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Design and Development of Educational Modular Mobile Robot Platform 
 

Denis Kotarski*, Petar Piljek, Tomislav Šančić 
 

Abstract: This paper presents the design and experimental validation of a modular educational robot platform. The development of a novel modular unmanned ground vehicle 
(UGV) platform is based on open-source system architecture featuring carefully considered modules and is specifically tailored for application in STEM education. The proposed 
platform is comprehensive in terms of motion planning and modelling. Mathematical description of the non-holonomic and holonomic configuration of the robot is given, and a 
derived model is implemented in a software package in order to perform simulations and experiments. The design process resulted in a 3D printed novel brick-based robot chassis, 
offering advantages such as low manufacturing costs, easy repair and maintenance, and seamless expandability with additional modules. The proposed modular platform 
underwent validation across three robot configurations and three different control ecosystems. 
 
Keywords: 3D printing; modular robot platform; STEM education; unmanned ground vehicle 
 
 
1 INTRODUCTION 
 

Nowadays, the field of robotics represents a very 
important, we could even say crucial, segment of industrial 
development and society as a whole. It can be said that 
robotics is a multidisciplinary field that includes various 
disciplines including mechanical engineering, electrical and 
electronic engineering, and computer science (software 
engineering). There is a need and great potential for 
integrating robotics into the education system through classes 
and extracurricular activities for primary and secondary 
school pupils with the goal of training technical experts. 
Robots are already used to some extent in introducing 
Science, Technology, Engineering, and Mathematics 
(STEM), as motivating and interesting tools for teaching 
engineering concepts and developing algorithmic thinking. 
Through practical exercises, laboratory classes and 
experiments, and work on projects, pupils and students 
develop creativity, critical thinking, teamwork, and other 
valuable skills. With the aim of the wider integration and 
increased accessibility, the goal of STEM education robotic 
platforms is to be open, cheap, and, among other things, 
multipurpose, like the modular robot presented in research 
[1]. 

By searching the literature with the keywords: modular 
educational robot, numerous works on this topic were found. 
In the vast majority of papers, mobile robots are discussed, 
which represent a unique challenge in STEM education, 
considering that they attract pupils and students in various 
disciplines. If we are talking about education, but also in 
general, from the aspect of control, numerous ecosystems are 
inherently modular, expandable, and most importantly open-
source. The most widespread ecosystem is based on the 
Arduino open-source electronic prototyping platform, which 
is used in a wide range of education, from elementary school 
to engineering education. The paper [2] presents the design 
of an educational cheap mobile robot that is suitable as an 
educational tool in classrooms and laboratories and e-
learning through Massive Open Online Courses (MOOC). 
Furthermore, [3] presents an open-source extensible robot 
platform whose control system is based on the widespread 

Raspberry Pi single-board computer, and whose software 
infrastructure is based on the Robot Operating System 
(ROS). In the aforementioned research, an overview of 
frequently used robotic platforms in education is presented, 
from which it is evident that mobile robots with differential 
drive configurations are mostly used. 

In earlier research, educational mobile robots were 
considered for use in research and engineering education, 
such as the low-cost robotic vehicle described in the [4]. 
Considering the high price and limited functionality of the 
platforms used in the former phase of STEM education, [5] 
presents a cheap and very affordable robotic platform 
consisting of commercial components to facilitate robotic 
projects and further development of robotics. Commercial 
chassis that make up the robot systems were used in the 
mentioned works. In contrast to such an approach, [6] 
presents the hardware part of an educational mobile robot 
platform that enables the development of interesting and 
special applications using various expansion modules. 
Furthermore, [7] shows the creation of a robot chassis 
controlled by a mobile application that serves as a tool for 
teaching coding. In the above works, the mobile robot is 
based on a differential drive configuration. In addition to this 
most commonly used drive configuration, [8] presents a 
prototype of a mobile robot that represents an 
omnidirectional configuration. A robot rapid prototyping 
approach is proposed to implement different architectures 
and modules for robotic systems integrating hardware and 
software. Although the keywords in the listed references 
include modularity, this can be said mainly from the aspect 
of the software, i.e., the control part of the robot system. 

In the full sense of the word modular, i.e., both from the 
software and hardware aspects, robotic structures that can be 
integrated for research and mostly engineering education at 
the graduate level have been researched and presented. Paper 
[9] describes a low-cost modular multipurpose robot 
intended for engineering students for research and education 
in the field of mechatronics and robotics. Such a platform is 
suitable because it encourages creativity and imagination and 
ensures the practice of fundamental control laws. 
Furthermore, [10] presents the development and integration 
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of the moreBots modular robotic system in education, which 
can be used as a tool in learning through play. The modular 
robotic system intended for creative learning, presented in 
[11], is considered for different user groups in the form of 
integration into everyday teaching. The system consists of 
independent modules that are equipped with actuators and 
sensors, and by assembling those users get a wide range of 
robotic designs. In paper [12], a new design of an inexpensive 
mobile reconfigurable modular robot is presented, which is 
intended for rapid development and testing of algorithms. 
Among other rapid prototyping technologies, mostly 
Additive Manufacturing (AM) was used in the development 
of the aforementioned modular robots. AM technologies 
have contributed to greater momentum in the field of 
educational robotics, as a new approach to the development 
of various robotic platforms and low-cost modules, such as 
the proposed 3D printed modules in [13]. The paper [14] 
presents the iterative process of developing a robotic 
educational platform for the Internet of Things (IoT) 
applications using 3D printing. 

This paper discusses an educational modular robotic 
platform that can be used in a wide range of education, from 
elementary, and secondary school to engineering education. 
The open-source architecture of the system based on modules 
with selected take-off-the-shelf and low-cost components is 
presented. Experimental measurement of the drive 
components was carried out to identify the parameters of the 
modular robot drive configurations. Then a mathematical 
model of the robot, the so-called Unmanned Ground Vehicle 
(UGV), was developed, suitable for implementation in a 
software package with the aim of performing simulations and 
experiments. The main focus of the work is on the design and 
development of a novel modular brick-based robot chassis 
that can be manufactured cheaply, can be easily repaired and 
maintained, and is highly expandable with other modules. 
Chassis parts are constructed in the design phase using a 
CAD software package and then manufactured using AM 
technologies in the prototyping phase. After assembly, in 
order to validate the proposed modular robot platform, three 
versions of the robot with three different control ecosystems 
were tested. 
 
2 EDUCATIONAL MODULAR ROBOT SYSTEM 

ARCHITECTURE  
 

Given that mobile ground robots or UGVs are used in a 
wide range of applications, it is important to prepare users of 
STEM education for future jobs and challenges in the field of 
mechatronics and robotics. The most common configuration 
of such a robot is the mentioned differential drive, which is 
also widespread in education. One of the frequently used 
commercial platforms is the mBot robot [15], suitable for 
increasing the basic knowledge in programming and robotics 
at the elementary school level. But there are also real needs 
for the implementation of other configurations, such as so-
called omnidirectional robots, given that their applications 
are widespread in the industry, such as KUKA omniMove 
robots used to assemble trains [16]. A fundamental 
requirement in the robot design phase is an open-source 

system architecture based on low-cost and take-off-the-shelf 
components that make up individual robot modules. The 
robot can be divided into a control module, a drive module, 
an energy module, a sensor module, and additional 
equipment that integrates with other robot modules. The 
chassis of the robot connects the components, where the main 
goal is to enable the easy and quick connection of modules 
into the functional assembly of the modular robot. 
 

 
Figure 1 Diagram of differential configuration with remote control 

 
The main component of the control module is the control 

unit, which essentially interprets the data from the sensors 
and, based on the control algorithm executed on it, sends 
control signals to the actuators of the drive module. This 
completes the basic control cycle sense-plan-act. Numerous 
open-source ecosystems are used in STEM education, and in 
this paper, in the testing phase of the modular platform, three 
types of control units that are suitable for integration into 
different levels of education are used, starting with BBC 
micro:bit, Arduino, and Pixhawk control unit, furthermore, 
ESP32 is considered for future application. Regardless, the 
control module encompasses remote control components, 
which communication methods rely on Bluetooth, radio 
control (across various frequencies), WiFi modules. More 
advanced control modules are further equipped with a 
telemetry link. There are also so-called shields that enable 
simple connection of different elements of the control 
module, sensor and drive components, and power supply 
with integrated different voltage levels. The sensor module 
should be compatible with the control module and power 
supply. Simpler versions of the sensor module, which are 
used mainly at the elementary school level of education, 
consist of distance sensors and IR sensors for line following. 
More advanced sensor modules suitable for use at a higher 
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level of education can consist of vision systems that enable 
Simultaneous Localization And Mapping (SLAM). The 
system diagram of the robot differential configuration, whose 
control module consists of an Arduino Nano board and a 
Bluetooth HC05 for remote control of the robot is shown in 
Fig. 1. 

