMSE) values were calculated to check the suitability of models by non-linear regression analysis. It 
was found that Cubic and Modified Midilli-1 models were the most suitable equations and their R2 values were calculated as 0.99963. χ2 and RMSE values of related 
mathematical expressions were 1.89343×10‒5, 1.91692×10‒5 and 0.01685×10‒3, 0.01721×10‒3 respectively. In addition, heat transfer, mass transfer and diffusion coefficients, 
which were important parameters in design of drying systems were also determined as 5.18124 W/m2°C, 1.57129×10‒7 m/s and 2.335718×10‒9 m2/s respectively. 

Keywords: diffusion coefficient; heat and mass transfer coefficient; mathematical modeling 

1 INTRODUCTION 

Drying basically starts with the solution of coupling 
forces between water and material which will be dried. 
There is a specific energy requirement and this must be 
given to material continuously as heating for the 
evaporation of moisture to the surface and pores of the 
layer. In this sense, the drying process is the heat and mass 
transfer processes that take place at the same time [1,2]. If 
product is not dried up sufficiently, it affects the quality of 
the food negatively due to changes in chemical, biochemical 
and physical characteristics [3,4]. 

In this context, scientists have been working on 
mathematical models and computer simulations to design 
and develop dryers for efficient dehydration. In order to 
accurately describe the drying kinetics of food products, 
mathematical modeling is one of the most appropriate 
approaches. Factors affecting heat and mass transfer 
between food product and drying air, deviations in case of 
equilibrium between product and dry air, the change of 
physical properties of product, water vapor and air by 
changing humidity and temperature are considered by using 
these models [5-10]. 

In the literature, there are many studies about the 
determination of heat and mass transfer, mathematical 
modeling, computer simulations in order to design and 
develop drying systems for different types of fruit and 
vegetables [11-16]. Midilli and Kucuk [17] carried out 
drying experiments for nuts under natural and forced 
convection in solar assisted drying. The scientists found that 
the logarithmic model could be the most appropriate model 
to define thin layer forced solar drying. However, they saw 
that the two-term model was more appropriate in natural 
solar drying. Younis et al. [18] carried out experiments for 
the drying of garlic slices; infrared drying was applied at 
different air velocities and radiation intensities onto 
materials. The results indicated that decreasing air velocity 
and rising radiation intensity caused an increase in drying 
rate and a decrease in drying time. Bozkır [19] developed a 
mathematical model in thin film formation of washed 

apricots. The experiments carried out at different 
temperatures and velocities. Data from experiments was 
analyzed by Page’s drying equations.  

In this work, air solar collector assisted drying system 
was used for modelling zucchini drying. The zucchini 
contains mineral elements such as potassium, phosphorus, 
calcium, magnesium, sodium, iron. There is a great 
difference in nutritional values between consuming the 
same amount of fresh zucchini and dried zucchini, but when 
the benefits are compared, the dried zucchini is almost as 
useful as the fresh zucchini. Dried zucchini can be used for 
ready-made sacks, bulgur, rice mixtures, bird and pet food. 
[20]. To investigate the availability of models, correlation 
coefficient (R2), root mean square error (RMSE) and chi-
square (χ2) values were calculated. In addition, convective 
mass and heat transfer coefficients were calculated for 
contributing to the literature in drying design. 

Table 1 The devices used for measurements and their specifications 

Device Measurement 
parameters Accuracy 

Testo 435 air speed probe Air velocity 0.1 m/s 
Ledmer digital 

temperature measurement 
probe 

Temperatures 0.1 °C 

Dikomsan Model 
electronic balance Product weight 0.1 gr 

Testo 435 humidity 
measuring probe Relative humidity 2-3 % 

Eko model MS-410 type 
pyranometer Radiation - 

Laboratory type oven 
(JSR, 400, England) 

Initial and final moisture 
contents of samples - 

2  EXPERIMENTAL STUDY 

Schematic illustration and the image of the solar assisted 
drying system are shown in Fig. 1. The ambient air enters the 
solar collector (state 1) and leaves the collector (state 2) hotter. 
Then, hot air is passed to the drying cabinet for drying the 
products. The drying chamber was designed specifically to 
distribute hot air uniformly. Finally, the air exits the cabinet 
with more moisture than when entered the cabinet. More 
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detailed information about the system is given in reference 
[21]. 

Zucchini samples were procured from Erzin region, 
Hatay/ Turkey. They were cut into average 47 mm of diameter 

and 5 mm thickness and lined up on the tray. 
Tab. 1 shows the devices used for measurements and their 

specifications. 

Figure 1 Schematic illustration (a) and the image (b) of the solar-assisted drying system 

2.1 Computation Procedure 

The data obtained from the drying process were fitted to 
22 thin layer models given in Tab. 2. k, k0, k1 and n denote 
drying constants and a, b, c, d are statistical parameters.  

MR is moisture ratio and it was calculated by using Eq. 
(1). 

e

0 e

M M
MR

M M
−

=
−

  (1) 

In the related equation, M is the amount of moisture at 

any time, Me is the amount of moisture in equilibrium, and M0 
is initial moisture content. To simplify MR, it can be expressed 
by M/M0, because of Me is lower than M and M0 values [42, 
43]. 

Regression analysis was done by using Origin pro 
program 2016 (Origin Lab, USA).  

Correlation coefficients (R2) were taken as the basic 
criteria to select the best equation that describes the drying 
curves of the products [44]. 

The most suitable model was determined using root mean 
square error (RMSE) and chi-square (χ2) values after R2 and 
calculated as: 
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MRexp,i is an MR value in i, MRpre,i value is an estimated 
MR value. N is experiments number, z is constant number. The 
MRexp,i is an MR value in i, MRpre,i value is an estimated MR 
value. N is experiments number, z is constant number. 

Table 2 Different thin layer drying models available in literature 
Model Name Equation Reference 

Lewis MR = exp(‒kt) [22] 
Page MR = exp(‒ktn) [23] 
Modified Page MR = exp(‒kt)n [24] 
Henderson & 
Pabis MR = a exp(‒kt) [25] 

Logarithmic MR = a exp(‒kt) + c [26] 
Two-term MR = a exp(‒k0t) + b exp(‒k1t) [27] 
Wang and Singh MR = 1 + at + bt2 [28] 
Weibull MR = exp (‒ (𝑡𝑡

𝑏𝑏
)a) [29] 

Midilli et al. MR = a exp(‒ktn) + bt [30] 
Parabolic MR = a + bt + ct2 [30] 
Cubic MR = a + bt + ct2 + dt3 [31] 
Sigmoid MR = a + 𝑏𝑏

1+ 𝑒𝑒𝑘𝑘 (𝑡𝑡−𝑐𝑐) [32] 
Thompson t = a ln(MR) + b [ln (MR)2] [33] 
Vega-Lemus MR = (a + bt)2 [34] 
Rational MR = 𝑎𝑎+𝑏𝑏𝑡𝑡

1+𝑐𝑐𝑡𝑡+𝑑𝑑𝑡𝑡2
[35] 

Vega Galvez-1 MR = n + k√𝑡𝑡 [36] 
Vega Galvez-2 MR = exp(n+kt) [36] 
Hii  et al. MR = a exp(‒k0tn) + b exp(‒k1tn) [37] 
Mod. Midilli-1 MR = exp(‒ktn) + bt [38] 
Mod. Midilli-2 MR = exp(‒kt) + bt [39] 
Sripinyowanich & 
Noomhorn MR = exp(‒ktn) + bt + c [40] 

Noomhorn & 
Verma MR = a exp(‒k0t) + b exp(‒k1t) + c [41] 

The effective moisture diffusivity was computed with 
respect to Fick’s second law. Some assumptions can be made 
within the framework of this law: 
a. The humidity distribution is uniform in the cylindrical

geometry of the product.
b. Mass transfer is symmetric according to the center of

zucchini slice.
c. The surface resistances in mass transfer can be ignored.
d. The diffusion coefficient is assumed to be constant.

The correlation between MR and diffusion coefficient 
were indicated by Eq. (4): 

2
2 2

8 exp
t
effD

MR
r

p
p

 
 = −
 
 

    (4) 

Deff is the diffusion coefficient (m2/s), r is the radius of the 
samples (m), t is time (s) [45]. 

Activation energy of zucchini samples was specified 
using Arrhenius type equations [14]: 

0exp a
eff

E
D D

RT
 = − 
 

 (5) 

Ea is activation energy (kJ/mol), R is universal gas 
constant (8.3143 J/mol K), T is ambient temperature (K), and 
D0 is predominant exponential factor (m2/s). The activation 
energy is formed of the slope of the linearized line of Eq. (5). 

Besides, the convective mass transfer coefficient (α, m/s) 
was obtained by Eq. (6) [46]: 

ln ( )
t

V MR
A

α = −   (6) 

where, V is volume of product (m3), At is product area (m2). 
The convective heat transfer coefficient (hc, W/m2°C) was 

calculated for forced convection by Eq. (7) [47].  

v
c

NuK
h

x
=   or  ( )nv

c
K

h C Re Pr
x

=

(7) 

where, Nu is Nusselt Number, Kv is thermal conductivity 
(W/m,°C), Re is Reynolds Number, Pr is Prandtl Number, C 
and n are constants for calculating  heat transfer coefficient 
value. 

The rate of required heat to evaporate moisture ( eQ ) was 
computed by Eq. (8) [48]. 

0 016 [ ( ) ( )]e c c eQ . h P T P Tγ= −       (8) 

where, Tc is product temperature and Te is exit air temperature. 
The moisture evaporated was calculated by Eq. (9). Here, 

Eq. (8) was divided with latent heat of vaporization (λ), and 
multiplied with the area of tray (At) and time interval (t). 

e
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The logarithms of both sides of Eq. (10) are taken, 

ln ln ln( )evm
C n Re Pr

z
  = +  



     (11) 
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Eq. (11) similar to an equation of straight line, 
1 0Y b X b= +

where, 1 0ln , , ln( ), lnevm
Y b n X Re Pr b C

z
 = = = =  



C and n values were determined using linear regression 
analysis with the obtained experimental data of exit air relative 
humidity, the product and exit air temperatures and moisture 
evaporated at the specific time intervals. 

The different physical properties of humid air, such as 
density (ρv), thermal conductivity (Kv), specific heat (Cv) and 
viscosity (μv), were calculated by using Ti, which is taken as 
an average of product temperature (Tc) and exit air 
temperature (Te)  for calculating Reynolds number (Re) and 
Prandtl number (Pr) [49]. 

353 44
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i

.
T .
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3 RESULTS AND DISCUSSION 

In the study, the drying behaviors of the zucchini samples 
were investigated by using experimental data collected from 
the solar energy-assisted dryer.  

The highest correlation coefficient (R2) values were found 
as 0.99963 for Spirinyowanich and Noomhorn, Cubic, 
Rational, Modified Midilli-1 and Midilli models. The best 
results of χ2 values were seen in Cubic and Modified Midilli-1 
models because of the lowest levels. The values obtained from 
indicated models were 1.89343×10‒5 and 1.91692×10‒5, 
respectively. In addition, RMSE values for Cubic and 
Modified Midilli-1 models were calculated as 0.01685×10‒3 
and 0.01721×10‒3 respectively. The values of Spirinyowanich 
and Noomhorn, Cubic, Rational, Modified Midilli-1 and 
Midilli models were shown in Table 3 since they have the best 
correlation coefficient values (R2).  

The variation of the convective mass transfer coefficient 
(m/s) and lnMR values with time were shown in Fig. 2 and 3 
respectively. 

According to Fig. 2, the convective mass transfer 
coefficient values varied between 8.65264×10‒8 and 
1.97664×10‒7 m/s. The average convective mass transfer 
coefficient was calculated as 1.57129×10‒7 m/s. The average 
diffusion coefficient of zucchini samples was obtained as 
2.33572×10‒9 m2/s. It is seen that the diffusion coefficient 

values calculated in this study are in accordance with the 
literature [50, 51, 52, 53]. 

Figure 2 Variation of mass transfer coefficient with drying time 

Figure 3 ln MR with drying time 

The variations in convective heat transfer coefficient with 
time are presented in Fig. 4. 

Figure 4 Variation of heat transfer coefficient with drying time 

Figure 5 The relation between Nu-Re·Pr for zucchini samples drying at forced 
convection 

The convective heat transfer coefficient values varied 
between 5.16841-5.18672 W/m2°C during drying process. 
The variation remained almost constant during drying. The air 
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velocity, which is an important parameter in forced convection 
is kept constant during the experiment. Akpinar [50, 54], 
evaluated convective heat transfer coefficient values for 
different food products for forced convection in literature. The 
convective heat transfer coefficient values varied at between 
0.644 and 10.94 W/m2°C. It was seen that these values are in 
accordance with the literature [50, 54].  

The relation between Nusselt and Reynolds-Prandtl 
numbers were given in the following graph (Fig. 5).  

It could be seen from the figure that the heat transfer 
carried out under the laminar regime because of Re·Pr ≤ 105 
[55]. The Nusselt number values of the zucchini samples were 
found between 34.29895-34.76936. Also, C and n constants 
were found 0.99884 and 0.35547 respectively. Similar results 
were found by Jain and Tiwari [56]. They indicated laminar 
regime on drying of peas in greenhouse dryer for forced 
convection.  

Table 3 The statistical parameters of Spirinyowanich and Noomhorn, Cubic, Rational, Modified Midilli-1 and Midilli models 
Model name R2 χ2 SSE RMSE k n a b c d 

Midilli et al. 0.99963 0.00193×10‒2 0.00056 0.01698×10‒3 0.00038 1.29122 0.99809 - - - 
Mod. Midilli-1 0.99963 0.00189×10‒2 0.00057 0.01721×10‒3 0.00041 1.27906 - ‒0.00005 - - 
Spirinyowanich 
& Noomhorn 0.99963 0.00193×10‒2 0.00056 0.01698×10‒3 0.00038 1.29093 - ‒0.00004 ‒0.00192 - 

Cubic 0.99963 0.00191×10‒2 0.00056 0.01685×10‒3 - - 1.00634 ‒0.00137 0.00001×10‒1 0 
Rational 0.99963 0.00196×10‒2 0.00057 0.01729×10‒3 - - 1.00347 ‒0.00081 0.00042 0 

4  CONCLUSIONS 

In this work, air solar collector assisted drying system was 
used to investigate the availability of the models for zucchini 
drying. The correlation coefficient (R2), root mean square 
error (RMSE) and chi-square (χ2) were calculated. It was seen 
that the highest values for the correlation coefficient were 
found as 0.99963 in Spirinyowanich and Noomhorn, Cubic, 
Rational, Modified midilli-1 and Midilli models.  Besides, the 
lowest values of the chi-square were obtained in Cubic and 
Modifid Midilli-1 models. Also, RMSE values of those 
models were computed as 0.01685×10‒3 and 0.01721×10‒3 
respectively. Finally, the convective mass and heat transfer 
coefficients and diffusion coefficient, which are important 
parameters in determining the drying performance, have been 
calculated. The average convective mass transfer coefficient 
and diffusion coefficient were calculated as 1.57129×10‒7 m/s 
and 2.33572×10‒9 m2/s respectively. The average convective 
heat transfer coefficient for forced convection was calculated 
as 5.18124 W/m2°C. Also, C and n values, which are used for 
calculating convective heat transfer coefficient, were found as 
0.99884 and 0.35547 respectively. 
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INFLUENCE OF STRANDS TRANSPOSITION ON CURRENT DISTRIBUTION AND POWER 
LOSSES IN WINDINGS OF AC MACHINES 

Branko TOMIČIĆ, Ladislav HAVAŠ, Dunja SRPAK 

Abstract: This paper analyses how the type of winding affects the current distribution and power losses in armature winding. Using finite element method, four different types of 
winding used in large asynchronous motors are analyzed: form-wound concentric, with and without transposition, and form-wound barrel, with and without transposition, for the 
stationary state. In two cases, the calculation shows clear differences between maximum currents in strands, a shift in their phases, and a resulting increase of AC resistance. In 
two other cases, minor deviations, smaller phase shift and smaller increase of AC resistance, are detected. It indicates that in certain types of armature winding of large motors 
the strands transposition leads to significant positive effects in terms of motor power, while in other cases it leads to unnecessary complications making the manufacture of large 
asynchronous machines more difficult, with relatively small positive effect on the motor power losses. 

Keywords: AC machines; conductors; finite element method; losses; windings 

1 INTRODUCTION 

Manufacturers of electric machines are trying to 
increase the efficiency of their machines by reducing the 
losses with the appropriate design. Many articles present 
researches with slot shapes to perform better heat transfer 
from windings to stator core [1-3]. This improves the 
thermal behavior of machines and reduces their losses. 
Another possibility to reduce the unequal strands current 
distribution in the machine is by selecting the appropriate 
winding mode. Unequal current distribution is known as an 
eddy current. The main reason for an eddy current is the 
leakage flux, which crosses the conductors placed in slots. 
Authors in [4-8] analyze the influence of an eddy current on 
the losses in the induction motors, by using the finite 
element method (FEM). This method is often used for 2D or 
3D analyses related with operation of electrical machines, 
as in [9-12]. The correlation between the eddy current losses 
and the winding geometry with solid or stranded 
conductors, woven or twisted, using the 2D finite elements 
model is analyzed in [13-15] for switched reluctance 
machine. 

The influence of eddy currents on the increase of 
resistance was studied even in early works as [16] and [17]. 
Eddy currents cause additional losses in conductors, which 
may consist of one or more strands. The transposition of the 
insulated strands in a multi strand windings has the 
influence on AC losses, as described in [18-20]. Authors in 
[21] propose the windings transposition to reduce the 
additional eddy loss in permanent magnet synchronous 
motor (PMSM). Different transposition angles of armature 
windings using analytical model are studied to minimize 
eddy current losses in [22]. This paper shows the results of 
analyzing the influence of strands transposition for various 
types of windings used in AC machines to reduce the eddy 
current losses. Analytical methods that can be used to 
calculate leakage magnetic fields do not take into account 
the complex geometry of the magnetic circuit and the 

nonlinear characteristics of the core material. Such 
imperfections can be eliminated by applying the FEM to the 
calculation of the magnetic field on the models 
corresponding to the actual state.  

By calculating the magnetic field in the electric 
machines using the finite elements method (FEM), it is 
possible to determine the distribution of current in strands 
forming conductors. The amounts of currents in strands of 
conductor and the phase shift between them cause increase 
of losses. By choosing the appropriate type of winding, with 
or without transposition, the losses can be significantly 
reduced, as this research indicates.  

This paper is organized as follows: First, a general 
description of the winding and the basis for AC losses 
calculation is given. In the next section, the used method of 
finite elements (FEM) for computing the increase of AC 
losses is described, as well as the model of tested induction 
motor. Then, the results of the analysis are presented for the 
different types of stator windings, including the winding 
performed on the concerned motor. Finally, the discussion 
and conclusion are presented.  

2 GENERAL DESCRIPTION OF THE WINDING DESIGN 

A stranded conductor consists of parallel paths that can 
be represented each by an equivalent resistance and 
inductance connected in series. The equivalent scheme of a 
conductor consisting of two strands is shown in Fig. 1. 

Resistance of each parallel path has the same amount, 
because of equal cross section and length of strand. The 
inductance of the strand depends of the position in the slot. 
Strands that are positioned deeper in slot have higher 
inductance than the ones positioned closer to the air gap. 
The reason for the difference of the inductance is the 
component of magnetic flux, which passes transversely to 
the slots (Fig. 2). This is the leakage flux and it appears in 
the whole range of operation of asynchronous motor. 
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 Figure 1 Equivalent scheme of parallel paths 

Figure 2 Leakage magnetic flux 

The strands current will be distributed depending on the 
impedance in the parallel paths. The current in the strand 
with higher inductance will be lower and more phase-
shifted in relation to voltage. The current in the strand with 
lower inductance will be higher and less phase-shifted in 
relation to voltage (Fig. 3). 

Figure 2 Phase diagram of motor currents 

The total current through the winding is a sum of both 
currents. The losses in the winding are: 

2 2 2
1 2 ekv ,I R I R I R+ =           (1) 

where I1 – current through the first strand, I2 – current 
through the second strand, I – total current, R – strand 
resistance, Rekv – equivalent resistance of conductor. 

Then the equivalent resistance of winding is: 

2 2
1 2

ekv 2
2( )

.
2

I I RR
I
+

=           (2) 

Resistance to direct current amounts R/2, therefore the 
factor of increase of AC resistance caused by the proximity 
and skin effects is: 

2 2
1 2

r 2
2( )I Ik .

I
+

=  (3) 

The square of the total current amounts is: 

2 2 2
1 1 1 22 cos ,I I I I I α= + +              (4) 

where α is a phase-shift between currents in strands. If it is 
assumed that currents I1 and I2 are almost the same, the 
increase of AC resistance caused by proximity and skin 
effects can be calculated in the following way: 

1 2 sI I I= =   (5) 

2 2 2 22 coss s sI I I I α= + +    (6) 

2 22 (1 cos )sI I α= −            (7) 

By using Eq. (6) in Eq. (3) equation for the increase of 
AC resistance caused by proximity and skin effects 
becomes: 

2

r 2
2(2 ) 2

1 cos2 (1 cos )
s

s

I
k .

I αα
= =

++
           (8) 

3 MODELLING OF STEADY STATE INDUCTION MOTOR 
WITH LOAD BY FIELD CALCULATION 

The squirrel-cage induction motor analyzed in this 
paper is shown in Fig. 4, and the rated data of that motor are 
presented in Tab. 1. 

Figure 4 The manufactured and tested motor 

For FEM calculation of magnetic field, current 
distribution and thus increased AC resistance caused by 
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proximity and skin effects, a 2D model of one pole of the 
motor is created. The model is shown in Fig. 5, and it is 
composed of the static and the rotating part. 

Table 1 Data of tested induction motor  
Rated parameter Nominal value 

Rated voltage 580 V 
Rated output power 2200 kW 
Rated current 2544 A 
Rated frequency 50Hz 
Rated speed 996 min‒1 
Total motor mass 8750 kg 

Figure 5 Magnetic field at a steady state 

The static part consists of a laminated core with slots in 
which there are conductors of a three-phase double layer 
winding. The shape of the slot is rectangular semi-closed 
and asymmetrical, adjusted to coils made of rectangular 
copper wire and insulation system for low voltage 
machines. The number of coils per pole and phase is 5, and 
the slot pitch is 12. Number of turns per coil is 3 and each 
conductor consists of 2 copper strands. The windings are 
star connected. 

The rotating part consists of a laminated core made of 
dynamo sheets. Type of winding is squirrel-cage. Number 
of slots per pole is 12 and rectangular bars are made of 
copper. Rotor core is fixed on the shaft made of steel. 

The program package MagNet® is used for FEM 
calculation of magnetic field [23]. The following 
assumptions are introduced:  
• All machine windings are symmetrically distributed on

each pole, have the same number of conductors and 
resistance, which enables analysis of a single pole; 

• Electric conductivity of iron is neglected, which
excludes the influence of eddy and stray currents; 

• Characteristics of built-in material are isotopic,
hysteresis loop is neglected, and iron permeability 
depends only on magnetic field strength; 

• Windings of the machine are connected to the ideal
current sources and the waveforms of currents feeding 
the armature windings are sinusoidal. 

A software module that takes into account rotor speed is 
used for calculation of the magnetic field, and the field 
solution is based on the expressions [24]: 

d d
dC S

E dl B n S
t

⋅ = − ⋅ ⋅∫ ∫
d d d d



(9) 

d
C S

H dl J n S⋅ = ⋅ ⋅∫ ∫
d d d d



(10) 

d 0
S

B n S⋅ ⋅ =∫
d d

 (11) 

where the symbols represent: 
E
d

– electric field strength in conductors,
B
d

 – magnetic induction,
H
d

– magnetic field strength,
J
d

– current density,
S – surface within which the field is computed, 
n
d

– unit vector of normal on surface S,
C – boundary curve of the surface S. 

The conductor strands are coupled into two parallel 
paths and connected to the ideal power sources as shown in 
Fig. 6.  

Figure 6 Winding connection diagram 

The calculation is made in the time from 0 to 1 s, i.e. 
until the steady state has been attained. All the time, the 
torque on the shaft is constant and adjusted to the nominal 
value. The calculation results of a magnetic field at a steady 
state with maximum current in phase placed in axis of the 
model are shown in Fig. 5. There it is visible that magnetic 
field has a main component, which passes around stator and 
rotor winding, but there is also a component which passes 
transversely to the slots. 

The length of the arrow which shows the direction of 
the magnetic field is proportional to its value. The field has 
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the largest value at the bottom and the top of the slot, and 
the opposite direction in those places. This is the expected 
result as the magnetic field closes around the current which 
flows perpendicular to the drawing.   

The next calculations are performed for the following 
variations of winding:  
1. Form-wound concentric,
2. Form-wound barrel,
3. Form-wound concentric with transposition,
4. Form-wound barrel with transposition.

4 RESULTS OF TESTING OF VARIOUS WINDING DESIGN 

Research has been carried out for different types of 
winding designs where the strands are insulated along the 
whole length of winding.  For the total current I, currents in 
strands I1, and I2. are calculated. In addition, the phase shift 
between currents is taken into account. Then, the factor of 
increase kr is calculated according to Eq. (3) and Eq. (8).  

4.1 Form-Wound Concentric Type of Winding without 
Transposition 

The form-wound concentric type of winding is 
characterized by the same order of conductors in upper and 
lower layers. Looking at the winding sequence in the top 
layer from the slot opening to the middle of the slot, the 
same conductors are located in the bottom layer from the 
slot middle towards the bottom. Thus, the conductor placed 
first under the slot opening in the upper layer is the first 
below the interlayer inlay in the bottom layer. This type of 
winding is applied on the machines where first copper is 
formed into the bars. After inserting the bars into the slots, 
the coils are formed by soldering the wires on the ends. 
These are usually older production machines. 

Fig. 7 shows phase current and phase voltage in steady 
state. The phase shift between them is 2 ms which 
corresponds to the angle of 36°, i.e. the power factor of 
0.81. 

Fig. 8a shows the mode of connecting the conductors 
into the parallel paths of form-wound concentric type of 
winding for one phase. Conductors with the index 1 are 
connected in one path and with the index 2 in another.  

The calculated values of currents in strands (I1, I2) and 
the total current (I) are presented by multiple time series for 
the purpose of graphical analysis [25]. The amplitudes of 
the currents in conductor strands can be read from Fig. 8 (b) 
as 210 A and 180 A, while the amplitude of the total current 
is 350 A. The phase shift visible in Fig. 7b is 2.8 ms, which 
corresponds to the phase shift of 50.4°. Using the Eq. (3), 
increase in resistance from 1.224 is obtained. The waveform 
of the current in conductors, besides the base harmonic, also 
contains harmonics which are generated due to different 
magnetic conductivity at certain points of the calculation. 
Magnetic conductivity changes due to rotor rotation, and 
depends on the mutual position of the slots and tooth at 
certain points of the calculation. Harmonics in current can 
be avoided by using an FEM calculation without motion of 
rotor, e.g. by simulating a duty point with blocked rotor. In 

this case, the actual magnetic field like in a machine under 
load would not be taken into account. 

Figure 7 The phase current and phase voltage in steady state 

a) 

b) 
Figure 8 Form-wound concentric type windings without transposition 

(a) Connection of conductors in parallel paths, 
(b) Currents of the motor in the parallel paths of conductor 

4.2 Form-Wound Barrel Type of Winding without 
Transposition 

In case of form-wound barrel type of winding, the 
rotation of conductors is made. The conductors in upper and 
lower layer are in reverse order. The conductors placed in 
the top layer from the slot opening to the middle of the slot 
are located in the lower layer from the bottom of the slot 
towards the middle. Thus, the conductor placed first under 
the slot opening in the upper layer is the first from the 
bottom in the lower layer. This type of winding is most 
widely used in machines for general purposes with higher 
power. The coils are made by winding the wires, and the 
forming has to be made on a special device. 
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Fig. 9a shows the method of connecting the conductors 
into the parallel paths of barrel winding for one phase (with 
index 1 in one path and with the index 2 in another). The 
results of calculation of the current in conductor strands 
shown in Fig. 9b indicate that there is still a difference in 
current amplitudes, as well as the phase shift between them. 
However, the amounts are considerably more favorable than 
in the previous case. The current amplitudes read from the 
graphs are 190A and 170 A, while the phase shift is 1.5 ms 
corresponding to the electric angle of 27° at a frequency of 
50 Hz. By including the values into the Eq. (3), an increase 
in resistance from 1.06 is obtained. 

a) 

b) 
Figure 9 Form-wound barrel type of windings without transposition 

(a) Connection of conductors in parallel paths, 
(b) Currents of the motor in the parallel paths of conductor. 

4.3 Form-Wound Concentric Type of Winding with 
Transposition 

The form-wound concentric type of winding with 
transposition differs from the one without transposition in 
conductors placed in the lower layer. The upper conductors 
placed in the upper layer from the slot opening to the 
middle of the slot are connected with the lower conductors 
in the lower layer, from the middle of the slot towards the 
bottom, as shown in Fig. 10a. 

Fig. 10b shows that the obtained results are more 
favorable than in the first and the second case. The 
differences in current amplitudes cannot be read from the 
graphs and the phase shift is 0.8 ms corresponding to the 
electric angle of 12.6°. In this case, the Eq. (8) must be 
applied to estimate the increase in resistance. By calculating 
using that phase angle, an increase factor of 1.012 is 
obtained. It can be concluded that the strands transposition 

in the case of the form-wound concentric type of windings 
significantly contributes to the reduction of additional 
losses. 

a) 

b) 
Figure 10 Form-wound concentric type of windings with transposition 

(a) Connection of conductors in parallel paths, 
(b) Currents of the motor in the parallel paths of conductor 

a) 

b) 
Figure 11 Form-wound barrel type of windings with transposition 

(a) Connection of conductors in parallel paths, 
(b) Currents of the motor in the parallel paths of conductor. 
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4.4 Form-Wound Barrel Type of Winding with Transposition 

In the form-wound barrel type of winding with 
transposition, the upper conductors placed in the upper layer 
from the slot opening to the middle of the slot are connected 
in one path with the upper conductors in the lower layer, 
from the bottom of the slot towards the middle, as shown in 
Fig. 11a.  Fig. 11b shows that the currents in the conductor 
strands are equal, and the phase shift between them has a 
small value. The value of 0.2 ms can be read, which 
corresponds to the phase angle of 3.6°. Calculation with that 
phase angle and the Eq. (8) gives an additional losses factor 
of increase from 1.001, which is negligible. It can be 
concluded that in the case of the form-wound barrel type of 
windings the strands transposition does not contribute 
significantly to the reduction of additional losses. 

The results of calculations for these four types of 
windings are shown in Tab. 2. 

Table 2 Results for tested types of windings 
Type I1 (A) I2 (A) I (A) kr Eq. (3) α (°) kr Eq. (8) 
4.1 210 180 350 1,248 50,4 1,22 
4.2 190 170 350 1,061 27,0 1,058 
4.3 180 180 350 - 12,6 1,012 
4.4 180 180 350 - 3,6 1,001 

5 DISCUSSION 

This research has shown that the amount of additional 
AC losses can be affected by the selected winding design. 
Additional losses are caused by the distribution of current in 
strands that have different amount and phase shift. The 
current distribution depends on the leakage magnetic field 
that can be calculated by using the FEM. The results of the 
calculation show that the form-wound barrel type of 
winding is more appropriate than form-wound concentric 
type, because of the reduced losses.  

The strands transposition significantly contributes on 
the reduction of the additional losses at the concentric type 
of windings. In form-wound barrel type of windings, the 
contribution of strands transposition is not significant since 
the coil construction provides a favorable distribution of the 
conductors along the height in the slot.  

6 CONCLUSION 

The implementation of transposition requires careful 
insulating process and connecting of the strands when 
forming the coils for windings, making the production of 
large electric machines more difficult. Considering the 
complexity of manufacturing the winding with transposition 
and the negligible reduction in losses in case of barrel type 
winding, it is concluded that the optimum type of winding is 
barrel winding without transposition. This design is carried 
out on the largest number of electric machines in modern 
production. 

The analysis of results for different types of 
windings presented in this paper shows that transposition in 
windings can be very valuable in some cases, while in other 

cases it is not justified, due to practical implementation 
problems or cost aspects (as concluded also in [20] and 
[22]). In addition, unlike mainly analytical approaches used 
in most of related works presented in the introduction, the 
results of the analysis with the FEM method presented in 
this paper were verified on the actually produced squirrel-
cage induction motor (Fig. 4, Tab. 1).  

Since conductors can be realized with a different 
number of strands, their optimal number has to be 
determined. Increasing the number of strands reduces 
additional losses and transposition can be avoided. At the 
same time, the effective cross-section of the conductor in 
the slot is decreased regarding to insulation. Therefore, this 
can be the aim of future researches. 
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METHOD OF MATERIAL QUALITY ESTIMATION WITH USAGE OF MULTIFRACTAL 
FORMALISM 

Volodymyr VOLCHUK, Ievgenii KLYMENKO, Sergii KROVIAKOV, Matija OREŠKOVIĆ 

Abstract: Feasibility of application of multifractal theory for evaluation of materials mechanical properties, cast iron in particular, has been considered. The proposed method 
enables evaluation of mechanical properties of materials based on determination of their sensitivity to dimensions of structure elements from the multifractal Renyi spectrum. 
Sensitivity of cast iron ultimate strength to informational dimension of carbides, ultimate bending strength to fractal dimension of carbides, impact strength to correlation 
dimension of carbides and hardness to fractal dimension of graphite have been determined. Fractal prediction models of quality characteristics of cast iron based on the analysis 
of the following its structure elements (carbides and graphite) have been received. 