The locomotion mechanism affects the path planning, 
and the choice of mechanism often depends on the type of 
terrain for which the robot is intended. For the robot 
differential configuration, these are usually wheels or tracks 
for specific tasks. In this paper, the main focus is on the 
design of the modular chassis of the drive module, which, in 
addition to the standard differential configuration, enables 
the integration of an omnidirectional drive. The main 
component is the actuator, which has the task of converting 
the input electrical energy coming from the energy module 
(power supply) into mechanical outputs, i.e., angular 
velocity. In the proposed design, continuous servo motors 
were considered as they are available at a relatively low price 
and have a wide range of performances. Furthermore, they 
come in a very compact form, containing an electric motor, 
driver, and gearbox. Also, this type of actuator is used in 
other types of robots, such as educational robotic arms or 
Unmanned Aerial Vehicles (UAVs). The energy module 
essentially consists of batteries and additional elements for 
the distribution of electricity. For measurement purposes and 
in the validation phase of the proposed robot, two types of 
batteries are used, Nickel Metal Hydride (NiMH) and 
Lithium Polymer (LiPo) batteries. In order to identify the 
parameters of drive configurations, experimental 
measurements of the considered servo motors were carried 
out, the basic characteristics of which are shown in Tab. 1. 
Measurement results in the form of the characteristics of the 
Revolutions Per Minute (RPM) in relation to the Pulse Width 
Modulation (PWM) are shown in Fig. 2. 
 

Table 1 Considered continuous servo motors 

Continuous servo Size (mm) Weight 
(grams) 

Operating 
voltage (V) 

S1 HITEC HSR-1425CR 40.6 × 19.8 × 36.6 41.7 4.8 – 6.0 
S2 FEETECH FS5103R 40.8 × 20.1 × 38.0 36.0 4.8 – 6.0 

S3 PARALLAX High 
Speed 40.6 × 19.0 × 41.0 42.0 6.0 – 8.4 

S4 PARALLAX 
Feedback 360 40.0 × 20.0 × 37.2 40.0 5.0 - 8.4 

 

 
Figure 2 Characteristics of the four considered servo motors - revolutions per 

minute as a function of the input PWM signal 
 

3 MATHEMATICAL DESCRIPTION OF THE UGV ROBOT 
 

The modular UGV robot can be applied in a wide range 
of education, which is important from the aspect of preparing 
pupils, but also students for future technicians, engineers, and 
researchers. This type of robot exists in two-dimensional 
space and has three Degrees Of Freedom (DOF), position (x, 
y), and orientation (ψ) since the assumption is that it moves 
on a flat surface. For the purpose of mathematical 
representation, it is necessary to define two Cartesian 
reference coordinate systems. The base coordinate system 
(Earth frame) ℱE, {OE, XE, YE}, is attached to a stationary 
point on the Earth's surface where the position and 
orientation of the UGV robot are defined. Next, it is 
necessary to define the coordinate system of the robot, the so-
called body frame ℱB, {OB, XB, YB}, which is attached to the 
robot chassis. 
 
3.1 Kinematics of the Differential Drive Configuration 
 

A mobile robot with a differential drive configuration 
due to the simple principle of operation is applied in a wide 
range of STEM education from the earliest age. Such a 
configuration most often consists of two actuators (electrical 
drives) whose arrangement enables rotation in place without 
changing position. The rotation of the robot, i.e., the heading 
angle, is determined by the differences in the angular 
velocities of the left and right actuators, on which, e.g., a 
wheel or a caterpillar drive element is mounted. A robot with 
a differential configuration belongs to non-holonomic robots 
[17] that do not have independent control of each of the 
variables (DOF), therefore, they perform complex 
manoeuvres to reach the desired state. Differential 
configuration robot parameters and variables, alongside 
reference coordinate systems, are shown in Fig. 3. 
 

 
Figure 3 Differential drive configuration kinematic model 

 
The kinematics of the differential configuration mobile 

robot is often described using the Unicycle-Type Wheeled 
robot model [18]. The robot velocities with respect to the 
earth frame are given with equations: 
 

cos ,  sin ,  ,x v y vψ ψ ψ ω= ⋅ = ⋅ =                                  (1) 
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where v is the translational and ω is the rotational velocity of 
the robot with respect to the body frame, vB = [v  ω]T. The 
problem of direct kinematics describes the mapping of the 
velocities of the left and right wheels Ω = [ωL  ωR]T, which 
represent the input of the model, to the translational and 
rotational velocities of the robot, which represent the output 
of the model, and is given by the following expression: 
 

B 4 4 .

2 2

L
R

R

d d

d d
l l

ω
ω

 
   

= =    
   −  

v Γ Ω                                       (2) 

 
The mapping is described through the drive allocation matrix 
ΓR, which is defined by the configuration arrangement, in this 
case by the distance between the drive wheels l, and by the 
actuator parameters, in this case, wheel diameter d. 

From the aspect of implementing robot control, it is 
necessary to map the translational and rotational velocities of 
the robot to the angular velocities of the left and right wheels, 
which represents the problem of inverse kinematics and is 
given by the following expression: 
 

1 B

2

.
2R

l
vd d

l
d d

ω
−

 
   

= =    
   − −  

Ω Γ v                                       (3) 

 
Among different types of electric motor drives, in this 
proposed design, servo motors with continuous rotation were 
considered. When implementing system control, it is 
necessary to adjust the control variables to the signal sent to 
the actuator. The model presented in this way can be easily 
implemented in a software package for performing 
simulations and implementing experiments on robot control. 
 
3.2 Kinematics of the Omnidirectional Drive Configuration 

with Mecanum Wheels 
 

Holonomic robots have the ability to independently 
control each DOF variable. Unlike the conventional 
differential configuration, so-called omnidirectional robot 
configurations allow the performing of more complex 
movements in 2D space (on the surface). Such UGV 
configurations consist of a minimum of three actuators. 
Wheels that enable omnidirectional motion are the key 
assembly of the holonomic drive configuration. The 
geometric arrangement and wheel type depend on the number 
of actuators. The most common are configurations with three 
actuators consisting of so-called omnidirectional wheels [8], 
and configurations with four actuators consisting of 
mecanum wheels [19]. Due to the considered modular 
approach, the configuration with four actuators is further 
discussed in this paper. The velocities of the omnidirectional 
robot with respect to the earth frame, [ ]T    x y ψ=ε   are 
defined by the following expression: 

B
cos sin 0
sin cos 0 ,

0 0 1

x

y

v
vψ

ψ ψ
ψ ψ

ω

 − 
  = =   
     

ε R v                          (4) 

 
where vx is the translational robot velocity in the XB axis, vy 
is the translational velocity in the YB axis and ω is the 
rotational velocity of the robot with respect to the body frame 
as shown in Fig. 4. 
 

 
Figure 4 Omnidirectional drive configuration kinematic model 

 
The translational and rotational velocities form the 

vector vB = [vx  vy  ω]T, and they depend on the geometric 
arrangement of the actuators, the parameters of the mecanum 
wheel, and the angular velocities of each wheel, Ω = [ω1  ω2  
ω3  ω4]T, which represents the input of the model. More 
detailed descriptions of kinematics have been presented in 
numerous works, such as [20, 21]. The problem of direct 
kinematics of an omnidirectional configuration can be 
defined by the following expression: 
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where the distance between the drive wheels is l, the distance 
between axes is L, and by the actuator parameters, in this 
case, wheel diameter d, where the angle of the rollers is 45 
degrees. For the inverse kinematics problem of the 
considered omnidirectional configuration, it is necessary to 
make a pseudoinverse since the allocation matrix is not 
square. Inverse kinematics can be defined by the following 
expression: 
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4 DESIGN PROCESS AND DEVELOPMENT OF PRINTABLE 

MODULAR ROBOTIC PLATFORM 
 

In the design phase of the educational robotic platform, 
it is necessary to select the components and technologies for 
prototyping affordable low-cost robotic platforms. By 
choosing a control subsystem based on open-source 
ecosystems that can be programmed, the educational 
character of the platform is enabled. Groups of components 
form control, sensor, drive, and energy modules. The system 
itself is scalable, which enables the realization of various 
learning outcomes at different levels of STEM education and 
enables integrated education of engineering systems. 
 
4.1 Design Considerations for a Modular Robotic Platform 
 

The main focus of this work is on the design and 
development of a modular brick-based robot chassis, where 
each module combines 3D-printed parts with available 
standard electronic and mechanical components. The 
proposed approach enables the development of a highly 
expandable and versatile robotic platform. In order to realize 
the idea, it is necessary to carry out several phases, basically 
using software packages for 3D modelling and model 
preparation and a 3D printer for prototyping parts of the 
system. SolidWorks software package was used in the 3D 
modelling design phase. For the prototyping of parts, Fused 
Deposition Modelling (FDM) technology was considered 
since it is much cheaper compared to other AM technologies. 
Regardless of the AM technology, the process of designing 
and developing a mechatronic system is essentially the same 
as presented in [22]. The Prusa Slicer software was used for 
the preparation of parts and the Prusa i3 MK3S 3D printer for 
the parts prototyping. Key steps in the design phase of the 
robot chassis are shown in Fig. 5. 
 