Keywords: cast iron; graphite; mechanical properties; sensitivity coefficient; spectrum of Renyi dimensions; theory of multifractals 

1 INTRODUCTION 

Establishing the connection between composition, 
structure and properties of materials is determined with 
application of different methods including mathematic 
simulation. For example, in works [1, 2], about the use of 
multifactor modeling, the residual load-bearing capacity of 
the damaged reinforced concrete structures is calculated and 
ways to strengthen them are considered; in [3, 4] the 
properties of concretes on lightweight porous fillers for 
thin-walled structures are evaluated. 

Many elements of materials structure at different scale 
levels have a complex geometrical shape configuration 
which cannot always can be appropriately described by the 
use of traditional methods. For example, based on analysis 
of quantitative and qualitative assessment of many iron-
carbon alloys of real structures, there are some differences 
between the results of direct experiments on determination 
of their qualitative characteristics using predictive methods 
[5] that must be observed for usage in practical purposes. 

This fact represents insufficiency of formal axiomatic 
which arises during approximation of metal structure 
elements using the traditional figures of Euclid’s geometry; 
this emphasizes the necessity of usage of the other 
prospective approaches to its assessment.  

Fractal approach is these days successfully used for the 
structure analysis [6-9]. Particularly, multifractal theory is 
used for estimation of heterogeneous structures of metals, 
concretes, polymers and other materials. Having that in 
mind, here is the proposed method of estimation of 
quantitative characteristics of different materials based on 
multifractal analysis of their structure. 

2 MATERIALS AND METHODS 

Cast iron for manufacture of casting roller with 
spherical form of graphite was used as test material 
(0.5…2.5%); its chemical composition is as follows: 
3.00…3.40% С, 1.45…1.80% Si, 0.45…0.65% Mn, 

0.040…0.200% P, 0.004…0.010% S, 0.60…0.90% Cr, 
0.70…1.30% Ni, 0.035…0.056% Мg. Quantity of carbides 
(cementite, Fe3C) is 20-30%. Figs. 1 and 2 shows cast iron 
structure. 

Figure 1 Structure of the working layer of cast iron roll: graphite eutectic 

Figure 2 Colonies of Ledeburite, Graphite Eutectic, Pearlite Matrix, HNO3 Etching 
in working layer of cast iron roll 

Impact strength of cast iron KC was determined with 
groove of notch dimensions of 10×10×55 mm. For 
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estimating the strength level during bending, σ bars of 
10×10×90 mm were used, and during tensile tests σB bars of 
25 mm diameter were used with 50 mm gauge length. 
Hardness of cast iron bars, HSD, was defined according to 
Shore. For every structural component (cementite of 
ledeburite eutectic, pearlite, graphite) spectrum of statistical 
dimensions was counted as per Renyi formula [10]: 

1
ln

1( ) lim
1 ln

N
q
i

i
p

D q
q δ δ

=

→∞
= ⋅

−

∑
(1) 

where pi is hit probability of point that is located on the test 
specimen to the i cell of square mesh with size δ. 
Dimensions of spectrum D0, D1, D2, D∞, D−∞ were 
calculated: D0 is homogeneous fractal with q=0 (Hausdorff-
Besikovitch dimension); D1 is an informational dimension 
with q=1 (informational entropy) characterizing growth rate 
of the amount of information and showing growth of 
information, necessary for determining the point location on 
the test specimen as cell size δ tends to zero; D2 is a 
correlation dimension with q=2, characterizing probability 
of occurrence in the same mesh cell of two points on the test 
specimen; D∞ is a dimension characterizing the most 
vacuum space in the test item (structure light segments); 
D−∞ is a dimension characterizing the most concentrated 
space (structure dark segments). 

Fig. 3 shows the example of calculated spectrum of 
dimensionalities D(q) of the structure, depending on interval 
of their variation q. In this case changes of index q were 
specified within limits from −100 to 100. 

Figure 3 Spectrum of Dimensions of Cementite (1), Pearlite (2), Graphite (3) 

3 RESULTS AND DISCUSSION 

Method of material quality estimation with usage of 
multifractal theory comprises the following stages: 
- Calculation of statistical dimensions’ spectrum of 

structure elements according to Renyi formula. 
- Determination of qualitative characteristics of the test 

material. 

- Calculation of sensitivity of qualitative characteristics 
to statistical dimensions of structure elements. 

- Description of relation between the most sensitive 
dimensions of the material structure elements and its 
qualitative characteristics. 

For the materials science issues it is useful to study 
sensitivity of fractal or any other dimension of the material 
structure elements to changes of their qualitative 
characteristics through calculation of sensitivity coefficient 
Ki (2) according to the method [11]: 
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Y Y
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X X
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+
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The sensitivity will be maximal at those points of the 
structure where the maximum change in the metal 
properties is observed. It is shown in use [12] that 
sensitivity of the dimension’s spectrum of the elements of 
ferrite and perlite structure of low-carbon low-alloy steel to 
mechanical properties is relatively high. This indicates that 
dimensional evaluation may be applied as an indicator of 
the material’s quality characteristics. 

Figs. 4-6 show the calculation results of sensitivity 
coefficients of cast iron mechanical properties Ki to 
dimensional evaluation D0, D1, D2, D100, D−100 of the 
structure calculated according to the formula (2). 

Figure 4 Sensitivity of Cast Iron Mechanical Properties to Dimensions of Graphite 

Relatively high sensitivity indexes among those under 
consideration demonstrate strength characteristics (σB and 
σ) and hardness HSD to dimensions D0, D1, D2 of cementite 
(Fig. 5) and graphite of spherical form (Fig. 4). This 
sensitivity results from influence of cementite Fe3C in cast 
iron alloy on increase in its hardness and strength, 
stabilization of pearlite, expansion in number of basic 
strengthening phase, wear resistance increase and reduce of 
plastic and antifriction properties. Upon the increase of 
graphite quantity in the cast iron structure, its strength, 
hardness and wear resistance reduce. Influence of graphite 
with spherical form on the mechanical properties is proven 
by sensitivity of these characteristics to dimensional 
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evaluation (Fig. 4). For the ultimate strength sensitivity 
index to fractal dimension D0 of cementite is 0.06; to 
informational dimension D1 – 0.07 (Fig. 5). Sensitivity 
indexes for the ultimate bending strength σ to cementite 
dimension D0 and D2 are 0.09 and 0.08 respectively (Fig. 5), 
and to graphite dimension D2 is 0.084 (Fig. 4). Sensitivity 
coefficients between impact strength indexes KC, cementite 
dimensions D0, D2 (Fig. 5) and pearlite matrix D2 (Fig. 6) 
are defined within 0.07, which also confirms the influence 
of these structure elements on plastic properties of cast iron. 

Figure 5 Sensitivity of Cast Iron Mechanical Properties to Dimensions of Cementite 

Figure 6 Sensitivity of Cast Iron Mechanical Properties to Dimensions of Pearlite 

The above results indicate the influence of the structural 
elements form, expressed in fractal dimension, and their 
distribution in volume, expressed in the information and 
correlation dimensions on the mechanical properties of the 
metal. 

Sensitivity indexes σB, σ, KC and НSD to dimensions 
D−100 and D100 of cementite and graphite are relatively lower 
compared to dimensions D0, D1, D2 (Figs. 4-6), which 
indicates small correlation between them.  

Relations between the most sensitive dimensions of the 
cast iron structure elements and its mechanical properties 
(Fig. 7) as well as the relevant regression Eqs. (3)-(6) are 
shown below. 

    (a)    (b) 

          (c)                                                                                                        (d) 
Figure 7 Dependence of Mechanical Properties on Cementite (а-c) and Graphite (d) dimensions 
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2
B 1 1 3284,30 11043 9558,40D Dσ = ⋅ − ⋅ +  2 0,77R =  (3) 

0 1535,90 2226,80Dσ = ⋅ − 2 0,68R =  (4) 

244,20 54,91KC D= ⋅ −  2 0,72R =  (5) 
2

0 0241,76 775,92 664,79HSD D D= ⋅ − ⋅ +  2 0,70R =  (6) 

Improvement of the cast iron mechanical properties σB, 
σ, KC (Figs. 7а-7c) is caused by influence of such 
technological factors as chemical composition, heat 
removal rate during cooling down of cast iron rolls. They 
influence not only the relation of structure elements but 
also their geometrical configuration, which is registered by 
the multifractal spectrum of Renyi dimensions.  

Limits of graphite inclusions serve as microstress 
concentrators and increase of its contents weaken metal 
matrix of cast iron, which is indicative of influence on 
mechanical properties of cast iron either composition, 
sizes, distribution of graphite or form of such inclusions. 
The increase of hardness HSD from 35 to 70 units is 
connected with the increase of carbon content from 3.00 to 
3.40%. And growth of fractal dimension of graphite to 1.93 
(Fig 6d) is caused by the change of its form (Fig. 1) to a 
spherical one because of increase of Мg inclusions from 
0.035 to 0.056%. 

4 CONCLUSION 

As a result of implementation of the cast iron quality 
estimation method, the following results have been 
obtained: 
1) For the prediction of mechanical properties of roll-

foundry iron, it is effectually to use dimensional
evaluations D0, D1, D2 of graphite and cementite,
which is proven by the determined sensitivity between
them.

2) Relatively high sensitivity among the indexes under
consideration – ultimate strength, ultimate bending
strength and impact strength – is recorded for
dimensions D0, D1, D2 of cementite, hardness
sensitivity to fractal dimension D0 of graphite.

3) Statistical dimensions of graphite and cementite D−100,
D100 have relatively low sensitivity to the mechanical
properties in the analyzed scale (×300, ×400).

4) The results indicate the influence of the structural
elements form, expressed in fractal dimension, and
their distribution in volume, expressed in the
information and correlation dimensions on the
mechanical properties of the metal.

The proposed method allows to evaluate the quality of 
cast iron on the basis of the dimensional values analysis 
characterizing the most sensitive elements of its structure 
and enables evaluation of mechanical properties of 
materials based on determination of their sensitivity to 
dimensions of structure elements from the multifractal 
Renyi spectrum. 
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TRANSPORT EMISSIONS AND ELECTRIC MOBILITY IN PRIVATE TRANSPORT IN THE 
REPUBLIC OF SLOVENIA 

Simon MUHIČ, Ante ČIKIĆ, Jadran PIŠTAN, Marinko STOJKOV, Mladen BOŠNJAKOVIĆ 

Abstract: Since the ratification of the Kyoto Protocol more and more emphasis is laid on reducing greenhouse gas emissions. The article analyses the feasibility of introducing 
electric vehicles into traffic rather than vehicles with internal combustion engines. From standpoint of emission sources use of electricity for transport is analysed with stress on 
private cars and typical emissions from power sector by energy conversion in Slovenia. Results of research shows that electric car has a little more than twice better efficiency of 
the primary energy use, taking into account only efficiency in the energy chain. Electric mobility brings a more efficient use of energy in road transport with demand to reduce 
emission at power generation. So presented number can vary greatly, depending on the electrical energy source. In the present research problems connected with immediate 
initiation of the electric cars are not analysed.  

Keywords: electric mobility; electric vehicles; emissions; transport  

1 INTRODUCTION 

Energy use in the transport sector in Slovenia represents 
around 40 % of total energy use. For this purpose, mainly 
imported petroleum products are used. Introduction of 
alternative fuels, emphasizing electric mobility, is a 
prioritized task in the field of transport, as well as in the 
current proposed orientations for preparing the new energy 
concept of the Republic of Slovenia.  

In the last decade, transport took over the first place 
among the sectors regarding the energy use, namely in 
2002, it represented 32 % of end energy use in Slovenia. 
Today it has grown to just above 40 %. The end energy use 
in 2007 amounted to 4954 ktoe. In the period from 1992 to 
2007, it increased by 49 %; the majority of growth occurred 
in 1997 and it continues to rise. Transport energy use is 
almost exclusively (99 %) based on fossil fuels, resulting in 
a constant increase of the greenhouse gas emissions [1]. 

Nowadays, electric drive cars are no longer rare, since 
all automotive concerns and a significant number of 
institutes engage in their development, but although a lot 
has been written and spoken about the electric cars, electric 
transport is still a distant vision, at least on Slovenian roads, 
as only a small number of electric representatives can be 
found [2]. 

In 2014, 153 electric vehicles (EV) were registered in 
Slovenia, i.e. only around 0,01 % of all vehicles [2] of 
which 133 were private cars, however, at the end of 2015, 
from 1437444 registered vehicles 599 were electric, which 
amounts to approximately 0,04 % of all vehicles [3]. From 
the statistics it can be identified that electrically powered 
vehicles are on the rise, but according to the national energy 
programme, by 2020 the number of them should represent 
2,7 % of vehicle fleet. Introduction of alternative fuels, 
putting an emphasis on electric mobility, is a prioritized task 
in the field of transport, as well as in the current proposed 
orientations for preparing the new energy concept of the 
Republic of Slovenia [4].  

Fig. 1 shows the shares in energy use by sectors in 
Slovenia since 1992 and how it has been increasing over the 
years until today. The increase can also be linked with the 
previously mentioned data on the increase in the number of 
registered vehicles. It is visible that the share of the end 
energy use in transport is 39,5 % for the year 2014 [1]. 

It can be concluded that replacing the energy source for 
just over 40 % of the end energy use represented by 
transport today would have a significant effect on 
emissions. As a result, we could expect lower emissions and 
less harmful impact on the natural and urban environment. 
Nevertheless, the change that would occur in this case must 
not to be overlooked. The primary energy from mainly 
imported fossil fuels of petroleum origin is replaced with 
electrical energy. At the same time, we face the problem of 
emissions in the conversion of fuels into electrical energy. 
The future society will have to be based on a high 
proportion of renewable energy sources (RES) for 
supplying energy. This is necessary to control climate 
change and to boost competitiveness and reliability of the 
energy supply [5]. The main problem is motor transport, 
where a positive trend of reducing emissions due to the 
advancement in vehicle fleet is seen, however, because of 
the increasing number of vehicles these effects are 
diminishing. Due to the increased number of motor vehicles 
and numerous migrations, the use of motor fuels has risen 
and consequently, the emissions have as well. It is assumed 
that the growing transport is a heavy burden for the 
environment; that it is in the interest of all to reduce the 
emissions from transport; that initiation of different 
technologies in transport is needed, and with the correct 
attitude, electric transport would mean larger energy 
independence and more stable economy [6]. The 
greenhouse gases from transport in Slovenia increased from 
1986 to 2012 by 185 %; as well as elsewhere in Europe the 
greenhouse gas (GHG) emissions from transport are higher 
than the overall growth. In the area of the first EU member 
states, from 1990 to 2012, the GHG emissions increased by 
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9 %, moreover, in the whole current EU area by 14 % (in 
Slovenia in the same period by 111 %). The most 
greenhouse gas emissions in transport are caused by road 
transport, which generates 99,2 %. A relatively high 
proportion of transport emissions in relation to total 
emissions (31 % in 2012) and not enough strict measures 
for their reduction complicate the commitment of Slovenia 
to achieve the Kyoto Protocol commitments [7]. Fig. 1 
shows shares of sectors in the end energy use in period 1992 
– 2014.

Figure 1 Shares of sectors in the end energy use [1] 

Figure 2 The end energy use across sectors [1] 

Fig. 2 shows total end energy use in "ktoe" in Slovenia 
in the same period. With the National Energy Efficiency 
Action Plan 2014-2020 (AN URE 2020), according to the 
requirements of Energy Efficiency Directive 2012/27/EU, 
Slovenia has set an indicative target for improving energy 
efficiency by 2020, concluding that primary energy use will 
not surpass 7125 million toe in 2020, meaning it may not 
exceed the 2012 data for more than 2 %, and sets the 
national target of improving energy efficiency by 20 % until 
2020 [8]. 

2 ENERGY IN TRANSPORT 

Through membership in the European Union, Slovenia 
has committed itself to achieving of the target values for 
emissions of greenhouse gases defined in the Kyoto 
Protocol. Transport is the sector in which the most of fossil 
fuels is spent. In 2012, the energy use in transport amounted 
to 1953 ktoe. According to the previous year, it increased by 
almost 2 %, and by 59 % in comparison to the year 2000; in 
comparison to the year 1992, it was higher by 120 %. In 
2008, when the maximum in the observed period was 
reached, it decreased by 6 %. By far the most energy was 
used by road transport, which in 2012 represented more 
than 97 % of the total use. The share of transport regarding 
the total end energy use in Slovenia, which in 1992 
amounted to 24,4 %, in 2002 increased to 31,6 %. Energy 
use in transport is almost exclusively in 99 % based on 
fossil fuels, among which in 2011 the diesel fuel strongly 
dominated with 65,0 %, followed by the petrol fuel with 
30,8 %. Liquid fuels, the usage of which is still increasing 
in the transport sector, remain the most important energy 
source with 51 % share. Unlike the transport, energy use in 
industry is decreasing.  