 
Figure 5 Robot part design phase 

 
 

 
Figure 6 Drive module brick configurations 

 

 

 
Figure 7 Differential configuration: (a) Drive and energy module exploded CAD 

model, (b) Assembled caterpillar platform 
 

An approach to modular design in an educational sense 
can be presented through two production paradigms: mass 
customization and mass individualization. Paradigms refer to 
both, software and hardware, i.e., the structural parts of the 
assembly. In the field of STEM education, the second 
paradigm of mass individualization/personalization is of 
interest, which is enhanced by the use of 3D printing. 
Therefore, pupils/students will be able to participate in 
improving the design and creating their own constructions 
according to their needs, perfecting their knowledge. In order 
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to obtain complete open architecture products, not only 
product modularization is needed, but also interface 
compatibility. The platform and the module must have 
certain constraints and relationships, for the system to be 
valid. By replacing or adding a module the functionality of 
the robot changes, e.g., the different types of drive 
configurations can be used to adapt to different types of 
terrain (Fig. 6). Furthermore, different sensors can be used 
that can communicate with different control ecosystems, 
which changes the functionality of the overall system. 

The development of the platform is actually an iterative 
process because the stages of construction, prototyping, and 
testing are repeated in order to eliminate design flaws and 
make further improvements. The basic assembly of the 
platform consists of a drive module with associated actuators, 
an energy module that basically consists of a battery, and a 
control and sensor module, depending on the level of 
education. The proposed design of the robot platform enables 
the rapid assembly of the functional robot. Exploded CAD 
model of the conventional differential configuration drive 
and energy module is shown in Fig. 7a. The differential 
configuration with the wheels consists of a freewheel that can 
be purchased, or it can also be prototyped using FDM 
technology. Such a basic platform can be further expanded 
with caterpillar elements. To assemble such a platform, it is 
necessary to replace the wheels with the caterpillar drive 
element, which is shown in Fig. 5, and it is necessary to 
expand the assembly with additional wheels that rotate freely 
and carry the tracks. Caterpillar tracks are affordable, a pair 
costs less than 10 euros, but they can also be prototyped. 
Assembled caterpillar platform ready for testing is shown in 
Fig. 7b. 
 

 
Figure 8 Omnidirectional configuration drive and energy module CAD model 

 
The omnidirectional configuration of the robotic 

platform consists of two drive modules equipped with 
mecanum wheels. For this configuration, a mecanum wheel 
assembly is presented, consisting of printed parts and metal 
pins around which the wheel rollers rotate freely. The rollers 
are placed at an angle of 45 degrees, and the prototyped 
wheel consists of a total of eight rollers. The presented design 
significantly lowers the price of the robot, considering that 
such wheels are relatively expensive, and additional 
adaptation is required to fit the existing elements of the drive 
module. It is important to note that the layout of the 

connections of the drive module is considered, which in 
further work will enable the connection with the control and 
energy module through an element that represents a shield. 
The omnidirectional robot CAD model of the drive and 
energy module is shown in Fig. 8. 

The price of the platform depends on the selected 
components. For instance, the servo brick can include two 
continuous servo motors (S2 – Tab. 1), priced at around 10 
euros each, or two S4 motors, around 30 euros each. The 
materials for printing parts of the drive module brick, as seen 
in the Fig. 6, vary from three to six euros per assembly. The 
overall platform cost, for instance based on the ESP32 
development ecosystem with the accompanying basic sensor 
package, the drive module brick module featuring two S2 
motors and drive wheels, and the associated battery module, 
is below 50 euros per unit. Control modules utilizing Arduino 
and BBC micro:bit ecosystems are two to three times more 
expensive. Nevertheless, the material cost for proposed 
robotic module parts represents only a fraction of the total 
price. 
 
4.2 Experimental Validation of Modular Robotic Platform 

Prototype 
 

After assembly, in order to validate the proposed 
modular robot platform, tests of three versions of the robot 
with three different control ecosystems were carried out, as 
shown in Fig. 9. First, the basic configuration of the 
differential wheel drive in combination with the BBC 
micro:bit ecosystem was tested. A sensor module was used 
to track the line (Fig. 9a), which is one of the characteristic 
tasks at the elementary school level of education. This 
ecosystem can be programmed by block-based visual 
programming language (SCRATCH) or using Python, so it is 
suitable for a wider spectrum of integration into education. 
Furthermore, the caterpillar platform was tested in 
combination with the Arduino ecosystem, as shown in Fig. 
9b, where remote control of the robot using a Bluetooth 
module and an Android application is utilized. 

Finally, an omnidirectional robot was tested in 
combination with the PX4 module, which was used in 
previous work as a control module for UAV [23]. In the 
MATLAB software package, an experimental firmware was 
created in which the allocation for the omnidirectional 
configuration was implemented and the remote control (radio 
control) was tested, as shown in Fig. 9c. 

It is planned to hold a workshop for pupils of the 7th and 
8th grades of elementary school, where the differential 
configuration based on the BBC micro:bit ecosystem will be 
used. The preliminary demonstration workshop was 
successfully held. To conduct workshops for pupils of 
technical secondary schools, a platform based on the Arduino 
ecosystem with associated sensors and modules will be used. 
Regarding engineering education, the plan is to implement a 
modular robot platform through the mobile robots course, 
where the control module of the robot will be based on the 
ESP32 ecosystem with a companion Raspberry Pi on-board 
computer. 
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Figure 9 Experimental validation: (a) Differential configuration with wheels in 

combination with BBC micro:bit ecosystem, (b) Differential configuration with a 
caterpillar in combination with Arduino ecosystem, (c) Omnidirectional configuration 

in combination with PX4 ecosystem 
 
5 CONCLUSION 
 

In this paper, the design process of a modular UGV 
robotic platform intended for STEM education is proposed. 
Besides modularity, the convenience of the proposed 
educational robotic platform is the usage of commercial off-
the-shelf and open-source components. A prerequisite for the 
implementation of simulations and real tasks is knowledge of 
system parameters, which is particularly important for the 
proper platform control and selection of drive actuators. The 
characteristics of considered servo motors were presented 
based on conducted experimental measurements. A novel 
modular UGV robot platform was mathematically described, 
and the model implemented into the software package 
enabled the execution of simulations and experiments. The 
parts of the chassis that make up the robot assembly were 
made using FDM technology, and experimental testing was 
carried out. The presented novel modular platform is 
validated for three drive module assemblies in combination 

with three control ecosystems. In future work, it is planned 
to implement workshops at three levels of education: 
elementary school, secondary school, and undergraduate 
degree. 
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Identification of LSA Data Retrieval Method and Temporal Graph for Document Retrieval 

Shahla Rezvani, Nader Naghshineh*, Ahmad Khalilijafarabad 

Abstract: The field of expert finding has seen a large number of approaches proposed both in universities and in industries, using a variety of new techniques in relevant data 
fields. This study tends to identify information retrieval method of latent semantic analysis and temporal graph for document retrieval. In this study, citation occurrence and author 
occurrence are independent variables and scales of expert author finding are dependent variables. The method used to evaluate judgment of document and author relevance in 
the test set formation phase is more similar to survey methods. Library method is used to study theoretical foundations and judge literature. This study has three populations: a) 
test set documents; b) people who make queries and judge relevance of retrieved documents; c) people who judge relevance of the retrieved experts. To measure judgments of 
document relevance, a method similar to peer tests is used. Among the retrieved results, repeated results are placed to determine accuracy and reliability of the judge. The degree 
of correlation obtained in this method is very high (0.98), indicating the reliability of the results. Regarding the results of the current study on application of latent semantic indexing 
(LSA) information retrieval model, which was ultimately used to retrieve expert authors, the performance of LSA-based retrieval model outperformed the baseline model. This was 
evident from the obtained metrics, including precision at the top 5 results (p@5) with a value of 0.895, mean average precision (MAP) of 0.839, and mean reciprocal rank (MRR) 
of 0.909. The improved retrieval performance can be attributed to the superior performance of the dimension reduction method compared to keyword matching. 

Keywords: expert finding; expert retrieval; information retrieval; information systems; temporal graph; test set 

1 INTRODUCTION 

Latent semantic indexing (LSA) was one of the solutions 
that emerged to solve problems of vector space model. 
Vector space model is one of several methods for detecting 
similarity between two documents, which was developed by 
Salton in 1975 [1]. Vector space model treats dissimilar terms 
as irrelevant items. This, i.e. mismatch of terms, is the main 
problem of vector space model. The second drawback of 
these models is formation of a large and scattered phrase-
document matrix, occurring in large document sets which 
requires a large storage space, and its processing and 
calculation time is also long. To solve these problems, one of 
the branches of this model called LSA is used, which has 
become popular in recent years [2, 3]. Latent indexing was 
first used by a group of scholars, Deerwoster et al. at Bell 
Corporation, for information retrieval [4] and was called 
latent indexing. The reason why scholars use the word 
‘latent’ is that new statements that represent semantic 
information are not found directly from documents, but are 
the result of examining the set of documents and using the 
mathematical method called singular value decomposition 
(SVD). LSA assumes that usually the entire semantic content 
of a text such as paragraph, abstract or entire document is 
approximately equal to sum of the meanings of its words. 
Stable meaning of word representations can also be obtained 
from a large document set by considering each text as a linear 
equation of the entire set of documents in the form of a 
system of concurrent equations [5-7]. Yih et al. [8] showed 
that LSA improves vector space models by preferring the 
semantic concept of evidence over its words. In LSA, unlike 
document vector models that assume independent terms and 
words, different levels of correlation, dependence or 
connection are considered for them, and these connections 
between terms are characterized by formation of a new set of 
statements using statistical SVD method. In latent semantic 
space, a question and a document can also have a great cosine 

similarity even if they do not have a common statement. 
Because their statements are semantically similar, while this 
is not possible in vector models. The most important strength 
of LSA is retrieval efficiency based on user question, which 
is achieved through matrix calculation. As by using this 
method, relevant documents are retrieved even if the words 
of document content do not match with each other [9, 10]. 