In the current state of technology, motorcycles, private 
cars and small delivery vehicles are already suitable for 
transition to electric drive. In 2010 in Slovenia, these types 
of vehicles represented 85 % of all motor vehicles in road 
transport, their fuel use amounted to 73,5 % of total use in 
road transport, and the share of CO2 emissions was 73,9 % 
[9]. The mentioned shares and numbers point out that, based 
on new technologies, e-mobility plays an important role in 
protecting the environment and ensuring the sustainable 
energy use. 

Table 1 Structure of energy use in transport [10] 
2000 2005 2010 2012 2013 

Cars % 73,6 67,4 61,9 62,2 62,1 
Freight vehicles % 19,5 26,4 32,9 33,6 33,6 
Buses % 2,7 2,4 1,9 1,3 1,2 
Motorcycles % 0,1 0,3 0,4 0,4 0,4 
Railways % 1,9 1,9 1,3 1,2 1,2 
Airplanes % 2,1 1,6 1,6 1,3 1,5 

Tab. 1 shows the structure of energy use in transport in 
Slovenia in period 2000 – 2013. For example during 2013 
private vehicles represent 62,1 % of energy use in transport, 
which is 33 % of the end energy use. Tab. 2 shows the 
sources of distributed electrical energy in 2014 and 
information on emissions, as well as the radioactive waste 
per kW·h produced in Slovenia. The majority of electrical 
energy is from fossil fuels (47,86 %) and of nuclear origin 
(38,76 %) [11] and only 13,37 % of electrical energy comes 
from renewable energy sources. 

Tab. 3 shows the quantities of electrical energy on the 
power plants threshold in Slovenia in period 2012 – 2014. 
The last column shows the part produced for Croatia. The 
total production in Slovenia is thus the sum of production in 
the first column and the last column. 



Simon MUHIČ et al.: TRANSPORT EMISSIONS AND ELECTRIC MOBILITY IN PRIVATE TRANSPORT IN THE REPUBLIC OF SLOVENIA

100       TECHNICAL JOURNAL 12, 2(2018), 98-103 

Table 2 The share of electrical energy sources [11] 
Fossil fuels 47,86 % 
Coal and lignite  40,17 % 
Natural gas  4,71 % 
Petroleum products 0,17 % 
Unidentifiable  2,81 % 
Nuclear fuel  38,76 % 
Renewable energy sources 13,37 % 
Hydropower 11,58 % 
Wind  0,05 % 
Solar energy 0,89 % 
Wood biomass  0,00 % 
Geothermal energy  0,32 % 
Landfill gas 0,13 % 
Sewage treatment plant gas  0,00 % 
Biogas  0,38 % 
Biodiesel 0,01 % 
Unidentifiable  0,01 % 
Total  100,00 % 

The end use of energy, i.e. the end energy use or the 
energetic end use is the energy, used in industry sectors 

(construction and processing), transport, households and by 
other users (services and other use), and does not include 
the conversion and transmission losses, the energy sector's 
own use and non-energy related use. Also, capacity of 
power plants in Slovenia is in slightly increase during 
observed period, from 3351 MW in 2012 till 3453 MW in 
2014. 

Table 3 Quantities of electrical energy (EE) and installed capacity of power plants 
in Slovenia [12] 

Year Production 
(GW·h) 

End use 
(GW·h) 

Capacity 
(MW) 

Croatia  
1/2 EE from  
NPP Krško 

(GW·h) 
2014 13456 12560 3453 3030 
2013 12599 12587 3434 2518 
2012 12083 12540 3351 2622 

Table 4 Emissions from electrical energy conversion [14] 
Gas Unit of measurement 2009 2010 2011 2012 2013 2014 
CO2 kg CO2/kW·h 0,480 0,491 0,516 0,497 0,450 0,316 
CH4 kg CH4/kW·h 0,00016 0,00015 0,00016 0,00016 0,00013 0,00011 
N2O kg N2O/kW·h 0,00188 0,00190 0,00204 0,00197 0,00178 0,00137 

Total GHG kg CO2-eq/kW·h 0,483 0,493 0,519 0,499 0,452 0,317 

Table 5 Emissions in 2013 in Slovenia from energy use across sectors [15] 

Unit Non-energy related 
sources 

Electricity and heat production (incl. 
fugitive emissions) 

Industry and construction 
(energy use of fuels) Transport Other  

(wide use) Total 

kt CO2-eq 3287,6 6230,9 1641,5 5459,1 1546,7 18165,8 
% 18,1 34,3 9,0 30,1 8,5 100,0 

General average of emissions of all individual 
greenhouse gases (GHG) and the carbon dioxide equivalent 
per kW·h in Slovenia from 2009 to 2014 amounts to 0,460 g 
[13]. Tab. 4 shows the carbon dioxide equivalent (CO2-eq), 
which is a product of the quantity (mass) of individual 
greenhouse gasses, multiplied by their global warming 
potential. The obtained value enables the impact of different 
greenhouse gasses to be combined in the same unit, 
representing the unified carbon footprint. It is measured 
with unit of carbon dioxide equivalent (CO2-eq). 

Tab. 5 shows emissions across sectors [15]. Energy-
related greenhouse gas emissions are caused by fuel 
combustion in electrical energy sources, heating, transport, 
processing industries and construction, as well as in services 
and households. In addition, the emissions which are not 
generated directly by fuel combustion, but are connected to 
energy, i.e. fugitive emissions, which are generated by coal 
mining (collieries), transport and natural gas distribution, as 
well as by flue gas desulphurisation. 

Electrical energy in Slovenia is generating the 
approximate average of 0,43 kg of CO2 emissions per kWh 
of energy produced [13]. In the 2012 study, the CARB 
(California Air Resource Board) department performed the 
analysis by calculating the energy demands and CO2 
equivalent emissions of a traditionally used – conventional 
petrol vehicle (CV), a combination of electric motor and 
internal combustion engine - hybrid vehicle (HV), and also 

a battery electric vehicle (BEV) throughout their lifecycle. 
The study was founded as a support to the California 
Climate Change Legislation. The results of used hybrid 
model are calculated by weighted-average parameters of 
CV and BEV. Archive data used in the paper are based on 
the California GREET model, ANL (Argonne National 
Laboratory) findings and scientific sources in peer-reviewed 
literature. Several cases of the models are tested as 
sensitivity analyses on variation of input parameters and 
initial assumptions such as carbon emissions of petrol and 
electricity, different portions of electric rated power, electric 
battery rated power and reliability and fuel use. The 
calculations of techno-economic parameters (efficiency) of 
each vehicle type are performed and it is easy to see that 
HV is the best vehicle in efficiency and CO2 equivalent 
emissions. The calculations of total present value costs of 
all types of vehicles are performed too and as a result the 
HV are the cheapest during their lifetime, CV are in the 
middle and as the most expansive are BEV. 

The most important aim of this research is to define the 
environmental influence of each type of vehicles, 
considering the lifetime energy use, CO2 equivalents 
emissions and also air pollution emissions. Considering 
environmental influence, the BEV are vehicles with the 
least overall impact, HV are in the middle and CV are 
vehicles with most significant influence [16]. The results of 
the study are presented in Fig. 3. 
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Figure 3 Emissions of the vehicles according to lifecycle phases [16] 

As presented in the Fig. 3, the impact of electric 
vehicles on transport emissions - in the phase where they 
are driven directly by electrical energy or driven by hybrid 
motors is meter of research. 

2.1 Example of an Electric Vehicle for Emission Calculation 

In this case scenario, model is used to find optimal size 
of the system for power supply for period from 1st June to 
31st August. Different values of loss of load probability 
(LOLP) in this case scenarios are assumed. Optimal size of 
the off-grid system for following values of LOLP is 
determined: 0,00; 0,01; 0,02; 0,03; 0,04; 0,05; 0,06; 0,07; 
0,08; 0,09; 0,10, and 0,15, respectively. 

2.2 Emission Impacts of e-Mobility Introduction 

Tab. 6 shows the average mileage in Slovenia. 
Considering that the average electric car needs 0,2 kWh/km, 
calculation gives need of 2530,6 kW·h/year for each car. 

Table 6 The average mileage of private cars [20] 
All fuel Petrol Diesel 

Average (km) 12653 10235 16879 

If it is assumed replacing the total number of classic 
cars with the electric versions, it can be calculated how 
much electrical energy would be needed in total at the EV 
charging stations, neglecting any additional losses. For the 
entire fleet of private cars on 31 December 2014 (1068362 
cars), we would need 2703,6 GW·h/year. The annual use of 
energy to power the entire fleet of electric cars means 20 % 
of the annual production of electrical energy on the power 
plants threshold (without energy produced in Nuclear Power 
Plant for Republic of Croatia), or 21,5% of the end energy 
use. This definitely means that the energy use would 
increase by the mentioned percentage, from current 12560 
GW·h on 15264 GW·h, which would, of course, be more 
than the current production. 

If it is assumed that the structure of energy sources for 
production of additional capacity is about the same as it was 
in 2013, the increase in CO2 emissions at electrical energy 
conversion could be calculated. Thus, for electric vehicles 
1222 kt of CO2 per year would be emitted. Considering that 
approximately 62% of the transport energy represents 
private cars, it can be assumed that they also cause as many 
emissions, amounting to the total emission of 3390,1 kt of 
CO2 per year. Using these calculated data, we can now 
evaluate, that the emissions would be 64% lower than they 
are today, taking into account only emissions from private 
cars. 

3 DISCUSSION 

In the Republic of Slovenia, the share of energy from 
renewable sources, which actually fully justifies the 
feasibility of introducing electric vehicles, is a bit over 13%. 
The importance of renewable energy sources in the case of 
electric vehicles is inversely proportional to the harmful 
emissions; the greater is the share of renewable energy 
sources, the lower is the share of harmful emissions. Table 7 
shows the status of emissions assuming the introduction of 
electric vehicles. Decreasing emissions in private transport 
for 1745,9 kt CO2 represents only 9,6 % of reduction of 
total emissions according to the data from the year 2013, 
and the fact that at the introduction of complete electric 
mobility in private transport, private cars still represent only 
around 8 % of the sources of emissions. 

Table 7 GHG emissions considering electric cars 

Non-energy related 
sources 

Electricity and heat 
production (incl. 

fugitive emissions) 

Industry and 
construction (energy 

use of fuels) 
Transport 

Transport – 
only private 

vehicles 

Other  
(wide use) Total 

2013 
kt CO2-eq 3287,6 6230,9 1641,5 2069,0 3390,1 1546,7 18165,8 

Introducing EV 
kt CO2-eq 3287,6 6230,9 1641,5 2069,0 1222,0 1546,7 16419,9 

Results can be also evaluated through the aspect of 
primary energy efficiency. For comparison a classic vehicle 

is selected on the one hand, with the internal combustion 
engine and the average efficiency. On the other hand, an 
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electric vehicle is selected for comparison, which uses 
thermal power plant as a source of energy. Taking into 
account the efficiencies according to the energy chain [21, 
22, 23] and traffic modelling [24], the differences between 
electric vehicles and vehicles with internal combustion 
engines are identified. Despite the significantly higher 
efficiency of the first, the difference is actually relatively 
small, mainly because of losses when converting energy in 
the power plant, and due to losses in battery conversions. 
Thus, it can be concluded that the electric car has a little 
more than twice better efficiency of the primary energy. In 
our calculation it is not considered the possible energy 
recovery through regenerative braking system, which, 
according to some estimates [21], increases the efficiency of 
the vehicle itself by 17 %. When dealing with efficiencies, 
of course it has to pay attention to the correct interpretation, 
since estimating emissions through the energy efficiency is 
valid only as long as the chemical energy of fossil fuels is 
used. In the case of the use of renewable energy sources, 
which have relatively poor energy efficiency, this 
comparison is not purposeful. 

4 CONCLUSION 

E-mobility or the introduction of electric vehicles 
brings a more efficient use of energy in road transport. 
Electric vehicles reduce greenhouse gas emissions. At the 
current structure of electrical energy conversion in Slovenia, 
CO2 emissions of a simple battery electric vehicle are 64 % 
lower than in a classic drive vehicle. This number can vary 
greatly depending on the electrical energy source. Electric 
vehicles are also an advantage for local emissions. 
Residents of some Slovenian cities are exposed to serious 
concentrations of NO2 and dust particles PM10, which 
largely originate from transport. Excessive contamination 
with dust particles in Slovenian cities is a serious 
environmental problem, which is why the European 
Commission initiated the procedure at the EU Court of 
Justice against Slovenia for violating the environmental 
protection. 

According to the obtained results, a partial reduction in 
emissions of greenhouse gasses is needed. However, 
analyzed problem is very dependent on future investments 
in renewable sources; moreover electrical energy 
application cannot be possible without serious global 
alliances and collaborations. 

Transport driven by electrical energy from own sources 
would of course mean an increased financial, political and 
technological independence, and can function as some sort 
of a lift for the standard of Slovenia. Economically 
speaking, society could gain a lot, because there would be 
no more imported primary energy from petroleum products, 
coming from elsewhere; closely related is also the 
independency from foreign sources and supply which can at 
the same time also mean less political influence from the 
outside. Nevertheless, energy independence is also preferred 
by the EU. 

The immediate introduction of the electric cars presents 
a problem also due to the load of the power grid. A drastic 

increase in the number of electric cars, by taking into 
account the current configuration of the electrical energy 
system, would also represent a problem for the distribution. 
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OPTIMIZATION OF MACHINING PARAMETERS IN FACE MILLING USING MULTI-OBJECTIVE 
TAGUCHI TECHNIQUE 

Yusuf FEDAI, Funda KAHRAMAN, Hediye KIRLI AKIN, Gokhan BASAR 

Abstract: In this research, the effect of machining parameters on the various surface roughness characteristics (arithmetic average roughness (Ra), root mean square average 
roughness (Rq) and average maximum height of the profile (Rz)) in the milling of AISI 4140 steel were experimentally investigated. Depth of cut, feed rate, cutting speed and the 
number of insert were considered as control factors; Ra, Rz and Rq were considered as response factors. Experiments were designed considering Taguchi L9 orthogonal array. 
Multi signal-to-noise ratio was calculated for the response variables simultaneously. Analysis of variance was conducted to detect the significance of control factors on 
responses. Moreover, the percent contributions of the control factors on the surface roughness were obtained to be the number of insert (71.89 %), feed (19.74 %), cutting 
speed (5.08%) and depth of cut (3.29 %). Minimum surface roughness values for Ra, Rz and Rq were obtained at 325 m/min cutting speed, 0.08 mm/rev feed rate, 1 number of 
insert and 1 mm depth of cut by using multi-objective Taguchi technique. 

Keywords: milling; optimization; surface roughness; Taguchi 

1 INTRODUCTION 

Machining processes like turning, milling, drilling and 
grinding, etc., have been commonly used in the 
manufacturing industries. Milling is one of the basic 
machining processes using rotary tools to remove material 
from a workpiece by feeding the tools into the workpiece at 
a certain direction [1]. Milling is a system consisting of a 
workpiece, cutting tool, machine tool, fixture and cutting 
parameters. The machinability of a material is defined by 
measuring factors such as tool life, cutting force and surface 
roughness. Surface roughness is a commonly encountered 
problem in machined surfaces. The quality of the surface 
plays a very important role in the performance of the 
milling as a milled surface of good quality significantly 
improves fatigue strength, corrosion resistance or creep life. 
Surface roughness is determined using Ra, Rz and Rq 
measurements [2, 3]. 

At the present time, there have been many investigation 
progressions in surface roughness modeling and 
optimization of the machining parameters. Kıvak [4] studied  
the effect of cutting tools, cutting speed and feed rate on the 
surface roughness and flank wear in milling of Hadfield 
steel using Taguchi method (TM). Stipkovic Filho et al. [5] 
developed  a mathematical model for surface roughness  as 
a function of cutting speed, feed and cutting depth in face 
milling of AISI 4140 hardened steel  using response surface 
methodology (RSM). Sarıkaya et al. [6] researched the 
influence of machining parameters on surface roughness 
and tool life in face milling process of AISI D3 steel with 
carbide coated inserts  using TM. Ghani et al. [7] optimized 
machining conditions in end milling process AISI H13 
hardened steel using TM. Gopalsamy [8] used TM to find 
optimal process parameters on surface roughness and tool 
life for end milling hardened steel. Ab. Rashid et al. [9] 
applied artificial neural network and multiple regression 
method for modeling and optimizing of surface roughness. 
Patwari et al. [10] modelled and optimized machining 
parameters for surface roughness in end milling of medium 

carbon steel by using RSM and genetic algorithm. Baek et 
al. [11] optimized machining parameters in face milling 
operation of AISI 1041 steel. Benardos and Vosniakos [12] 
predicted surface roughness in CNC face milling using 
neural networks and Taguchi’s design of experiments. 
Routara et al. [13] investigated the influence of cutting 
parameters: spindle speed, depth of cut and feed rate on the 
surface roughness of aluminum, brass and AISI 1040 steel 
in CNC end milling using RSM. Chhabada and Ambekar 
[14] used grey relational analysis to multi-response 
optimization of machining parameters on CNC milling of 
EN 19 alloy steel with TiAlN coated cutter. Mansour and 
Abdalla [15] used RSM for modeling surface roughness in 
end milling of EN 32 case hardening steel. Gologlu and 
Sakarya [16] investigated the effects of cutter path strategies 
on surface roughness of pocket milling of 1.2738 steel 
based on TM. Gupta and Sood [17] studied the effects of 
machining parameters on cutting force and surface 
roughness in turning of AISI 4340 steel using uncoated 
carbide insert. Taguchi technique and the utility concept 
were used for the determination of the optimal performance 
characteristics. They found that cooling condition has a 
dominant effect on the performance characteristics. 

In this study, the effect of machining parameters on the 
various surface roughness characteristics; Ra, Rq and Rz in 
the milling of AISI 4140 steel with TiAlN+TiN, PVD-
coated, R 390-11 T308M-PM 1030 solid carbide insert were 
experimentally investigated. Optimal machining parameters 
were determined using multi-objective Taguchi technique 
and a confirmation experiment was conducted to test the 
success of the optimization. 

2  MATERIALS AND METHODS 

Experiments were conducted in dry cutting conditions 
by using a SPINNER MVC1000 model CNC milling 
machine. The workpiece material used was AISI 4140 steel 
in the form of a 260 × 150 × 25 mm block. The chemical 
composition and mechanical properties of AISI 4140 steel 
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are given in Table 1. R 390-020B20-11M tool holder and a 
TiAlN+TiN, PVD-coated, R 390-11 T308M-PM 1030 solid 
carbide insert were used. The experimental set up is 
displayed in Fig. 1. The surface roughness characteristics; 
Ra, Rz and Rq values of workpieces were measured by 
MITUTOYO SJ-400 transportable surface roughness tester. 
The cut off length and evaluation length were constant at 
0.8 mm and 4 mm respectively. Surface roughness 
measurements were made three times on the surfaces of 
workpieces, and their average roughness parameters were 
determined. Experiments were conducted according to the 
Taguchi L9 orthogonal design matrix and the results were 
evaluated using Minitab 17 software.  

Table 1 The chemical compositions and mechanical properties of AISI 4140 
workpiece material  

Chemical compositions (wt.%) 
C Si Mn P S Ti 

0.378 0.223 0.688 0.015 0.007 0.007 
Al Cr Mo Ni V Co 

0.018 0.970 0.199 0.032 0.010 0.009 
Mechanical properties 

Tensile 
strength

Yield 
strength

Elongation 
(%) 

Brinell 
Hardness

Elastic 
modulus

Poisson 
ratio

655 MPa 415 MPa 25.70 197 HB 190-210 
GPa 0.27-0.30 

Figure 1 Experimental set up for milling tests 

3  EXPERIMENTAL RESULTS AND DISCUSSION 

Taguchi technique has been widely used in engineering 
analysis. This technique exhibits a systematic way that is 
simple and effective in order to optimize designs for cost, 
performance and quality [18, 19]. Although the traditional 
Taguchi technique is successfully applied in the 
optimization of single response problems, it is not used to 
solve multi-response problems [20, 21].  

Multi objective Taguchi method was proposed by Tong 
et al. [22] and Anthony [23]. This method transforms 
multiple responses to single response by simply adding 
normalized quality loss values for analyzing multiple 
quality characteristics together. Fig. 2 demonstrates the flow 
chart for the multi objective optimization. 

In this study, depth of cut (mm), feed rate (mm/rev), 
cutting speed (m/min) and number of insert (pieces) were 
chosen as input parameters; the surface roughness 
characteristics Ra (µm), Rq (µm) and Rz (µm) were chosen 
as output parameters. Specified parameters and their levels 

are given in Tab. 2. Taguchi L9 orthogonal array and 
experimental results were given in Tab. 3. 

Figure 2 Flow chart for multi-objective optimization

Table 2 Control factors and their levels 
Symbol Factor Unit Level 1 Level 2 Level 3 

A doc mm 0.5 1 1.5 
B f mm/rev 0.08 0.12 0.16 
C V mm/min 175 250 325 
D N (pieces) 1 2 3 

Evaluation of data analysis: 

Multiple responses are transformed to single response 
using the Taguchi quality loss function. This optimization 
procedure is given below and explained. 

1. Compute the quality loss �𝐿𝐿𝑖𝑖𝑖𝑖 �

Quality loss can be classified into three categories:
“larger-is-better”, “smaller-is-better” and “normal-is-
better”.  In this study, the “smaller-is-better” category was 
selected for obtaining optimum machining parameters. 
Quality loss values for these responses were calculated 
using Eq. (1) and shown in Tab. 4. 

𝐿𝐿𝑖𝑖𝑖𝑖 =
1
𝑛𝑛𝑖𝑖
�𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖2
𝑛𝑛𝑖𝑖

𝑖𝑖=1

  (1) 

where 𝑛𝑛𝑖𝑖 is the number of experiment repetition for the ith 
response, 𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖 is the observed value for the ith response in 
the kth repetition of the jth experiment and 𝐿𝐿𝑖𝑖𝑖𝑖  is the loss 
function of the ith response in the j experiment. 
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2. Establish the multi S/N ratio (MSNR):

Step 1: Calculation of Normalized Quality Loss 

𝐶𝐶𝑖𝑖𝑖𝑖 =
𝐿𝐿𝑖𝑖𝑖𝑖
𝐿𝐿𝑖𝑖∗

 (2) 

𝐿𝐿𝑖𝑖∗ = 𝑚𝑚𝑚𝑚𝑚𝑚 �𝐿𝐿𝑖𝑖1 , 𝐿𝐿𝑖𝑖2 …,   𝐿𝐿𝑖𝑖𝑖𝑖� 

where 𝐶𝐶𝑖𝑖𝑖𝑖 is the Normalized Quality Loss, 𝐿𝐿𝑖𝑖𝑖𝑖  is the quality 
loss and 𝐿𝐿𝑖𝑖∗ is the maximum quality loss among the 
experimental runs. Normalized quality loss values for these 

responses were computed by using Eq. (2) and summarized 
in Tab. 5. 

Step 2: Calculation of Total Normalized Quality Loss 

𝑇𝑇𝑇𝑇𝑇𝑇𝐿𝐿𝑖𝑖 = �𝑤𝑤𝑖𝑖𝐶𝐶𝑖𝑖𝑖𝑖

𝑚𝑚

𝑖𝑖=1

  (3) 

where 𝑇𝑇𝑇𝑇𝑇𝑇𝐿𝐿𝑖𝑖  is Total Normalized Quality Loss, 𝑤𝑤𝑖𝑖 is the 
weight of ith a normalized response (i = 1, 2, ..., m). m is the 
number of response factors. 

Table 3  L9 orthogonal design matrix and experimental results for Ra, Rz and Rq 

Trial 
No 

doc 
(mm) 

f 
(mm/rev) 

V 
(m/min) 

N 
(pieces) 

Ra 1 
(µm) 

Ra 2 
(µm) 

Ra 3 
(µm) 

Ave. 
Ra 

(µm) 

Rz 1 
(µm) 

Rz 2 
(µm) 

Rz 3 
(µm) 

Ave. 
Rz 

(µm) 

Rq 1 
(µm) 

Rq 2 
(µm) 

Rq 3 
(µm) 

Ave. 
Rq 

(µm) 
1 0.5 0.08 175 1 0.19 0.16 0.20 0.183 1.35 1.39 1.36 1.367 0.24 0.24 0.26 0.247 
2 0.5 0.12 250 2 0.25 0.27 0.30 0.273 1.90 1.95 1.85 1.900 0.31 0.36 0.38 0.350 
3 0.5 0.16 325 3 1.20 1.22 1.21 1.210 4.90 5.00 5.10 5.000 1.34 1.38 1.36 1.360 
4 1 0.08 250 3 0.46 0.52 0.50 0.493 2.32 2.47 2.41 2.400 0.54 0.60 0.61 0.583 
5 1 0.12 325 1 0.13 0.16 0.14 0.143 0.90 0.82 0.88 0.867 0.16 0.18 0.20 0.180 
6 1 0.16 175 2 0.48 0.53 0.47 0.493 2.70 3.00 2.90 2.867 0.61 0.60 0.65 0.620 
7 1.5 0.08 325 2 0.22 0.23 0.21 0.220 1.60 1.55 1.45 1.533 0.28 0.30 0.27 0.283 
8 1.5 0.12 175 3 1.03 1.08 1.06 1.057 4.40 4.35 4.25 4.333 1.15 1.25 1.13 1.177 
9 1.5 0.16 250 1 0.29 0.28 0.31 0.293 1.90 1.80 2.00 1.900 0.38 0.35 0.40 0.377 

Table 4 Quality loss values for Ra, Rz and Rq 
Exp. No Quality Loss (dB) 

Ra Rz Rq 
1 0.0339 1.8767 0.0609 
2 0.0751 3.6967 0.1239 
3 1.4642 25.0467 1.8499 
4 0.2448 5.7867 0.3423 
5 0.0217 0.7667 0.0343 
6 0.2459 8.3667 0.3882 
7 0.0485 2.3800 0.0804 
8 1.1186 18.8067 1.3873 
9 0.0869 3.6367 0.1432 

𝑇𝑇𝑇𝑇𝑇𝑇𝐿𝐿𝑖𝑖  values have been determined by using Eq. 3. 
Then for each response, a weight (𝑤𝑤𝑖𝑖) was assigned, to 
indicate its importance relative to other responses. In this 
case each response has a different importance and weight. 
Weighting factors have been selected as 𝑤𝑤1 = 0.333,  𝑤𝑤2 =
0.333,  w3 = 0.333 for surface roughness. Multi signal-to-
noise ratio (𝑀𝑀𝑀𝑀𝑇𝑇𝑀𝑀) was calculated by using Eq. 4. 𝑇𝑇𝑇𝑇𝑇𝑇𝐿𝐿𝑖𝑖  
and  𝑀𝑀𝑀𝑀𝑇𝑇𝑀𝑀𝑖𝑖 values were given in Tab. 6. 

Table 5 Normalized quality loss values for Ra, Rz and Rq 
Exp. No Normalized quality loss values 

Ra Rz Rq 
1 0.0232 0.0749 0.0329 
2 0.0513 0.1476 0.0670 
3 1.0000 1.0000 1.0000 
4 0.1672 0.2310 0.1850 
5 0.0148 0.0306 0.0185 
6 0.1679 0.3340 0.2099 
7 0.0331 0.0950 0.0435 
8 0.7640 0.7509 0.7499 
9 0.0593 0.1452 0.0774 

Step 3: Determine the multi S/N ratio (MSNR) 

𝑀𝑀𝑀𝑀𝑇𝑇𝑀𝑀𝑖𝑖 = −10 log�𝑇𝑇𝑇𝑇𝑇𝑇𝐿𝐿𝑖𝑖�   (4) 

Table 6 TNQL and MSNR values 
Exp. No TNQL MSNR (dB) 

1 0.0437 13.598 
2 0.0886 10.524 
3 1.0000 0.000 
4 0.1944 7.113 
5 0.0213 16.713 
6 0.2373 6.248 
7 0.0572 12.426 
8 0.7549 1.221 
9 0.0940 10.269 

Average MSNR 8.679 

Table 7 Main effects of factors on MSNR 

Factor 
MSNR (dB) 

Level 
1 2 3 Max-Min 

doc 8.041 10.024* 7.972 2.052 
f 11.045* 9.486 5.506 5.540 
V 7.022 9.302 9.713* 2.691 
N 13.527* 9.733 2.778 10.749 

*Optimal level

3. Determine the optimal factor/level combinations

The effect of the control factors on the MSNR was 
obtained from Tab. 7. For the surface roughness parameters 
Ra, Rz and Rq, the MSNR graphs of the control factors are 
shown in Fig. 3. The best factor / level combination was 
identified as A2B1C3D1. The optimum levels of different 
control factors minimum surface roughness are A at level 2 
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(1 mm) and B at level 1 (0.08 mm/rev), C at level 3 (325 
m/min), D at level 1 (1).  

Figure 3 MSNR graph of control factors 

4. Variance analysis (ANOVA)

ANOVA was performed to calculate the effective 
factors on the surface roughness results and the contribution 
of these factors in the milling process (Tab. 8). From the 
ANOVA chart, the surface roughness parameters Ra, Rz and 
Rq appear to be the most important factor in the feed rate. 
When the effect of the factors as a percentage is examined, 
it is seen that the effect of number of insert is 71.89%, the 
effect of the feed rate is 19.74%, the effect of the cutting 
speed is 5.08%, and the effect of the depth of cut is 3.29%. 
In conclusion, according to the ANOVA table, the most 
important factor to consider for surface roughness has been 
found to be the number of insert. 

Table 8 ANOVA for MSNR 

Factors 
Degree of 
freedom 
(DOF) 

Sum of 
squares (SS) 

Mean 
square (MS) 

Percent 
contribution 

(PC) 
doc 2 8.150 4.075 3.29 

f 2 48.964 24.482 19.74 
V 2 12.607 6.303 5.08 
N 2 178.300 89.150 71.89 

Total 8 248.020 100 

5. Confirmation experiment

The final step of the optimization process is to test the 
condition giving the optimal values to verify that the 
proposed improvement has been met. Verification test 
results are given in Tab. 9. In this work, the optimum result 
for the surface roughness as a result of milling process was 
reached under the experimental conditions A2B1C3D1 test 
conditions. Eq. (5) was used to calculate Ra, Rz and Rq of 
surface roughness values at optimal milling conditions 
determined by Taguchi technique. The estimated value of 
the MSNR at the optimum parameter levels (ηopt) is 
calculated. 

𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜  =  𝜂𝜂𝑚𝑚  + ∑ (𝜂𝜂𝑚𝑚𝑖𝑖 − 𝜂𝜂𝑚𝑚)𝑜𝑜
𝑖𝑖=1  (5) 

where  𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜 is the predicted MSNR, 𝜂𝜂𝑚𝑚 is the overall 
average of the MSNR, 𝜂𝜂𝑚𝑚𝑖𝑖 is the average MSNR at the 
optimum level, and p is the number of the input factors that 
significantly influence the quality characteristic. 

Table 9 Confirmation test results 
Surface 

roughness 
Random 

parameters 
Optimum process parameters 
Predicted Experimental 

Level A2B1C2D3 A2B1C3D1 A2B1C3D1 
Ra (µm) 0.493 0.117 
Rz (µm) 2.400 0.933 
Rq (µm) 0.583 0.143 

MSNR (dB) 7.113 18.273 17.359 

It is seen that an improvement of 10.246 (dB) in the 
MSNR when the optimal process parameter (A2B1C3D1) is 
used instead of the random parameter (A2B1C2D3). The 
results obtained from the confirmation experiments reflect 
the success of the multi-response optimization. 

4   CONCLUSIONS 

This study presented multi objective Taguchi technique 
to optimize performance parameters of AISI 4140 steel. The 
multiple quality characteristics were considered 
simultaneously using Taguchi quality loss function. The 
findings of the investigation are summarized as follows: 
• The optimal levels of the machining parameters for

minimum surface roughness for Ra, Rz and Rq values
were obtained to be 325 m/min cutting speed, 0.08
mm/rev feed rate, 1 mm depth of cut and 1 number of
insert.

• Ra, Rz and Rq have been decreased down to 0.117 µm,
0.933 µm and 0.143 µm, respectively against the
random values of Ra, Rz and Rq of 0.479 µm, 2.400 µm
and 0.583 µm, respectively.

• The percent contribution of the control factors on the
multiple quality characteristics was obtained to be
number of insert (71.89%), feed rate (19.74%), cutting
speed (5.08%), and depth of cut (3.29%) with ANOVA.
The results show that the number of insert was found to
be the significant factor among process parameters. The
confirmation test conducted to determine optimal
combination of machining parameters of AISI 4140
steel.