Temporal information retrieval is presently a subject of 
study in the realm of information retrieval. Given the 
extensive amount of data available on the internet and the 
significant impact of time on document contents, procuring 
pertinent information becomes a formidable task. Traditional 
information retrieval approaches that are based on thematic 
similarity are not sufficient for searching the set of temporal 
documents. Time dimension of the documents available in 
the documents should be associated with the ranking of the 
documents for efficient retrieval. The objective of an 
information system is to detect documents that are relevant 
to a given query. However, the challenge lies in the fact that 
documents are influenced by time and continue to 
accumulate, resulting in a substantial number of irrelevant 
documents in the retrieved set. Consequently, users are 
compelled to invest more time in searching for documents 
that fulfill their information requirements. With the 
continuous influx of information in the digital realm, the 
incorporation of time as a crucial factor becomes significant 
for a wide range of searches [11, 12]. Kanhabua and Nørvåg 
[13] analyzed query logs and showed that a significant 
fraction of queries is temporal, that is, time-dependent 
relevance, and temporal queries play an important role in 
many fields such as digital libraries and document archives. 
There are two categories of temporal queries: 1) Those that 
provide a certain time criterion; and 2) those that are 
presented without time criterion. In this particular case, 
candidates who have retired or are no longer alive will not be 
retrieved. The introduction of the concept of graph and the 
subsequent development of graph theory are considered 
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groundbreaking accomplishments in the fields of 
mathematics and various disciplines over the past few 
centuries. There are innumerable and numerous applications 
for graphs across a wide range of scientific disciplines, 
ranging from maths to computer science to chemistry to 
biology, to name a few. These domains inherently present 
significant problems that can be effectively represented and 
explored through the use of graphs. A temporal graph, as 
defined by [14], is a data structure comprising nodes and 
edges that are associated with time labels. There are two 
types of temporal graphs: those that undergo changes over 
time and those that do not. The temporal graph can be thought 
of as one in which time is discretized, in which only the 
relationships between participants may change instead of the 
different types of entities [15]. In the current study, the 
candidates who have retired may no longer have any 
publications in the considered field, and as a result, updated 
information is not available to the users. Considering the 
rapid changes that occur in the world of information and the 
passing of a few years reduces useful life of information, it is 
necessary to retrieve candidates who have up-to-date 
publications on the subject needed by users. This also applies 
to non-living candidates. 

Latent semantic analysis [4] converts queries and 
documents into a latent semantic space. Cosine similarities 
can be found between queries and documents (cosine of the 
angle between two vectors, the closer it is to 1, the smaller 
the angle between two vectors), even though they have no 
common term; but as long as their terms have semantic 
similarity, this applies. Latent semantic space has less 
dimensions than latent space [16, 17]. Therefore, LSA is a 
method to reduce dimension. A temporal graph for document 
retrieval is presented in this study in order to identify the LSA 
information retrieval method. 
 
2 LITERATURE REVIEW 
 

Graphs easily present a series of objects and a set of dual 
relationships between them. These graphs commonly display 
bidirectional relationships, accompanied by supplementary 
details. As an illustration, consider a graph that represents a 
collection of cities interconnected by roads, where each edge 
(C1, C2) includes information on the average travel time 
from city C1 to C2. Similarly, in a graph designed to establish 
connections between atoms within a molecule, edges may 
contain additional data on bond order or bond strength. Such 
scenarios can be modeled using weighted, or more generally, 
labeled graphs, where each edge (and sometimes node) is 
assigned values from specific domains, such as the set of 
natural numbers. An example of a well-studied and 
extensively explored type of labeled graph is graph-coloring 
regions [18-20, 39]. A temporal graph is also known as a 
dynamic and evolutionary graph and can be informally 
described as a graph that changes with time. In terms of 
modeling, they can be considered as a special case of labeled 
graphs in which the labels include some time measurements. 

Numerous applications and areas of research have 
identified the potential benefits associated with the 
development of a comprehensive collection of results, tools, 

and techniques for temporal graphs. Various types of 
networks, including but not limited to information and 
communication networks, social networks, transportation 
networks, as well as several physical systems, lend 
themselves naturally to being represented as temporal graphs. 

A graph includes two sets; a non-null set of nodes or 
vertices and a set of edges that connect the vertices. Assume 
cities of a country as vertices and the roads between them as 
edges of a graph. A name is assigned to each vertex or each 
edge of the graph. A null graph is a graph that contains only 
vertices and its set of edges is empty, that is, it has no edges. 
A graph can be directed or undirected. A directed graph is a 
graph in which direction of each edge is determined. In a 
directed graph, order of the vertices in each edge is important, 
and the edges are drawn with arrows from the first vertex to 
the end vertex. In an undirected graph, one can move between 
vertices in both directions, and order of the vertices does not 
matter (Fig. 1). 

 

 
Figure 1 Types of graphs 

 
Maximum number of edges in a simple directed graph 

with n vertices is n × (n ‒ 1). 
Maximum number of edges in a simple undirected graph 

with n vertices is equal to n × (n ‒ 1)/2.  
 

2.1 Expert Finding 
 

If technology is to strengthen the effective use of a wide 
range of knowledge, organizations should be able to not only 
use access to open and documented knowledge, but more 
importantly, they can also take advantage of tacit knowledge 
that other people have [35-38, 40-43]. By increasing the 
visibility and traceability of such knowledge, the knowledge 
can be analyzed and shared for strengthening the formation 
and sustainability of virtual organizations and companies, 
scientific communities, expert networks, etc. Yimam-Seid 
and Kobsa [21] identified two motives for expert finding, 
which are: 1) expert as a source of information; 2) expert as 
someone who is able to perform organizational or social role. 
Different situations where an expert is searched as a source 
of information are as follows: 
1) Access to undocumented information. All the 

information within the organization is not fully 
documented; most of important information is gained 
through internships, experiences, and informal 
conversations. In many new situations, documented 
information is rarely helpful. Sometimes, the required 
information is not available to the public due to various 
economic, social and political reasons. 

2) Specification of information needs. The information that 
users need is often not clear and specific. Therefore, it is 
necessary for them to consult with an expert to determine 
exactly what their information needs are. 
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3) Relying on expertise of others. Users often tend to spend 
less effort and time to find the information they need. 
This makes them use experts to select useful information 
from the huge amount of information. 

4) Needs interpretation. In many cases, users are not 
interested in the information itself, but rather in its 
applications or interpretations. In some cases, they are 
not able to understand the retrieved information. In this 
situation, they turn to experts to interpret or understand 
the information. 

5) The need to socialize. Users may raise their information 
needs with humans instead of interacting with 
documents and computers. 
To satisfy the second type of motivation, those experts 

are required who are able to perform a specific task or role in 

the organization. In these cases, there is a need for those who 
have a certain type of expertise necessary to play a role in 
special situations. This occurs when inclusion of an expert in 
a specific activity or continuous cooperation between him 
and the searcher is considered. Examples include: 
1) Searching for a consultant, employee or contractor, 
2) Searching for a colleague, team member, committee 

member, or judge of journal and conference articles, 
3) Searching for an expert speaker, lecturer, researcher, and 

interviewee for the media. 
 
Searching for experts as a source of information is 

considered "information need", and searching for experts for 
the purpose of entrusting them with a role or task is 
considered "expertise need". 

 
Table 1 Relevant research studies 

No. Authors Result 

1 Karimzadehgan et al. [22] 
An algorithm was proposed to enhance the performance of expert finding systems by considering not only the expertise of 
an individual but also the expertise of their peers. The experimental results demonstrated that incorporating this 
supplementary information resulted in improved retrieval performance for the expert finding system. 

2 Macdonald [23] 
Effective document retrieval approaches have a positive effect on performance of voting techniques. Finally, this thesis 
states that the proposed model can be used to search for other people such as bloggers in the environment of blogs, and to 
suggest judges for papers submitted to conferences. 

3 Daud et al. [24] 
Occurrence of topics (probabilistic semantic classification of words) and correlation changes throughout time, while 
meaning of a specific topic remains almost unchanged. The results significantly show superiority of subject time general 
modeling approach over modeling approach that was not based on effect of conference and information time. 

4 Smirnova & Balog [25] 
To test their proposed algorithm, researchers used a real test set created from interactions of employees at the Tilburg 
University level, and the results showed that substantial progress has been made in all retrieval measures in the basic 
approach. 

5 Omidvar et al. [26] 
Novelty of this study is to find semantic relevance of the posts using text mining technique and semantic similarity 
provided by using WordNet. Evaluation tests were used to calculate precision of the proposed method and compare with 
other methods, and the results showed that it performed better. 

6 Attapur [27] 

In document retrieval stage, performance of other models was not significantly different from each other except for the 
Hiemstra linguistic model, which had a weaker performance compared to other models. Therefore, documents retrieved by 
any of the vector space models, Dirichlet language model, Okapi BM25 probabilistic model, PL2 model, and DLH13 
model can be used to extract and rank authors. 

7 Lipani [28] 

The research article focused on the aim of studying biases in information retrieval systems. The thesis emphasized the 
reduction of retrieval systems to filters or sampling processes as a means to systematically investigate these biases. By 
approaching retrieval systems from that perspective, the researchers aimed to uncover and understand the various biases 
present in these systems. That knowledge could lead to the development of more effective and unbiased retrieval systems 
in the future. 

8 Wu et al. [29] 

This research paper aimed to address the retrieval of interns from CQA (Community Question Answering) websites. To 
identify suitable candidates for internship programs in companies, it introduced the notions of generalist and shape of 
expertise. The researchers conducted experiments using three test collections extracted from StackOverflow, comparing 
the effectiveness of their models against several baseline approaches. They presented retrieval models and assessed their 
performance using specific measures, highlighting their effectiveness compared to baseline methods. 

 
It is shown in Tab. 1 that all works examined estimate 

the relationship between search queries and supporting 
documents concerning expertise retrieval using the 
occurrence of query terms in those supporting documents for 
the search queries. These models are not capable of semantic 
relevance. By using these models, if there are candidates 
really related to query and query words are not used in their 
respective supporting documents, but they contain words 
synonymous with the query words, they will not be 
considered as expert in that query. Subject-based models tend 
to solve this problem. The goal of these models is to 
somehow include the concept of meaning in the retrieval 
process. Two people with different words may describe a 
subject. Because of this, different people are introduced as 
experts for a specific query raised by different people. 
Usually, to calculate the degree of relevance of a document 
to a query, frequency of occurrence of the words of a query 

in the document is considered. If words other than query 
words with the same concept are used in the text, they are not 
considered as relevant words. This has a negative effect on 
calculation of relevance of a document to the query. As a 
result, it is necessary to consider multiplicity of meanings 
(one word with multiple meanings) or synonyms (different 
words with the same meaning) for words when calculating 
the degree of relevance of a document to a query. These 
descriptions show the challenges that exist in the expert 
finding process based on subject. 

In this study, the supporting documents are the articles 
published by the authors, and the time factor or the date of 
publication of these articles is also considered as an 
important feature, which can be similar to giving different 
weights to different sources of expertise; of course, a time 
graph was used to include it. 
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3 RESEARCH METHODOLOGY 
 

In this study, citation occurrence and author occurrence 
are independent variables and expert finding scales are 
dependent variables. In a typical classification, experimental 
research is divided into three types: real, preliminary and 
semi-experimental. The current study is also consistent with 
characteristics of a single-stage case study of preliminary 
experimental research subsets; it can be considered 
preliminary experimental research [27]. The method used to 
evaluate judgement of document and author relevance in the 
test set formation phase is more similar to survey methods. 
Library method is used to study theoretical foundations and 
literature. 

This study has three populations: a) test set documents; 
b) people who make queries and judge relevance of the 
retrieved documents; c) people who judge relevance of the 
retrieved experts. The test set consists of a huge set of 
documents and has three components: set of documents, a set 
of subject elements (queries), and a set of relevance 
judgements [30]. Document set that makes up the main body 
of the test set is the first population. These documents consist 
of English articles in the field of information science and 
librarianship that have been indexed under the subject of 
information science and librarianship in the Web of Science 
database from 1989 to 2018 (N = 126924). Queries created 
by users were presented to all these articles and no sampling 
was done among the above articles. In order to make queries 
and make relevant judgements about the retrieved documents 
and authors, people should be selected who have knowledge 
of the query subject area and expert authors and have the 
ability to make relevant judgements about the retrieved 
documents. For this reason, graduates and postgraduate 
students of information science and epistemology of Tehran 
University will be selected as one of the populations.  

The third population consists of people who judge 
relevance about expert authors retrieved for each query. 
These people should have a comprehensive understanding of 
the query as well as experts in that subject. To judge 
relevance of the retrieved expert authors, ten queries are 
randomly selected from each of the queries and presented to 
eight people who are introduced by people of the second 
population. 

Various methods are used to calculate reliability 
coefficient of the measurement instrument, including re-run 
(retest method), parallel method (peer), split-half and 
Kudrichardson's method and Cronbach's alpha. To measure 
judgments of relevance of documents, a method similar to 

peer tests is used. For this purpose, repeated results are placed 
within the retrieved results to determine precision and 
reliability of the judge. The degree of correlation obtained in 
this method is very high (0.98) and indicates reliability of the 
results. To measure the relevance judgment of expert authors, 
parallel tests (simultaneous judgment of several people) is 
used. 
 
4     RESULTS 
 

To select the required number of components that 
represent maximum information available in the matrix, 
scree plot diagram is used, which according to the article 
presented for 250 components is as shown in Fig. 2. 
According to elbow position in Fig. 2, n = 100 for the number 
of components will be statistically precise enough to separate 
the subjects. 
 

 
Figure 2 Scree plot for determining the number of components 

 
The next step in this project is applying queries in the 

form of vector multiplication and finding relevant 
documents. In this method, the query is transformed into a 
vector with dimensions as long as the number of components 
of the above matrix based on the words in it and multiplied 
in each row of the result_transform matrix. The result gives 
us a numerical value, the larger it is, the closer it is to the 
relevant subject and, as a result, closer to content of that 
document (Tab. 2). 

Table 2 Comparison of three measures in LSA model and the basic model 
p@5 in LSA MAP in LSA MRR in LSA p@5 in DLH13 MAP in DLH13 MRR in DLH13 

0.895 0.839 0.909 0.887 0.567 0.903 
 

After inserting the stage packages, including Numpy and 
Pandas, as well as JGraph package for drawing the graphs, 
root folder is determined, that is, address of the storage 
location, and then results file is read again in the form of a 
data frame by Pandas. 

The "create-array" function converts the same variables 
into a list. Inside the parentheses is the query number. For 
example, if the number 100 is placed inside the parentheses, 
an array of author names, date of publication and citations of 
articles relevant to this query will be calculated. 
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In "get-names-year" function, main author name and 
year of publication are extracted from the references. 

In "get-auth-names" function, the list of all authors of the 
article is separated because it is in the form of a string. 

The "get-years" function extracts publication year from 
string mode and transforms it to list mode. 

The "get-unique-name" function removes duplicate 
names from the list and provides a set of non-duplicate 
names. 

The "draw_raph" function is for drawing graphs. Its sub-
function i.e. "ith_graph" calculates the ith function.

 

 
Figure 3 Temporal graph 

 
As shown in Fig. 3, authors whose publication year was 

not in the period from 2008 to 2018 were removed from the 
graph. 

In the following, authors should be retrieved whose 
works are published in the last ten years, because they lose 
their usefulness after ten or fifteen years, depending on the 
subject. Sciences that are mostly theoretical, such as 

mathematics, have a long half-life, and sciences that depend 
on new, up-to-date topics and technology, such as medicine, 
have a short half-life [44]. The minimum year is calculated 
from 2008. Then centrality measures, i.e. degree, closeness, 
betweenness and eigenvector centrality, followed by busy 
author, are calculated in the first hundred results. 
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The number of 10 queries from each study, a total of 20 
queries, were randomly selected and the specified experts of 
each study were given a score of zero or one by the third 
statistical population, which was consisted of 8 people. The 
basic model was given value 4 by the 1st person, value 5 by 
the 2nd person, value 2 by the 3rd person, value 4 by the 4th 
person, value 4 by the 5th person, value 5 by the 6th person, 
value 8 by the 7th person and value 5 by the 8th person. Time 
inclusion and temporal graph were given value 8 by the 1st 
person, value 7 by the 2nd person, 10 by the 3rd person, 9 by 
the 4th person, 9 by the 5th person, 9 by the 6th person, 7 by 
the 7th person and 8 by the 8th person. The results of expert 
relevance judgment are shown in Tab. 3 and Fig. 4.  
 

Table 3 Comparison of relevance judgement of the retrieved experts in the 
current model and basic model 

Current model N Basic model N 
1st person 7 1st person 4 
2nd person 8 2nd person 5 
3rd person 10 3rd person 2 
4th person 9 4th person 4 
5th person 9 5th person 4 
6th person 9 6th person 5 
7th person 7 7th person 8 
8th person 8 8th person 5 

Sum 67 Sum 46 
 

 
Figure 4 Comparison of the retrieved expert judgment in two models 

 
According to the diagram, the retrieved experts have a 

higher relevance judgment in the current model, except for 
one point. 