• Confirmation test results show that the increase of the
MSNR ratio from the random input parameters to the
optimal performance parameter was obtained to be
10.246 dB. These results show that the multi response
optimization technique by using a Taguchi quality loss
function can significantly improve the quality
performance characteristics of the milling process.
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A PRELIMINARY STUDY FOR EARLY BREAST CANCER DETECTION WITH MICROWAVES 

Emine AVŞAR AYDIN 

Abstract: Breast cancer is the most common type of cancer in female all over the world. Early detection and treatment gives a chance to overcome this cancer. In breast cancer 
detection, there are many methods such as X-ray mammography, Magnetic Resonance Imaging, and Ultrasound Imaging. However, existing these methods have limitations such as X-
rays, disturbing pressure on the breast, and high cost of devices, etc. Because of all the reasons mentioned, microwave breast imaging has the potential to overcome from some of the 
limitations of conventional breast cancer screening systems. The physical basis breast cancer detection by microwaves depends on the difference between the dielectric properties of 
normal and malignant breast tissue. Microwave breast cancer imaging is also a noninvasive method and it has low cost. Therefore, microwave imaging technology for breast cancer 
detection has attracted much attention by many researchers in these days. By using Computer Simulation Technology Microwave Studio and Antenna Magus Software, breast model 
with tumor and antennas were generated in this study. The presence of the tumor was investigated using a receiver and a transmitting antenna. While the transmitting antenna was 
stationary, the receiving antenna was moved to different positions. S11 (return loss) results were evaluated. This study is a preliminary study to determine the location and characteristic 
features of the tumor. Furthermore, this study will show that scanning methods will determine the location and size of the tumor at higher accuracy and the reconstruction of the reflected 
waves will allow to clearly determining the location of the tumor. 

Keywords: antenna design; breast cancer; computer simulation technology (CST); dielectric properties; microwaves 

1 INTRODUCTION 

The breast cancer, which is especially common among 
women, occurs on the breast tissue covering the wide area 
between collarbone and armpit and extending on the chest 
muscles including the chest. Breast cancer emerges from 
occurrences of mutations and abnormal changes on genes 
that control the growth and regeneration of cells. Healthy 
cell, which has the ability of knowing the way and time of 
division, multiplies uncontrollably by losing this ability due 
to gene problems and generates cancerous tissues. 
Unhealthy tissue formation usually occurs at the tip of the 
breast lobules or milk channels [1]. 

A study in 2009 has shown that deaths in Turkey are 
mostly due to cardiovascular disorders and cancer and also 
women with cancer have the most breast cancer [2, 3]. 
Again according to the same research, deaths caused by 
cancer are expected to rise to the first place from 2015. 
Early diagnosis is important for reduction of cancer-related 
deaths and treatment. While early stage diagnosis is to help 
of the cancer treatment, delay of diagnosis reduces chances 
of treatment [4]. 

Widespread and primary method used for the screening 
of breast cancer is X-ray mammography which uses low 
power X-rays. The breast is compressed for better imaging 
and exposed to ionizing X-rays even if low-power in X-ray 
mammography. This method is painful due to compression 
and there is a possibility of damaging the tissue because it 
uses ionizing X-rays. [5]. 

Magnetic resonance imaging (MRI) is an alternative 
method to X-ray mammography in breast cancer imaging. 
MRI overcomes the disadvantages of X-ray mammography 
and can produce successful results about the presence of the 
tumor in the tissue. But it cannot demonstrate the same 
success in terms of whether the tumor is good or bad. [5]. 

Another method used in breast cancer detection is 
Ultrasound imaging (USI) in which transient waves are 
used. In USI, imaging is done by collecting back-reflections 
from the sound waves sent into the tissue. USI consists of 
disadvantages due to the pressure application with 
measuring probe and the necessity of using coupling gel to 
increase the amount of wave penetrating into the tissue by 
preventing the reflection of sound waves. 

Microwave imaging is seen as an alternative method to 
the above mentioned X-mammography, MRI and USG 
methods [6-9]. The advantage of microwave imaging is that 
it allows imaging without the need for any compression or 
pressure application at lower frequencies than X-rays. With 
increasing momentum in recent years, microwave imaging 
located at the center of interest of researchers is still in the 
research and development phase and prototypes have begun 
to be created by various research groups [10, 11]. 

In the literature, there are some theoretical and 
simulation studies. Li et al. [12] presented co-focal 
microwave imaging algorithm. In the presented study [12], 
malignant tumor with a diameter of 2mm at the bottom of 
3.1 cm deep is placed to developed two-dimensional, 
anatomically realistic, MRI-derived FDTD (finite difference 
time Domain, finite differences in time domain) model and 
developed image creation algorithm is applied. As a result 
of the application, the tumor is found to be 6 mm in 
diameter and 3.3 cm deep. 

The method presented by Xie et al. [13] as multistatic 
adaptive microwave imaging (MAMI) demonstrates high 
resolution and low side lobe performance. The 
characteristics of the method in presented study are shown 
on a three dimensional breast model simulated by the FDTD 
method. 

Another study in the literature is by Zhou [14]. In 
microwave imaging studies based on broadband profiles, 
electric field data scattered from multiple objects in a target 
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are collected and a filtered imaging algorithm is applied to 
these data. Simulation results confirm with measurement 
results [14]. 

In this article, the presence of the tumor was 
investigated using a receiver and a transmitting antenna. 
While the transmitting antenna was stationary, the receiving 
antenna was moved to different positions. This study is a 
preliminary study to determine the location and 
characteristic features of the tumor. 

2 MATERIAL AND METHOD 

The physical basis for microwave imaging lies in the 
significant contrast in the dielectric properties between the 
normal breast tissue and the malignant tissue at microwave 
frequencies [15]. Microwave imaging (MWI) techniques 
consist of tomography based and radar based imaging. 
Communication of through breast is saved by microwave 
tomography. At the same time, an electrical property map of 
the region of interest is created using radar-based imaging 
[16, 17]. By transmitting electromagnetic waves through the 
female breast, the scattered field is obtained on the breast in 
MWI method. While the transmitting antennas are fed by 
the electromagnetic signals, the receiving antennas collect 
the electromagnetic signals and define by scattering 
parameters "S-parameters". 

Figure 1 Antenna structure in Antenna Magus Software 

Table 1 Features of used antenna 
Parameter Values 

Dielectric substrate 2.0 
Antenna length 54.2428 mm 
Antenna width 54.2428 mm 
Antenna height 1 mm 
Diameter of patch antenna 18.08095 mm 
Feed-pin radius 0.25 mm 
Coaxial diameter 1.15128 mm 

2.1 Antenna Model 

A circular pin-fed linearly polarized microstrip patch 
antenna was preferred in this paper. This antenna was put 
into Computer Simulation Technology (CST) platform from 
Antenna Magus Software, a tool for modeling and 
designing antennas (Fig. 1). The reason for choosing this 
antenna in this study is its low cost, low profile, lightweight, 
and high efficiency [17]. Features of the antenna are shown 

in Tab. 1. On the other hand, microstrip patch antenna with 
breast model was designed in CST and simulation was 
performed in CST Design Studio. 

2.2 Breast Model 

As shown in Fig. 2, the breast has hemispherical model 
and the dimensions of the breast tissues and tumor are 
shown in Tab. 2. The dielectric properties of each tissue are 
shown in Tab. 2 [11]. One of the dielectric properties is the 
conductivity (σ), other is the relative permittivity (ɛr). 

Figure 2 Breast structure in CST Microwave Studio 

Table 2 Features of breast structure 
Tissue Portion Size 

Breast Diameter 100 mm 
Skin Thickness 2 mm 
Tumor Radius 5 mm 

Table 3 Dielectric properties of breast tissues and tumor 
Tissue Portion Conductivity (S/m) Relative Permittivity 

Skin 1.49 37.9 
Fat 0.14 5.14 
Tumor 1.4 50 

3 RESULTS 

In this article, the presence of the tumor was investigated 
using a receiver and a transmitting antenna. As shown in 
Figure 3 that while the transmitting antenna was stationary, 
the receiving antenna was moved to different positions. 

Figure 3 Data collection process using the receiving circular patch antenna moving 
vertically along two red dots antenna as the transmitting antenna is stationary 

As shown in Fig. 3, the receiver antenna was moved up 
from the bottom of the breast structure to generate scatter 
signals. S11 (return loss) results were obtained at each antenna 
position from the bottom of breast structure to top. Graphics 
(a, b, c, d, e, and f) in Fig. 4 represent different positions of 
receiving antenna. When the antenna is in the same position as 
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the tumor or different position, the results vary. For instance; b 
graphic shows that the antenna is in the same positon as the 
tumor and also is different from others. On the other hand, 
Fig. 5 shows two signals at the same position from two 
simulation models (one of them is with tumor, other is without 
tumor). It is clear that two signals’ magnitude can be 
recognized. 

a) 

b) 

c) 

d) 

e) 

f) 
Figure 4 The S11 results (return loss) in frequency domain for each different position 

In a study, the S11 simulations with and without tumors 
were compared at some antenna positions [18]. The positions 
where the antenna is on the axis of a tumor, S11 of the two 
simulations with tumor and without tumor were differentiated, 
in the same sub-band of 6 to 8 GHz, (Fig. 6). 

Figure 5 The magnitude of two signals (with tumor and without tumor) 

Figure 6 Comparison of two S11 (with and without tumors) the antenna is placed away 
from the axis the tumor [18] 

4 CONCLUSION 

In this study, a microwave imaging system was preferred 
to detect breast cancer. CST software was used to create a life-
like breast phantoms and a circular pin-fed linearly polarized 
microstrip patch antenna which generates a microwave signal. 
The receiver antenna was moved up from the bottom of the 
breast structure to generate scatter signals. This movement 
repeated for breast model with tumor and without tumor. The 
difference between tumor and without tumor showed that 
microwave imaging system is successful for breast cancer 
detection. In future work, a viable 3D image reconstruction 
process will be applied and will be repeated experimentally at 
the same time. This study will show that scanning methods 
will determine the location and size of the tumor at higher 
accuracy and the reconstruction of the reflected waves will 
allow to clearly determining the location of the tumor. 
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SUCCESS MEASUREMENT OF BUSINESS PROCESSES 

Ivica KANIŠKI, Ivan VINCEK 

Abstract: A business process is an activity or set of activities that accomplish a specific goal of an organization. In almost every organization there are three important pillars 
that keep the whole organization together - people, processes and technology. All three are linked and if one of them does not work well, others can easily collapse. Success 
Measurement is a complex activity that includes at least four disciplines: economics, IT, management and accounting, implying the process of quantifying the effectiveness and 
effectiveness of an action. Success Measurement is a dynamic system that supports the decision-making process by collecting and analyzing information. 

Keywords: analysis of business processes; business processes; measuring success; program tools 

1 INTRODUCTION 

The effectiveness and overall business results of any 
business organization largely depend directly on the way in 
which business processes are managed, i.e. the business 
relations and all business activities necessary for the 
realization of the set organizational goals.  

Market environment and heavy competition in business 
direct many organizations in terms of the necessity of the 
existence of business marketing in the market of business 
consumption and it being conditioned by quality 
management of business processes.  

It is necessary to implement radical and significant 
changes in a company’s business conduct that will result 
with lower expenses and shorter production cycle, 
accompanied by the quality of goods or services. Those 
changes are directed at the reforming, restructuring and 
innovation of business processes by the use and support of 
IT.  

2 BUSINESS PROCESSES 

Business processes can be described as a sequence of 
logically connected activities that use resources of a 
company and that have an end goal of satisfying the 
customers’ needs for goods or services of a certain quality 
and price, in an adequate time frame and simultaneous 
realization of certain values. [1]  
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Figure 1 Porter’s chain of values 

We can measure the efficiency of a process carried out 
in time and the expenses required to turn the input values of 
a process into an output result. 

Processes are elements of each company, but they are 
rarely described or analyzed. In organizations that are not 
production oriented, processes are not clearly defined and it 
is difficult to describe them precisely. 

2.1 Analysis of Business Processes 

The business process analysis is especially useful for 
attaining goals related to consumers, and for efficiency and 
profitability. Moreover, the whole business process analysis 
can be helpful in checking whether control systems are in 
place to lower the risks, i.e. risk exposure. 

The business process analysis is primarily performed in 
order to determine: 
• activities that do not add value,
• redundant activities or tasks (repeated in different parts

of organization or repeated because of errors)
• sequential activities and tasks that can be conducted at

the same time, i.e. that can overlap,
• activities performed only based on experience (which

can be very dangerous because the business practice is
not documented),

• imbalance between directional processes and enabling
processes

• inadequate use of technology,
• insufficient training, education and staff

knowledge/experience,
• modes of giving feedback,
• liaisons between missing processes,
• unnecessary reports,
• inadequate rules and procedures. [2]

The business process analysis often uses: the 
comparison of documentation procedures, business process 
mapping, whole process observation, root cause analysis, 
critical path analysis, matrix analysis, correlation matrix, 
Pareto analysis, force-field analysis, process restriction 
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analysis, cultural factor analysis, analysis of added value, 
scenario analysis, etc. [2] 

Regardless of the choice of its conduct, the analysis of a 
specific business process mainly begins with the analysis of 
current activities. It needs to be stressed that it is more 
difficult to carry out the analysis of an existing process than 
to create a new process, because the existing process does 
not necessarily need to be logical or make sense, while the 
proposed business process is generally logical.  

The analysis of an existing process attempts to 
determine its quality, its bottleneck, weak areas and areas 
critical for improvement. Quality analysis includes the 
consideration of all activities within a given process and the 
identification of the modes of measuring all other processes 
that contribute to the success of a certain process. [2] 

2.2 Business Performance Perception Framework 

The defined matrix, the framework of how we perceive 
a company’s success, can be seen on three levels and from 
three different perspectives: goals and success 
measurement, design and its implementation and the 
management’s practice. With the help of a matrix, nine 
different elements were identified that need to be taken into 
consideration when improving business processes.  

Besides the process level, both the organizational and 
individual level need to be emphasized and attention must 
be paid to the fact that the approach focused exclusively on 
the process level or the perspective of measuring the 
success and business processes management is not whole. 
Performance indicators of all three levels need to be taken 
into account as a whole.  

Table 1 Framework for the business performance perception 
Objectives and 
performance 
measurement 

Design and 
usage 

Management 
practice 

Organizational 
level 

Organizational 
objectives and 

the measuring of 
organizational 

success 

Organizational 
design and its 

use 

Managing an 
organization 

Processual level 

Process 
objectives and 

the measuring of 
the success of a 

process 

Process design 
and its 

application 

Process 
management 

Individual level 

Individual 
objectives and 

the measuring of 
individual 

success 

Design of 
activities and its 

application 

Managing 
activities 

2.3 Business Controlling 

Often, in times of economic crisis, a need appears for 
making an extra effort to solve certain difficulties in a 
company’s business caused by external or internal factors. It 
is because of such character of the art of controlling that its 
main function is aimed at achieving the highest possible 
business efficiency. [6] 

Because of market globalization, throughout the last 
few decades, there was a significant turn in the way 
companies conduct their business. Consumers’ needs are 
getting more and more demanding regarding the price, but 
also quality.  

Markets saturated with unlimited amounts of goods and 
services offered come as a turning point in the way of 
managing and designing business strategies for companies. 

One of the most significant problems of contemporary 
companies’ expansion and development is a decrease in the 
transparency of the business conduct as a whole and less 
coherence of individual organizational units. It is more and 
more difficult to manage companies that have grown in 
such a way. 

Controlling is a function of leadership without which it 
is difficult to imagine a contemporary company. It solves 
the ever increasing problems of coordination and 
integration. 

One of the reasons for the occurrence of controlling 
could be the separation of the ownership function from the 
function of management, which leads to difficulties in 
communication and leadership. One of the reasons why 
controlling appeared as such could be the emergence of the 
need for a faster business decision-making. It is this 
multidisciplinary feature of controlling that implies the need 
for a more precise definition of it. The primary role of 
controlling is the merging of different parts of a company 
into a whole unit with the goal of creating a comprehensive 
perspective of its overall business conduct. It links partial 
organizational functions into a single unit to maximize the 
effectiveness and efficiency of a company.  

The outset for the execution of controlling is based on 
the company’s accounting, spreading out onto all other 
organizational elements with the goal of creating a compact 
unit. 

Although the concept of controlling changed over time, 
it can be said that controlling came into existence based on 
the accounting concept. [2] 

2.4 Role of Controlling in a Company 

Although controlling relates to business operations of a 
company as a whole, a large portion of it consists of a plan 
and analysis. Due to controlling, management should be 
informed of everything that takes place with the goal of 
better quality decision-making. In large companies, 
situations often occur where each department works 
independently and partially also independently sets certain 
goals, which can lead to incoherently set goals. The role of 
controlling in such a company is connecting those 
departments in order to create unique goals and plans. [2] 

One of the most important goals of controlling is 
planning business operations. Planning helps to anticipate 
certain outcomes in business operations which helps 
decrease possible risks to the lowest level possible. 
Planning operations significantly increases the chances of 
attaining goals. Although there are different levels of 
planning, the ones that stand out as the most significant 
ones would be: strategic, tactics and operational planning. 
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By means of planning, different organizational units meet 
through partial operational plans of the whole company. 
The main task of controlling is to align partial plans by 
taking into account all important information gathered 
within and outside the company. In order to successfully 
align partial plans, controlling has to find the causes of 
mutual misalignment. Besides the mentioned, controlling 
also has the role to check the reality of proposed plans.  