 
5     CONCLUSION  
 

This study tended to identify LSA information retrieval 
method and temporal graph for document retrieval. 
According to the findings, LSA retrieval model outperformed 
the basic model in terms of p@5 (0.895), MAP (0.839) and 
MRR (0.909). The reason for the improved retrieval 
performance using dimension reduction methods compared 
to keyword matching lies in the use of latent semantic 
indexing (LSI), which is a type of conceptual indexing that 
utilizes statistical methods such as least squares estimation. 
The aforementioned indexing is extracted by employing this 
statistical approach. As we know, there are various ways to 
express a word (synonyms), so it is possible for query words 
to not be matched with document words. Additionally, many 
words have multiple meanings (polysemy), making 

information retrieval based on the concept and meaning of a 
document a better approach. LSI assumes that there are 
hidden structures in the usage of words that are partially 
captured by selecting diverse words. Singular value 
decomposition (SVD) is used to estimate these structures. 
The vectors obtained statistically enhance the representation 
of meanings more than individual words. Other research 
results also indicate that document retrieval using keyword 
matching is weaker compared to other methods. 
Furthermore, the performance of proposed model in 
retrieving documents is more pronounced in larger document 
sets compared to smaller ones [31]; however, this was not 
investigated in the current study. The results showed LSA has 
a better performance [32, 33]. 

One of the limitations of this study was that full text of 
the test set documents was not reviewed. The presence of full 
text of articles may have a positive effect on performance of 
information retrieval models. However, Bogers, Kox & Van 
Den Bosch [34] showed that performance of information 
retrieval models is better when indexed documents contain 
only abstracts than when indexed documents contain full 
text. This greatly reduces the problem of negative effect of 
not using the full text. The lack of a thesaurus in the 
document retrieval system is not a limitation due to the nature 
of LSA retrieval model explained above. In the document 
retrieval stage, relevance of the documents was judged based 
on title, abstract and keywords of the articles, which are 
common in most information retrieval systems. Since the 
present study tended to use the retrieved documents in the 
next stage to find expert authors, presenting the author names 
might lead to bias of the judges. For this reason, author names 
were not included in the relevance judgment files. However, 
information retrieval systems can consider the effect of the 
presence of these items on relevance judgment of users. 

Based on the results of this research, the incorporation of 
temporal factors in expert finding and the utilization of social 
network indicators significantly enhance the performance of 
the method. The use of temporal factors to prevent the 
retrieval of individuals who are no longer active or have not 
published relevant works for an extended period has shown a 
significant improvement in the performance of the expert 
finding method compared to the baseline model. These 
findings can contribute to the enhancement of expert finding 
methods in the field of library and information science. 
Additionally, the use of social network centrality measures 
such as degree centrality, betweenness centrality, closeness, 
and eigenvector centrality as determining factors has also 
demonstrated a considerable improvement in the 
performance of the expert finding method compared to the 
baseline model. In the present study, ten queries were 
designed and sent to eight selected participants from the 
research population, and the results indicated that the use of 
the temporal graph and expert finding methods incorporating 
the factor of the highest number of published relevant works 
and the factor of social network centrality indicators yielded 
better performance. 

Developing an organizational expert finding system that 
relies on expert profiles involves leveraging the 
organizational hierarchy [45]. This approach allows the 
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prediction of relationships between managers, subordinates, 
and peers, as well as the identification of members with 
limited or no available information. The algorithm employed 
in this system takes into account not only the expertise of the 
individual members but also the expertise of their peers. 
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Improving Freedom of Visually Impaired Individuals with Innovative EfficientNet and Unified 
Spatial-Channel Attention: A Deep Learning-Based Road Surface Detection System 

 
Amit Chaudhary*, Prabhat Verma 

 
Abstract: Individuals with visual impairments often encounter substantial challenges navigating outdoor spaces due to their inability to perceive road-surface conditions. This 
study introduces an innovative method that harnesses deep learning to identify and categorize road surfaces, aiming to enhance the independence and mobility of the visually 
impaired. Leveraging the EfficientNetB0 model as a foundational framework and employing unified spatial-channel attention, we classified road surface images captured from a 
wearable camera. Through rigorous training and evaluation on a substantial dataset of road images, our modified system exhibited remarkable performance, accurately identifying 
road surfaces with an impressive 99.39% accuracy rate. This deep learning-driven approach holds promise as a pivotal tool for improving the autonomy and safety of individuals 
with visual challenges by providing instantaneous feedback on road conditions. 
 
Keywords: attention mechanism; deep learning network; EfficientNet-B0; pedestrian with vision limitations 
 
 
1 INTRODUCTION  
 

The World Health Organization (WHO) states that 
approximately 2.2 billion individuals experience visual 
impairments [1]. This poses significant challenges for 
visually impaired individuals, who struggle to navigate and 
interact with their surroundings. They lack environmental 
information and have difficulty recognizing objects and 
people, limiting their independence and access to important 
services. To tackle this issue, various navigation solutions 
have been proposed that cater to different GPS-based, audio-
based, and smartphone-based systems. However, GPS-based 
systems can be unreliable in urban areas and indoors owing 
to their poor signal quality [2]. Audio-based systems struggle 
in noisy environments [3] and do not provide object-location 
information [4]. Smartphone-based systems have limitations 
in terms of their battery life and indoor functionality. Given 
these obstacles, there is a growing emphasis on research to 
enhance the freedom and movement of those with visual 
impairments through deep learning-based road surface 
detection. By utilizing deep learning techniques to detect and 
classify road surfaces, this study aims to significantly 
enhance the lives of visually impaired individuals. This 
technology enables them to navigate safely and efficiently by 
providing real-time information about road surfaces, 
including detecting obstacles and changes in elevation. It also 
improves accessibility to public spaces and buildings, 
making it easier to access services and to engage in 
community activities. Ultimately, the following [5] Studies 
can significantly enhance the quality of life for those with 
visual challenges by boosting their freedom and movement.  

We have divided assistive devices that assist visually 
impaired people for a better understanding of Fig. 1. 
Assistive devices have evolved on par with technologies and 
have become increasingly advanced. Physical devices such 
as white cans and guide dogs have been helping visually 
impaired people for a long time. As research progresses, 
various sensor-based systems use built-in sensors and GPS of 
smartphones to provide location information and directions. 

The. It has been used to develop various location information 
and directions, but these can be limited by the battery life of 
the smartphone, and they may not work indoors. 
 

 
Figure 1 Types of Assistive Devices for road surface classification 

 
Enhancing mobility and independence of visually 

impaired individuals through artificial intelligence-based 
road surface detection is an important and significant 
research area because it aims to improve the lives of visually 
impaired individuals by utilizing deep learning techniques to 
detect and classify road surfaces. This technology can help 
visually impaired individuals navigate more safely and 
efficiently by providing them with real-time information 
about road surfaces, such as the presence of obstacles or 
changes in elevation. Additionally, it can improve the 
accessibility of public spaces and buildings for visually 
impaired individuals, making it easier for them to access 
services and participate in community activities. Overall, this 
research has the ability to have a positive impact on the daily 
lives of visually impaired individuals by improving their 
mobility and independence. 

This paper makes the following contributions to assisting 
visually impaired people. 
• Develop a deep-learning-based road surface detection 

system to assist in the navigation and independence of 
visually impaired individuals. 
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• Enhances the precision of detecting road surfaces, 
diminishing accident risks, and bolstering safety for 
those with visual impairments. 

• Provides an immediate and adaptable method for 
identifying road conditions, assisting those with visual 
challenges to traverse unknown terrains more 
comfortably and assuredly. 

 
The objective of this research is to leverage the 

capabilities of a pre-trained deep learning model equipped 
with cutting-edge techniques to detect and classify various 
road surfaces, in order to aid visually impaired individuals in 
navigating their surroundings. The author has further 
enhanced the model's accuracy by incorporating a novel 
attention mechanism. This system can be seamlessly 
integrated into mobile devices, such as smartphones, canes, 
or other assistive devices. 

This research will likely involve both theoretical and 
practical components, such as developing and training deep-
learning models, collecting and labelling data, and evaluating 
the performance of the system in real-world scenarios. 
Additionally, this research might further examine how the 
suggested system influences the freedom and movement of 
those with visual impairments. 

The following part reviews previous research on this 
topic, including deep learning and image recognition. The 
proposed model is introduced in the Methodology section. 
The study then addresses the model setting, provides the data 
information, performs the trials, and compares the outcomes. 
Finally, the paper concludes with a conclusion. 
 
2  LITERATURE REVIEW 
  

 Several authors have emphasized the significance of 
assistive devices for individuals with visual impairment. In a 
subsequent paper, the author expands on this topic by 
conducting four focus groups with assistive technology 
computer users who are blind or visually impaired to gain 
broader insights [6]. The objective is to better comprehend 
how these individuals obtain information about assistive 
devices and to identify the specific types of information they 
may possess. The author presents two experiments on Social 
Interaction Assistants, one of which aims to reduce 
stereotypical body mannerisms that impede social 
interactions, while the other is designed to provide 
individuals with assistive technology to interpret the facial 
expressions of those they interact with [7]. 

Advances in CNNs have assisted visually impaired 
people by enhancing the accuracy and applicability of 
computer vision systems that are designed to assist them. In 
recent years, CNNs have been widely used for object 
recognition [8], visual place recognition [9], verification of 
CCTV image data through unsupervised learning [10], text 
classification based on neural networks [11, 12], ANN for 
estimating cutting forces during helical end milling of metal 
materials deposited by laser [13], detecting coins and 
banknotes, and many other applications [14]. 

A few of these integrate navigation and recognition 
capabilities into their systems. Based on the above 
requirements, an assistive device is presented that achieves 
both capabilities to aid the Visually Impaired person to 
navigate safely from his/her current location (pose) to a 
desired destination in an unknown environment and to 
recognize their surrounding objects. The author described a 
wearable device designed to help visually impaired 
individuals navigate unfamiliar environments [15]. The 
device takes the shape of a pair of eyeglasses, and can help 
users move safely and efficiently. Additionally, it can help 
interpret complex surroundings and automatically provide 
directions on how to move. This study aimed to create a new 
system that employs OCR and machine learning to assist 
individuals with visual impairments [16]. Specifically, it 
develops an indoor item identification system that utilizes a 
framework based on deep convolutional neural networks. 
Our objective was to create a robust and reliable solution that 
can provide visually impaired individuals with an enhanced 
perception of their surroundings [17]. 
  A new streamlined Convolutional Neural Network 
(CNN) design was created for the swift recognition of Indian 
currency notes on web and mobile platforms [18]. The author 
proposed a walking stick design to help the visually impaired 
commute to their livelihood [19].  Numerous methods are 
available to aid blind individuals in navigating their 
surroundings, including technologies utilizing radio 
frequency identification (RFID), GPS, and computer vision 
modules. In a following paper, the author introduced a 
method for estimating depth from a solitary image, 
leveraging a local depth assumption without the need for user 
input. This solution, aimed at aiding individuals with visual 
impairments, is tailored exclusively for indoor environments 
such as homes, offices, and businesses [20]. A new system 
for NAVI was presented based on visual and range 
information [21]. The author suggested a system that utilizes 
smartphones to provide navigation assistance, specifically 
turn-by-turn guidance, through precise and current 
localization across vast areas [22]. 

This passage explores several novel strategies aimed at 
aiding individuals with visual impairments in navigating 
indoor environments without assistance [23]. One of these 
strategies is an ambient navigation system that enables free 
movement without relying on assistance. Another approach 
utilizes a classification system that employs a Deep 
Convolutional Neural Network (DCNN) model to identify 
indoor objects, and this system can be integrated into mobile 
devices. Moreover, a wearable assistive device shaped like a 
pair of glasses was presented, which can enhance the user's 
perception of their surroundings and provide guidance on the 
direction of movement. Finally, a new indoor object detector 
was developed using a deep convolutional neural-network-
based framework. 
  Upon analyzing the collected papers, it has been 
determined that navigation for the visually impaired is a vital 
area of research, and that deep learning possesses the 
potential to significantly aid visually impaired individuals in 
navigating outdoor environments. The results of the literature 
review indicate that the most recent and pertinent papers 
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provide invaluable insights that will prove beneficial to our 
research endeavors. Our thorough examination of these 
papers has led us to conclude that navigation for visually 
impaired individuals is an area of utmost importance that 
warrants further investigation, and that deep learning can 
play a pivotal role in assisting visually impaired individuals 
in navigating outdoor environments. 
 
3  PROPOSED METHODOLOGY 
 

This study presents a road-surface detection technique 
that employs Efficient-Net and a Unified Spatial-Channel 
attention mechanism [24]. The approach is centered on 
developing a classification model and incorporating 
techniques, such as transfer learning and data augmentation, 
to attain precise automatic categorization of road surfaces. A 
flow diagram of the proposed method is shown in Fig. 2.  
 

 
Figure 2 Flowchart of the Classification method proposed in the study 

 
The flowchart in Fig. 2 illustrates a procedure that unites 

EfficientNet B0, a pre-trained model on ImageNet, with 
Unified Spatial Channel Attention (USCA) to categorize 
road surfaces. EfficientNet B0 functions as the foundation for 
extracting features from raw road-surface images. 
Subsequently, USCA is integrated, comprising two primary 
components: Spatial Attention, which concentrates on 
specific spatial regions, and Channel Attention, which 
accentuates vital channels. This mechanism improves the 
feature representation by examining spatial and channel 
dependencies, resulting in a more refined and focused feature 
map. The refined features undergo either fine-tuning or 
transfer learning depending on the chosen strategy. In 
transfer learning, the knowledge of the pre-trained model is 
adapted to the road surface dataset, whereas in fine-tuning, 
the model parameters are adjusted to further refine the pre-
trained features for better performance on the road surface 
images. 

Finally, the refined features were classified using a set of 
fully connected layers, which provided predictions for 
diverse types of road surfaces. The combination of 
EfficientNet-B0, USCA, transfer learning, and fine-tuning 
creates a robust and accurate pipeline for road-surface 
classification. 
 
3.1  Dataset 
 

 We acquired images from the RTK dataset, which were 
captured using low-cost cameras such as the HP Webcam 
HD-4110, under real-world conditions [25]. The dataset 
comprised 77,547 frames from various conditions, including 
asphalt roads, unpaved roads, and paved roads. From the 
RTK dataset, we created a dataset consisting of 5,558 images 
and classified all images into seven different classes. The 
three classes are asphalt, paved, and unpaved. The dataset 
was divided into Training, Validation, and Testing sets as 
shown in Tab. 1. Approximately 70% of the data were in the 
training folder (4015), 20% were in the testing folder (986), 
and 10% were in the validation folder (557). The RTK 
dataset contains real-world images of complex 
environmental scenarios, such as roads with different 
vehicles, potholes, and road damage, as shown in Fig. 3. 
 

  
Figure 3 Sample images from dataset for road surface detection 

 
All images were collected during the daytime with a 

variety of brightness, texture, and other features. In each 
road category, there is a slight difference in the surface 
patterns, such as paved roads that are lighter in color and 
asphalt roads that are darker in color. We have considered 
that asphalt roads are roads that do not have any sort of 
bumps, potholes, or other damage, such as highways and 
expressways. Unpaved roads are considered bad to walk on 
because they are not made up of hard smooth surfaces and 
have different types of road anomalies. These roads are full 
of dirt, which is composed of native material on the land 
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surface. Paved roads are composed of concrete blocks or 
interlocking. They had different types of patterns on their 
surfaces. Most pedestrian ways are paved or concrete. We 
did not perform any type of cropping because we did not 
want to put extra overhead on computation, which can lead 
to difficulty in deploying the model in real-time usage. 
 

Table 1 Summary of dataset for road surface detection 
Name of class Train Test Valid 

Asphalt 1417 343 197 
Paved 1386 359 204 
Unpaved 1212 284 156 

 
We pre-processed the images before feeding them into 

the network. We augmented the images to prevent 
overfitting. Various augmentation techniques, such as 
geometric transformation, color and contrast adjustments, 
noise addition, crop, and resize are used, as mentioned in 
Tab. 2. 

 
        Table 2 Different Data Augumentation Techniques Applied 

Type Details 
Random Flip Horizontal and Vertical 
Random Rotation ‒0.2, 0.2 
Random Zoom 0.2 
Random Contrast 0.2 
Random Translation 0.2, 0.2 
Random Height ‒0.2,0.2 
Random Width ‒0.2, 0.2 

 
The implementation of augmentation techniques will 

enhance the intricacy of our dataset, thereby enabling our 
model to exhibit more effective generalization capabilities 
with respect to unseen data. These techniques produce 
additional variations within an existing dataset without 
altering the total number of images. 

 

 
Figure 4 Distribution of dataset for road surface detection for the visually impaired 

individual 
 
The above pie chart, as shown in Fig. 4, ensures that our 

dataset is balanced. Balanced dataset analysis has many 
benefits, such as better generalization to the unseen dataset 
than to unbalanced data, reduced overfitting, improved 
model performance, and faster convergence. 
 
3.2  Efficient Net Neural Network 

 
Many pre-trained models are available, but each one is 

used according to the specific problem domain. The author 
deals with navigation for visually impaired people, which 
requires the model to have a smaller size and fewer 

parameters, making it suitable for a low-edge embedded 
device such as a smartphone for real-time navigation. The 
proposed model is based on the EfficientNetB0 architecture 
[26]. The EfficientNetB0 architecture is a well-known and 
extensively used network architecture designed for computer 
vision applications. It is lightweight and can be deployed 
effortlessly on embedded devices, making it a popular choice 
in many applications. 
 

Table 3 Size and parameter of different models 
Model No. of Parameters (million) Size (MB) 

EfficientNet-B0 [26] 5.3  350  
ResNet-50 [27] 25.6 100 
Vgg-16 [28] 138 553 
DenseNet-121 [29] 8.8 100 

 
From Tab. 3 EfficientNet-B0 can act as a suitable model 

for assisting visually impaired people because of its size and 
the number of parameters used, which makes it suitable for 
real-time operations. Despite being lightweight, 
EfficientNet-B0 is known for its good performance in a 
variety of computer vision tasks, including object detection 
and image classification. EfficientNet-B0 can be fine-tuned 
for a specific task using a smaller dataset. It has a faster 
inference time owing to its small size, which is important for 
real-time applications. Another advantage of EfficientNet-B0 
is its adaptive architecture, which allows it to easily adapt to 
different input sizes and resolutions. 
 