Nowadays, a good quality informational system 
represents a base for the quality functioning of controlling. 
Considering the fact that controlling has the role to pick the 
most crucial information for decision-making, a good 
quality informational system can represent an 
insurmountable link in quality decision-making and 
reporting. One can say that accounting is the center of 
informational systems within a company. The goal of 
controlling is to pick the accounting information that are 
crucial for quality decision-making.  

The role of controlling in a company can be the 
formulating of new or the restructuring of the already 
existing organizational structure for an easier and more 
complete flow of important data and information to the staff 
in charge with it. The organization of a company has to be 
set up in a way that facilitates the realization of specified 
value systems to the maximum.  

3 MEASURING THE SUCCESS OF BUSINESS OPERATIONS 

The fundamental goal of a company’s existence and 
business operations is business success. An important factor 
that is related to business success and that needs to be 
pointed out is the idea of measuring the performance and 
the success of business operations. To measure the success 
of business operations means to have a clearly defined scale 
of values and a tool that will be used to measure success. 
Efficacy is stated as a principle and an aggregate index of 
the correlations between the output and input. When 
mentioned in the context of companies, efficacy stands for 
the success of a company related to its use of the resources 
available, regardless of how resources have been allocated.  
Efficiency, performance or productivity stands for 
achieving the basic goals of a company. The idea of 
efficiency as a measure includes the evaluation of whether 
the company manages to unify its many goals and to what 
extent. It is related to the idea of strategic company 
management. [3] 

3.1 Financial Indicator Analysis 

In the business operations’ analysis, there are many 
methods, techniques and the variant quality of information 
that are at the disposal of various interest groups. For that 
reason, it can be concluded that financial analysis is all but 
unified. It is a fact that the object of interest for financial 
analysis is the company itself, therefore it is important to 
discern whether the analysis is carried out externally or 
internally, which will depend on who is in charge with it 
and in whose interest it is for the analysis to be done. It 

could be owners, investors, creditors or all other interest 
groups. 

Table 2 Illustration of the earning power indicator formation 
Inidicator Numerator Denominator 

Return on sale (ROS) Income 
(net or gross) Revenue (turnover) 

Return on investment 
(ROI, ROA) 

Income 
(net or gross) Total funds 

Return on equity (ROE) Net income Own equity 

When talking about external analysis, carried out by the 
financial analysts performing the role of the future or 
current owners or investors of a company, it is most often 
carried out exactly by the financial indicators, that have 
their base calculation in the externally (publicly) available 
data, which is, of course, limited. On the contrary, internal 
analysis is conducted by the company’s manager, who has 
all the existing data at his disposal.  

The use of financial indicators can be systematically 
divided into: 
• comparison of the company’s performance throughout a

particular period of time,
• comparison of various companies,
• comparison of different industries. [3]

The indicators that are calculated by using the data of 
financial reports can be divided into a few categories, 
normally into the following groups:  
• earning power indicators,
• activity indicators,
• liquidity indicators,
• indicators of financing and company indebtedness.

3.1.1 Earning Power Ratio 

The indicators of the earning power of a company have 
always been and still are an important objective of the 
business operations’ success analysis as part of the financial 
report analysis.    

Taking this into consideration, it can be concluded that 
only the companies that have a big earning power can win 
new business domains and markets, create new work posts, 
and at the same time assure their owners that the rate of 
return will be at least at the level of a certain risk (in the 
form of dividends, bonus rate pay or in the form of the 
stocks or share value increase).   

However, earning power is one of those company 
features that is very difficult to specify and measure. 

The return on sale, return on investment and return on 
equity are the indicators we get by using the financial report 
data. They are the indicators of the company’s income, 
deficit and balance. [3] 

3.1.2 Activity Ratio 

Activity ratio measures how successful a company was 
in managing the assets it has. The ratios from this group are 
also called turnover ratios and they can be calculated as a 
relation between the revenue and any kind of funds. To do 
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that, turnover data from the revenue report is used, as well 
as the funds’ status reported in the balance sheet or the 
averages of certain forms of assets.   

The most calculated ones are the turnover ratio of the 
funds invested, turnover ratio of the long-term assets, 
current assets or the turnover ratio of one of the entries of 
short-term assets i.e. claims, inventory or cash.   

Asset turnover ratio = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑎𝑎𝑎𝑎𝑟𝑟𝑡𝑡𝑎𝑎

 

Inventory turnover ratio = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑖𝑖

 

Receivable turnover ratio = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡𝑟𝑟𝑎𝑎

 

Ratios of the duration of the receivable turnover ratio, 
inventory turnover ratio, asset turnover ratio and the 
duration of the accounts payable are very important because 
they indicate the speed at which cash flow takes place in a 
company.  It is both the liquidity and the profitability of 
company business operations that depend on the average 
speed of cash flow. The cash flow cycle deals with all the 
components of a company, but it is especially focused on 
four entries in the balance and those are: cash, cash 
equivalents, inventory, receivables and the accounts 
payable. Money and money equivalents are linked to forms 
such as inventory and receivables and that is why, from the 
cash flow perspective, it is important for those entries to be 
as small as possible, i.e. for the time of their link to be as 
short as possible. [3] 

3.1.3 Liquidity Ratio 

Liquidity stands for the ability of a certain kind of asset 
to turn into money. Another meaning of the term is the 
ability of a company to settle all the received short-term 
liabilities.  

Liquidity ratios are a part of the so-called ratios of the 
horizontal financial structure because they put into relation 
certain parts (short-term assets) with other parts (short-term 
liabilities) and with the goal of defining the company’s 
ability to keep its liquidity. There are a few indicators of 
liquidity, the two most common are the so-called current 
ratio and quick ratio. [3]  

The current ratio of liquidity is calculated: 

Current ratio =𝑎𝑎ℎ𝑡𝑡𝑟𝑟𝑡𝑡 𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡 𝑡𝑡𝑎𝑎𝑎𝑎𝑟𝑟𝑡𝑡𝑎𝑎
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡 𝑡𝑡𝑖𝑖𝑡𝑡𝑟𝑟𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡𝑖𝑖𝑟𝑟𝑎𝑎

Current ratio is the proportion of short-term and current 
assets and the short-term or current liabilities.   

Quick ratio is calculated: 

Quick ratio =𝑟𝑟𝑡𝑡𝑎𝑎ℎ+𝑡𝑡𝑡𝑡𝑟𝑟𝑚𝑚𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑡𝑡𝑟𝑟 𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑡𝑡𝑖𝑖𝑟𝑟𝑎𝑎+𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑎𝑎 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡𝑟𝑟
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡 𝑡𝑡𝑖𝑖𝑡𝑡𝑟𝑟𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡𝑖𝑖𝑟𝑟𝑎𝑎

3.1.4 Ratio of the Financing and Using of Financial Leverage 

Financing ratios show the importance of the owner 
structure of financing and interest charge, as well as other 

fixed remunerations that arise as a consequence of using 
external sources of financing. The most common ratios of 
this group are:  
• Debt-to-asset ratio,
• Debt-to-equity ratio,
• Coverage ratio. [3]

Debt-to-asset ratio = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑑𝑑𝑟𝑟𝑟𝑟𝑡𝑡
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑎𝑎𝑎𝑎𝑟𝑟𝑡𝑡𝑎𝑎

 

The debt-to-asset ratio shows what level of risk the 
company’s creditors are subject to considering the financial 
structure of a source, and it shows what the fixed interest 
charge that burdens a company’s business operations is.  

Debt-to-equity ratio =𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑑𝑑𝑟𝑟𝑟𝑟𝑡𝑡
𝑟𝑟𝑒𝑒𝑟𝑟𝑖𝑖𝑡𝑡𝑖𝑖

 

The debt-to-equity ratio can also be calculated as a 
relation between the long-term liabilities and the majority of 
the ownership equity because such a ratio is convenient for 
the optimization of the company’s financial structure.  

Debt-to-equity ratio =𝑡𝑡𝑡𝑡𝑟𝑟𝑙𝑙−𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡 𝑡𝑡𝑖𝑖𝑡𝑡𝑟𝑟𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡𝑖𝑖𝑟𝑟𝑎𝑎
𝑟𝑟𝑒𝑒𝑟𝑟𝑖𝑖𝑡𝑡𝑖𝑖

3.2 Measuring Success by Relative Ratios of Success 

When measuring the global (total) results of a company, 
we have to discern different influences so that economics 
could adequately interpret that the effects of each one of the 
necessary element influences by its effect on the end result.  
At the starting point of the contemporary idea business 
success, there is the idea of the economic principle or the 
principle of the least assets, which expresses tendency to: 
• Accomplish the maximum effect (outputs, income,

returns, profits) by using the resources at the disposal
(sources, inputs, expenses, assets, investments or the so-
called sacrifice);

• Accomplish the desired effects through a minimal
investment of resources. [3]

Measuring success through manufacturing, cost-
effectiveness and profitability of labor gives the necessary 
data about different results. This information will be 
especially needed if it is known that other companies with 
identical global results accomplish higher wages or 
dividends, or the faster rate of development (because they 
are capable of extracting funds for the development of an 
investment). Not only is the goal to attain the data of the 
causes of the results’ variance, but also to measure the need 
which has to be taken to make them relatively bigger.       

3.2.1 Labor PRODUCTIVITY 

The influence of human labor on the productivity of a 
company is called labor productivity or just productivity. 
Namely, labor productivity is the relationship between the 
total value of the output and labor hours invested into 
creating those outputs.  
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The simplest formula or the outset for calculating 
productivity is: 

Labor productivity = total output/labor hours  

The numerator of the abovementioned formula can also 
be: 
• product quantity (pieces, tons, meters etc.),
• sales transactions (expressed in amount or money)
• transfer of goods, people and information,
• number of overnight stays in tourism, etc. [3]

3.2.2 Cost-Effectiveness 

When dealing with cost-effectiveness, it is necessary to 
analyze individual segments of business operations or each 
individual input needed for getting the desired outputs for a 
company to come into market with. 

Taking cost-effectiveness as a comprehensive 
expression of efficiency, it needs to be linked to the idea of 
economizing, which could be best defined as the rational 
management or rational, economic treatment of all elements 
that have an impact on achieving results and realizing 
income. Consequently, one can say that a comprehensive 
expression of efficiency can be explained as a relation 
between the total income and total expenses that occurred 
with the goal of making income. The relation is: 

 E = ∑ income
∑expenses

  [3] 

The quotient of this ratio shows how many kuna of 
income have been realized compared to each kuna spent. 
That is a significant indicator and it says a lot about the 
success of a business operation. The quotient expressed by 
an absolute number is enough of an indicator whether the 
business is economical or not.  

If the quotient is: 
• higher than 1, the business is economical,
• lower than 1, the business is uneconomical,
• equal to 1, the business is on the verge of being

economical – there is no financial result. [3]

3.2.3 Return on Assets 

The realization of income, i.e. profit, is the motive that 
inspires every entrepreneur to realize his or her business 
ideas and profit by initiating business processes. As the 
conditions in which business operations of companies take 
place may vary, the results will be different, too. By 
determining the ratio of the return on assets (income) and 
investments or expenses needed for the profit to come into 
realization, we measure the profitability or rentability. 
Profitability, as a part of an analysis, can be seen as a 
principle or indicator of success by the help of relative 
indexes of success. [3]  

As a principle, it shows the rationality of a business 
process by attempting to achieve the maximum business 
profit with the assets invested (principal funds, capital), i.e. 

by realizing the profit with the minimum investments, assets 
or one’s own capital. As an index, profitability reflects the 
realistic state of the ratio between the profit and the assets 
invested. Operationally, it shows how many money units of 
a business profit are gained per unit of assets invested or 
how many units of assets need to be invested to achieve one 
unit of business profit. [3]      

The general pattern of measuring rentability is the ratio 
between the profit (income) and capital: 

Asset profitability = 𝑖𝑖𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟
𝑡𝑡𝑎𝑎𝑎𝑎𝑟𝑟𝑡𝑡𝑎𝑎

× 100 

When we put total expenditure of a company (i.e. 
expenses) into the denominator, we get a return on assets.  

Return on assets = 𝑟𝑟𝑟𝑟𝑎𝑎𝑖𝑖𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎 𝑖𝑖𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟
𝑟𝑟𝑟𝑟𝑎𝑎𝑖𝑖𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎 𝑟𝑟𝑒𝑒𝑒𝑒𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑎𝑎

× 100 

Accordingly, it is only the assets’ profitability that can 
be considered the real indicator of profitability as it 
indicates how many units of business results are realized per 
each monetary unit of invested assets. [3] 

3.3 Measuring Success in Terms of Value Based 
Management (VBM) 

A lack of the coherence of goals in different interest 
groups in a company should be solved by applying value 
based management (VBM). 

To achieve a viable value creation, a manager’s success 
should be measured by means of criteria that can be directly 
linked to creating a value for owners. In a certain sense, 
VBM represents a mixture of different economic disciplines 
and subjects. For instance, the goal of increasing value for 
the company’s owners was taken from financing, together 
with the discounted cash flow technique. The principle of 
value creation as a result of investing in the company’s 
activities in which the company has comparative advantages 
before the potential and existing competition was taken 
from the field of business strategies. It was from accounting 
that the adjusted basic structure of financial reports was 
taken.  

VBM is a combination of principles, convictions and 
processes that make it possible for a company to be 
successful in fighting the competition from the outside and 
the institutional imperatives within a company. From a 
general point of view, VBM can be defined as an integrated 
system of management and control which measures and 
supports the creation of values. [3]      

Important features of VBM: 
• Management – VBM represents a system of controlling

and managing, i.e. a certain set of tools used in unifying
resources and tasks with the purpose of achieving
certain goals,

• Concept – basic values of the concept are definitely and
permanently conducted through all levels of an
organization,

• Maximizing the company owner’s values – basic
purpose of VBM is to create as much as possible of a
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net value by allocating the company’s resources to the 
most valuable investments, which includes predicting 
and focusing on the future results of a business. [3] 

VBM is an integrating process of improving the 
operational and strategic decision-making of a company as a 
whole. In a company that has accepted the concept of 
managing focused on value, the managing processes such as 
planning and the estimation of success offer the decision 
makers certain data and encouragement that help them 
conduct the measures that lead to the basic goal of business, 
the growth of value. 

The procedure of setting the goals of VBM is based on 
the next principles:  
• goals need to include the financial and non-financial

aspects and need to be based on the quality components
of a particular business activity,

• goals have to be adjusted to the level of managing that
they are being set for,

• mutual time inter-relatedness of goals is necessary, too,
i.e. for the long-term goals to be the continuation of the
long-term ones. [3]

The biggest error that can arise when assessing the 
success of management and consequently awarding the 
managers is connecting the managers’ success to the 
accounting results, instead of evaluating the success related 
to the realization of a certain strategy or the specific 
indicators of a certain activity.  

The following principles apply for the system of 
business success evaluation:  
• rating the success of a specific business unit – each unit

in a company is assessed based on its own success
indicators,

• relating success assessment to the short-term and long-
term goals of a specific business unit,

• combining the financial and operational criteria based
on value factors,

• introduction of indicators that operate as systems of an
early forewarning of a possible crisis. [3]

VBM can be seen as a continuous process which begins 
with strategic planning so as to achieve the comparative 
advantages that will generate the growth of economic 
profits and the shareholders’ yield. The economic features 
of an industrial environment in which a company makes 
business determine the form of financial reports of a 
company which are reflected through the analysis of the 
traditional criteria of success.  

4 PROGRAM TOOLS FOR BUSINESS PROCESSES 

The goal of all program tools for modeling and of the 
analysis of business processes is to document and analyze 
the existing business processes and propose improvement 
based on that analysis.  

Tools for modeling and the analysis of business 
processes are program solutions that managers, IT experts, 
analysts and end users apply for creating the models of 

business processes in an organization, for storing the data of 
those models and their analysis. From the functionality 
point of view, those tools enable the documentation and 
analysis of the existing situation and the documentation of 
the proposal of the improvement and analysis of the 
expected effects of the proposed changes. [1]  

Program tools for managing business processes differ in 
capabilities, reliability and the adjustment with the IT 
standards. They also differ in prices and that is why making 
a decision on which one to choose is very difficult.  

Producers of the tools for managing business processes 
implement different strategies so as to achieve the biggest 
possible success on the market. Some producers adjust their 
program solutions to the specifications of certain 
businesses, and some develop universal program solutions, 
applicable to all companies. [1] 

5 CONCLUSION 

It is most important to point out that the success of 
making business has to be attuned to the business strategy 
of a company. Business indicators are the inevitable tools of 
examining and exploring a company’s business efficacy. 
The right choice is possible only in case when the mission, 
vision and goal projects get clearly defined by the 
management.  

Because of the global competition on the market, 
companies can achieve the competitive advantage only by 
offering cheaper and better quality products and services, 
for which efficient and innovative business processes are 
needed. Performing business processes is in the focus of the 
attention of the management and their strategy. For that 
reason, business processes become the core of a company’s 
functioning, because it is all about processes before 
products or services. 

Companies that want to be successful have to embrace 
the principles of business orientation. Process orientation is 
not a synonym for the process organizational structure. It 
determines understanding the course of business and it is 
only the first step in the process-oriented organizational 
structure.  

For a successful conduct of projects, it is very important 
to apply the appropriate program tools. The decision of the 
choice of the optimal program tool depends on the quality 
and the options of a tool, but also on the goals of a project. 
Even the best tools can turn out to be very bad if we try to 
apply them to the environment that does not have enough 
knowledge to use them or understand them.  

The more different methods there are built into a tool, 
the better; more options are offered, but at the same time 
they are more complex and expensive. 
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MATRICES IN COMPUTER GRAPHICS 

Nataša LONČARIĆ, Damira KEČEK, Marko KRALJIĆ 

Abstract: In this article, the usage of matrices and matrix operations in computer graphics is shown. A brief overview of geometric transformations in computer graphics is given. 
The "Matrix - Computer Graphics" application software is created for the representation and easier understanding of relations between geometric transformations and matrix 
calculus. 

Keywords: computer graphics; geometric transformations; matrices; "Matrix - Computer Graphics" application software 

1 INTRODUCTION 

Computer graphics is a computing field that involves 
the creating, storing and processing of image content via 
computer. It has a wide application in science, engineering, 
art and especially in the field of entertainment, movies and 
video games. [3, 2] Computer graphics began to progress in 
the 1960s when the first interactive creation of graphic 
content was enabled, and since then it has been developing 
incredibly quickly [6]. It is important to note that computer 
graphics applications are used for various educational 
purposes. For example, computer graphics applications can, 
in the education process, help people with learning 
difficulties [10], assist students in understanding computer 
science algorithms [4], as well as increasing students' 
interest in programming and computer graphics [1]. 

2 2D TRANSFORMATIONS 

The fundamental part of computer graphics are 
geometric transformations that can change the position, 
size, orientation and shape of an object. Basic geometric 
transformations in a 2D plane are called 2D transformations 
and those are translation, rotation, scaling, reflection and 
shear. Furthermore, each of the well-known transformations 
is briefly explained in [11], [9]. 

Before considering the abovementioned 
transformations, it should be noted that for any point 
𝑇𝑇(𝑥𝑥,𝑦𝑦) in a 2D plane, a column vector or row vector 
representation can be used. In this article, column vector 
representation is used, i.e. point 𝑇𝑇 is represented as 𝑇𝑇 = �

𝑥𝑥
𝑦𝑦�.

2.1 Translation 

Translation is a geometric transformation that moves 

the current point 𝑇𝑇 = �
𝑥𝑥
𝑦𝑦� to the point 𝑇𝑇′ = �𝑥𝑥

′

𝑦𝑦′� for a given

vector 𝑡𝑡 = 𝑡𝑡𝑥𝑥𝚤𝚤 + 𝑡𝑡𝑦𝑦𝚥𝚥 = �
𝑡𝑡𝑥𝑥
𝑡𝑡𝑦𝑦�. Translation is shown in Fig. 1.

Figure 1 Translation 

Therefore, point 𝑇𝑇′ can be written as: 

𝑇𝑇′ = 𝑇𝑇 + 𝑡𝑡 (1) 

and in matrix notation as: 

�𝑥𝑥
′

𝑦𝑦′� = �
𝑥𝑥
𝑦𝑦� + �

𝑡𝑡𝑥𝑥
𝑡𝑡𝑦𝑦�. (2) 

2.2 Rotation 

 Let 𝑂𝑂(0,0) and 𝜃𝜃 be a point and an angle given 
respectively. Rotation around the point 𝑂𝑂(0,0) by the angle 
𝜃𝜃 is a transformation that maps every point 𝑇𝑇 in the plane to 
the point 𝑇𝑇′ in such a manner that the following properties 
are true: 

|𝑂𝑂𝑇𝑇| = |𝑂𝑂𝑇𝑇′| and ∠𝑇𝑇𝑂𝑂𝑇𝑇′ = 𝜃𝜃 

Figure 2 Rotation 
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By convention, rotation by the positive angle 𝜃𝜃 goes 
counter-clockwise (Fig. 2a), while rotation by the negative 
angle 𝜃𝜃 goes clockwise (Fig. 2b). 

Rotation of the point 𝑇𝑇(𝑥𝑥,𝑦𝑦) located at the angle 𝜙𝜙 
from the horizontal 𝑥𝑥 coordinate with a distance 𝑟𝑟 from the 
origin of the coordinate system leads to a new point 
𝑇𝑇′(𝑥𝑥′,𝑦𝑦′). By using standard trigonometry, coordinates of 
the point 𝑇𝑇(𝑥𝑥,𝑦𝑦) can be expressed as: 

𝑥𝑥 = 𝑟𝑟 cos𝜙𝜙 (3) 

𝑦𝑦 = 𝑟𝑟 sin𝜙𝜙 (4) 

Similarly, coordinates of the point 𝑇𝑇′(𝑥𝑥′,𝑦𝑦′) can be 
expressed as: 

𝑥𝑥′ = 𝑟𝑟 cos(𝜙𝜙 + 𝜃𝜃), (5) 

𝑦𝑦′ = 𝑟𝑟 sin(𝜙𝜙 + 𝜃𝜃). (6) 

By using the equations (3) and (4), as well as addition 
formulas, the following formulas can be obtained: 

𝑥𝑥′ = 𝑟𝑟 cos𝜙𝜙 cos 𝜃𝜃 − 𝑟𝑟 sin𝜙𝜙 sin𝜃𝜃 = 𝑥𝑥 cos 𝜃𝜃 − 𝑦𝑦 sin 𝜃𝜃, (7) 

𝑦𝑦′ = 𝑟𝑟 cos𝜙𝜙 sin𝜃𝜃 + 𝑟𝑟 sin𝜙𝜙 cos 𝜃𝜃 = 𝑥𝑥 sin𝜃𝜃 + 𝑦𝑦 cos𝜃𝜃, (8) 

which can be, in a matrix form, written as: 

�𝑥𝑥
′

𝑦𝑦′� = �cos 𝜃𝜃 − sin𝜃𝜃
sin𝜃𝜃 cos𝜃𝜃 � ∙ �

𝑥𝑥
𝑦𝑦�. (9) 

2.3 Scaling 

Scaling is a mapping that expands or compresses each 
point coordinate. The scaling of each coordinate is 
determined by the scaling factor 𝑆𝑆. If the scaling factors for 
each coordinate are different, scaling is disproportionate. If 
the scaling factors are the same for all coordinates, scaling 
is proportional. For the point 𝑇𝑇(𝑥𝑥,𝑦𝑦) and the scaling factor 
𝑆𝑆𝑥𝑥 and 𝑆𝑆𝑦𝑦 that scales the point 𝑇𝑇(𝑥𝑥,𝑦𝑦) in the 𝑥𝑥 and 𝑦𝑦 
direction respectively, the following coordinates of the point 
𝑇𝑇′ are obtained: 

𝑥𝑥′ = 𝑆𝑆𝑥𝑥 ∙ 𝑥𝑥, (10) 

𝑦𝑦′ = 𝑆𝑆𝑦𝑦 ∙ 𝑦𝑦. (11) 

In the matrix form, equations (10) and (11) can be 
written as: 

�𝑥𝑥
′

𝑦𝑦′� = �
𝑆𝑆𝑥𝑥 0
0 𝑆𝑆𝑦𝑦

� ∙ �
𝑥𝑥
𝑦𝑦�. (12) 

For example, for the scaling factors 𝑆𝑆𝑥𝑥 = 𝑆𝑆𝑦𝑦 = 2, the 
scaling process of the square is shown in Fig. 3. 

Figure 3 Proportional scaling of the square 

2.4 Reflection 

Reflection is a special case of a scaling where the size 
of the object does not change. For the scaling factors 
𝑆𝑆𝑥𝑥 = −1 and 𝑆𝑆𝑦𝑦 = 1, reflecting is about the 𝑦𝑦 axis. If the 
scaling factors are 𝑆𝑆𝑥𝑥 = 1 and 𝑆𝑆𝑦𝑦 = −1, there is a reflection 
about the 𝑥𝑥 axis. For the scaling factors 𝑆𝑆𝑥𝑥 = 𝑆𝑆𝑦𝑦 = −1, 
reflection is about the 𝑥𝑥 and 𝑦𝑦 axes. In Fig. 4, reflections 
about the 𝑥𝑥 and 𝑦𝑦 axes of Super Mario, the main character 
in the Super Mario video games as an original object, are 
shown. 

Figure 4 Reflection 

2.5 Shear 

Skewing the object with respect to the 𝑥𝑥 or 𝑦𝑦 axis is 
called shear transformation. Skewing by the angle 𝛼𝛼 with 
respect to the 𝑥𝑥 axis and by the angle 𝛽𝛽 with respect to the 𝑦𝑦 
axis is illustrated in Fig. 5. 

Figure 5 Shear 

Coordinates of the point 𝑇𝑇′(𝑥𝑥′,𝑦𝑦′) can be defined as: 

𝑥𝑥′ = 𝑥𝑥 + 𝑦𝑦 ∙ tan 𝛽𝛽,  (13) 
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𝑦𝑦′ = 𝑦𝑦 + 𝑥𝑥 ∙ tan 𝛼𝛼. (14) 

In the matrix form, point 𝑇𝑇′ can be represented as: 

�𝑥𝑥
′

𝑦𝑦′� = � 1 tan 𝛽𝛽
tan 𝛼𝛼 1 � ∙ �

𝑥𝑥
𝑦𝑦� (15) 

2.6 Homogeneous Coordinate System 

The process of implementing several successive 
transformations is, by using Cartesian coordinates, 
computationally more extensive. Namely, it can be noticed 
that to perform translation, matrix addition is carried out, 
while to perform other transformations, only matrix 
multiplication is carried out. In order to treat all 
transformations in the same manner, i.e. to reduce them to 
matrix multiplication, homogeneous coordinates are 
introduced. Thus, each Cartesian point 𝑇𝑇(𝑥𝑥,𝑦𝑦) can be 
converted into homogeneous coordinates 𝑇𝑇(𝑥𝑥,𝑦𝑦,𝑤𝑤), and a 
coordinate system with this point representation is called a 
homogeneous coordinate system. Although triples of 
coordinates commonly display a point in space, here they 
represent a point in the plane or 2D point. Two sets of 
homogeneous coordinates, (𝑥𝑥,𝑦𝑦,𝑤𝑤) and (𝑥𝑥′, 𝑦𝑦′,𝑤𝑤′), 
represent the same point if one is a multiple of the other. 
For example, coordinates (1,2,3) and (2,4,6) represent the 
same point. It can be concluded that one point in 
homogeneous coordinates can be displayed in infinitely 
many ways, that is, one whole class of triples of coordinates 
represents the same point in the plane. This class of triples 
of coordinates which represent one point in the plane 
(𝑡𝑡𝑥𝑥, 𝑡𝑡𝑦𝑦, 𝑡𝑡𝑤𝑤), where 𝑡𝑡 ≠  0, actually represents a line in the 
3D space. It should be noted that at least one homogeneous 
coordinate must be different from zero, meaning that the 
point (0,0,0) is not allowed. If the coordinate 𝑤𝑤 ≠ 0, each 
of them can be divided by 𝑤𝑤, which is why the point 𝑇𝑇 can 
be written as: 

𝑇𝑇(𝑥𝑥,𝑦𝑦,𝑤𝑤) = 𝑇𝑇 �𝑥𝑥
𝑤𝑤

, 𝑦𝑦
𝑤𝑤

, 1� = (𝑥𝑥𝑤𝑤 ,𝑦𝑦𝑤𝑤 , 1) (16) 

All such points form a plane with the equation 𝑤𝑤 =  1 
in the 3D space. In the case of 𝑤𝑤 =  0, it is a point in 
infinity, which will not be considered in more detail. 

The usage of homogeneous coordinates is of great 
importance in computer graphics. Homogeneous 
coordinates provide a uniform mathematical tool for all 
transformations, where matrix transformation through 
homogeneous coordinates must be in the 3 ×  3 form [8]. 

In that sense, homogeneous translation matrix becomes: 

𝑀𝑀𝑡𝑡𝑡𝑡 = �
1 0 𝑡𝑡𝑥𝑥
0 1 𝑡𝑡𝑦𝑦
0 0 1

�, (17) 

where translation is reduced to a matrix multiplication: 

�𝑥𝑥
′

𝑦𝑦′� = �
𝑥𝑥
𝑦𝑦� + �

𝑡𝑡𝑥𝑥
𝑡𝑡𝑦𝑦� → �

𝑥𝑥′
𝑦𝑦′
1
� = �

1 0 𝑡𝑡𝑥𝑥
0 1 𝑡𝑡𝑦𝑦
0 0 1

� ∙ �
𝑥𝑥
𝑦𝑦
1
� (18) 

Furthermore, the homogeneous translation matrix is: 

𝑀𝑀𝑡𝑡𝑡𝑡 = �
1 0 𝑡𝑡𝑥𝑥
0 1 𝑡𝑡𝑦𝑦
0 0 1

�, (19) 

homogeneous rotation matrix: 

𝑀𝑀𝑡𝑡𝑟𝑟 = �
cos𝜙𝜙 − sin𝜙𝜙 0
sin𝜙𝜙 cos𝜙𝜙 0

0 0 1
�, (20) 

homogeneous scaling matrix: 

𝑀𝑀𝑠𝑠𝑠𝑠 = �
𝑆𝑆𝑥𝑥 0 0
0 𝑆𝑆𝑦𝑦 0
0 0 1

� (21) 

and homogeneous shear matrix: 

𝑀𝑀𝑠𝑠ℎ = �
1 tan 𝛽𝛽 0

tan 𝛼𝛼 1 0
0 0 1

�. (22) 

In order to conduct several sequences of the transforms, 
all these transformations must be compound. After the 
implementation of all transformations, for example scaling, 
rotation and translation over the point 𝑇𝑇 in this original 
order, and the coordinates of the point 𝑇𝑇′ could be 
calculated in the following way: 

𝑇𝑇′ = 𝑀𝑀𝑡𝑡𝑡𝑡 ∙ 𝑀𝑀𝑡𝑡𝑟𝑟 ∙ 𝑀𝑀𝑠𝑠𝑠𝑠 ∙ 𝑇𝑇, (23) 

i.e. they could be calculated by multiplying the 
homogeneous scaling matrix, homogeneous rotation matrix 
and homogeneous translation matrix, respectively, into a 
single matrix. 

3 "MATRIX – COMPUTER GRAPHICS" 

In high school or at the faculty level education, matrix 
calculus is an integral and significant part of the 
mathematics curriculum for students. One of the possible 
ways of matrix operation implementation is computer 
graphics. 

In order to better illustrate the relations between 
geometric transformations and the matrix calculus described 
in the previous section, the "Matrix - Computer Graphics" 
application software that provides a simple interface for 
studying 2D graphics is created. This application software is 
written in 𝐶𝐶#, an object-oriented programming language. 
One can find more about 𝐶𝐶#, for example, in [5,7]. The 
"Matrix – Computer Graphics" application is available at: 
http://www.mediafire.com/file/pgv2jkrpr0gqg47/Matrix_-
_Computer_Graphics.exe or 



Nataša LONČARIĆ, Damira KEČEK, Marko KRALJIĆ: MATRICES IN COMPUTER GRAPHICS 

TEHNIČKI GLASNIK 12, 2(2018), 120-123  123 

http://www.mediafire.com/file/84b4dhwonqcb78c/Matrix_-
_Computer_Graphics.zip 

Using the "Matrix - Computer Graphics" application 
you can easily apply one of the abovementioned 
transformations on the desired object. Students can easily 
draw the desired object in the coordinate system and 
optionally, by using the determined matrices, apply the 
corresponding geometric transformations. One of the 
possibilities is to optionally enter data in the upper matrices 
for the corresponding transformation (translation, rotation, 
scaling or shear) of the drawn object, or to directly insert 
only the rotation angle or shear angles of the drawn object 
with respect to the 𝑥𝑥 or 𝑦𝑦 axis in the two lower matrices as 
shown in Fig. 6. 

Figure 6 “Matrix - Computer Graphics” example 

4 CONCLUSION 

Computer graphics is an unavoidable part of everyday 
life. As it is widely known, computer graphics is present in 
computer games, films, television commercials, as well as 
in various branches of the industry. In this paper, authors 
tried to get closer to the students who are dealing with 
computer science, especially computer graphics, the 
mathematical background of computer graphics in which 
the term matrix is in the center. Although computer graphics 
is nowadays usually 3D, in this paper the authors looked 
only at 2D transformations in order to show, in a simpler 
way, the relationship between the matrix calculus and 
geometric transformations used in computer graphics. For 
this purpose, the "Matrix - Computer Graphics" application 
gives a contribution in the visualization and easier learning 
of relationships between the matrices and their applications 
on display and positioning, as well as on transforming 
different objects on a computer. 
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