 
Figure 5 EfficientNet-B0 architecture flowchart 

 
EfficientNet-B0, the foundational model of the 

EfficientNet family, offers a novel and holistic approach to 
neural network architecture optimization, balancing both 
accuracy and computational efficiency. The architecture of 
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EfficientNet-B0 is shown in Fig. 5. At the heart of its design 
is the innovative concept of compound scaling, a method that 
diverges from traditional practices by uniformly scaling the 
depth, width, and resolution of the network, as defined in Eq. 
(1). This technique ensures that no single dimension is 
overoptimized at the expense of the others. As the 
architecture delves deeper, these blocks, equipped with 
squeeze-and-excitation operations, manage the intricate task 
of learning channel-wise dependencies, thereby ensuring a 
comprehensive understanding of features. Beginning with a 
convolutional stem that transforms the 3-channel RGB input 
into a 32-channel feature map, the network sequences 
through a series of MBConv blocks. 

The core architecture involved MBConv blocks 
equipped with squeeze-and-excitation operations. These 
blocks manage channel-wise features to understand intricate 
details in the images. Starting with a convolutional stem that 
processes RGB inputs into a feature map, the network 
navigates through these blocks to adaptively recalibrate 
features, making the model more perceptive of essential 
information. 

EfficientNet-B0 boasts a unique design along with 
practical techniques such as DropConnect regularization to 
prevent overfitting during training. This model utilizes global 
average pooling to compress spatial dimensions and a fully 
connected layer for final classification while maintaining 
accuracy across varying computational budgets. Its goal is to 
provide improved accuracy and faster inference without 
sacrificing model size or complexity. The inclusion of 
compound scaling and efficient channel attention allows 
better performance and adaptability in various scenarios. 
 

, , .d w rφ φ φα β γ= = =                                                     (1) 
 
Where EffiecientNetB0 introduced scaling in the depth d, 
width w, and resolution r. α, β, and γ are scaling coefficients, 
and ϕ symbolizes the scaling factor that controls the extent to 
which the depth, width, and resolution of the network should 
be adjusted. 

The essence of Eq. (1) allows EfficientNet to adjust its 
model complexity effectively by manipulating the depth, 
width, and resolution through the application of scaling 
coefficients and a scaling factor. This approach enables the 
model architecture to be tailored for different computational 
budgets while striving to preserve high accuracy. 
 

sq c c
1 1

1( ) ( , ).
H W

i j
F u u i j

H W = =
=

× ∑∑                                          (2) 

 
The following equation Eq. (2) calculates the average 

value of all the elements in the tensor by adding all its 
elements and then dividing this sum by the total number of 
elements, which is H × W. This process compresses the 
spatial information and reduces the spatial dimensions of the 
tensor while preserving important information for 
subsequent operations in the network. 
   

( )2 1( ) ,S zσ= ∂W W                                                             (3) 
 
where S represents the output of the excitation operation, W1 
and W2 represent the weight matrices; z is the output of the 
squeeze block, g(z, W) represents an intermediate 
computation; ∂ refers to the intermediate computations 
including ReLU operation and where σ is the sigmoid 
function. 

The above equation Eq. (3) is vital in channel attention 
mechanisms because it enables the neural network to 
concentrate on critical channels by dynamically adjusting the 
significance of each channel in the feature map (z). Weight 
matrices W1 and W2 are learned during training to emphasize 
the relevant channels while deemphasizing the less 
informative ones. The excitation operation facilitates the 
network's ability to efficiently capture channel-wise 
dependencies, leading to enhanced feature representation and 
improved global information access for superior decision 
making. 
 
3.3  Unified Spatial-Channel Attention 
 

Attention mechanisms play a crucial role in assisting 
neural networks to concentrate on essential input data, 
thereby enhancing their learning capabilities and predictive 
accuracy. They are particularly advantageous in handling 
variable sequence lengths because they enable the network to 
focus adaptively on different input segmment. 

Attention mechanisms contribute to an improved model 
performance by capturing intricate patterns and long-range 
dependencies. Moreover, the transparency provided by 
attention mechanisms helps clarify the significance of input 
elements in the decision-making process. Attention 
mechanisms optimize the computational efficiency and 
processing speed by directing attention to specific elements.     

Spatial attention focuses on spatial relationships within 
an image, as defined in Eq. (4), by focusing on specific 
regions or pixels relevant to the task. It helps models 
highlight critical spatial features such as edges or textures, 
enabling them to identify key visual patterns.  
 

( )2 1( ) ,S zσ δ= W W                                                            (4) 
 
where W1 and W2 represent the weight matrices; δ denotes 
ReLU operation; where σ is the sigmoid function and z is the 
output of the spatial squeeze block. 

By contrast, channel attention operates across channels 
or feature maps, as defined in Eq. (5), which allows the model 
to assign different weights to each channel based on its 
importance. By capturing channel-wise dependencies, it 
refines feature representations and enhances the model's 
understanding of the semantic information in the data. When 
combined with unified spatial-channel attention, these 
attention mechanisms enable the network to discern both 
spatial and semantic details, optimizing its ability to extract 
meaningful information from images. 
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( )2 1 sq c( ) ,CA F uσ δ = ⋅ W W                                             (5) 

 
Fsq(uc) denotes the spatially squeezed representation of the 
channel. 

 

 
Figure 6 Architecture of the Unified Spatial Channel Attention 

 
The flowchart in Fig. 6 shows the unified spatial-channel 

attention mechanism, which begins with the input data and 
proceeds through convolutional operations for feature 
extraction. The process then branches into spatial and 
channel attention modules. In the spatial attention module, 
convolutional layers are followed by global pooling 
operations, highlighting spatial details. Conversely, the 
channel attention module utilizes operations such as squeeze-
and-excitation, focusing on the feature interdependencies 
within each channel. These separate pathways converge, 
allowing the unified attention mechanism to successfully 
combine the spatial and channel-wise information. The 
resulting attentional output is reintegrated into the network, 
enhancing feature representation and aiding classification 
tasks. Ultimately, this unified spatial channel attention 
mechanism harmoniously merges spatial and channel-
dependent features, improving the model comprehension and 
classification accuracy, which can increase the accuracy of 
our road surface classification and generalize better for the 
task. 
 
3.4 Transfer Learning 
 

The deep learning algorithm addresses the limitations of 
traditional machine learning methods in feature extraction; 
however, it requires many images for training to achieve high 
accuracy. In addition, creating a diverse dataset of rock 
images can be time consuming. To overcome this issue, 

transfer learning was used in this study to fine-tune a specific 
model using the parameters and weights of a pretrained 
model trained on a large-scale annotated image dataset. By 
re-training and fine-tuning the specific model, a more 
accurate classification model can be obtained using fewer 
rock images and a shorter training time. In road surface 
classification using transfer learning, the process begins with 
the selection of a suitable pretrained model for feature 
extraction. The EfficientNet-B0 architecture was used as the 
pre-trained model, and customization involved loading the 
pre-trained EfficientNet-B0 weights and freezing most of the 
layers to preserve the learned features while fine-tuning only 
the final layers for the specific task. This methodology 
captures generalized features from broader image datasets 
and refines them to cater to the nuances of road-surface 
classification. By freezing the layers, the model optimizes 
computational efficiency and reduces the need for extensive 
training on the new dataset.  

After this adaptation, the model proceeds to a training 
phase with the road surface dataset, allowing it to learn task-
specific features while benefiting from the generalizable 
knowledge initially obtained from the pretrained model. 
Through this sequential process, the model gained insights 
into the distinctive characteristics of road surfaces, 
leveraging the foundational knowledge acquired from its pre-
trained state to enhance its classification capabilities. 
 
3.5 Fine Tuning 
 

Fine-tuning is a transfer learning technique that entails 
further training of a pre-trained model on a new dataset while 
retaining the knowledge it previously acquired. This 
approach builds upon the weights learned during the initial 
training and adjusts them to suit the new task or dataset 
better. 

By fine-tuning the pre-trained EfficientNet-B0 model, 
which has already gained knowledge about image features 
and patterns through its previous training, we aimed to refine 
the model's ability to recognize road surface features. We 
achieve this by making slight adjustments to the learned 
features such that they align better with the unique features 
of our new dataset. 

 
Table 4 Hyperparameters used in road surface classification 

Parameters Value 
Optimizer Adam, RMSprop 
Learning rate 1×10‒5 

Batch Size 10 
Dropout 0.3 to 0.5 
Early Stopping Validation loss, Patience = 5 
Activation Function  SoftMax function 
Loss function Categorical Cross Entropy 

 
The fine-tuning process involved two strategic steps. In 

the first step, the core layers of the model remain unaltered, 
whereas we focus on optimizing the newly integrated 
classification components, such as global average pooling 
and dense layers, all hyperparameters details are mentioned 
in Tab. 4. This phase is critical for adapting the model to 
discern unique road surface attributes identified during the 
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transfer learning stage. The second step involves refining the 
accuracy of the model in road surface classification by fine-
tuning specific advanced sections without altering the 
foundational layers. Utilizing the RMSprop optimizer, these 
adjustments aim to amplify the model's discernment of 
crucial spatial nuances that are essential for accurate 
classification. 

Overall, this methodical fine-tuning approach 
meticulously tailors the EfficientNet-B0 architecture, 
bolstered by unified spatial channel attention, to excel in 
discerning the intricate features inherent in road surface 
images. 
 
4  RESULT AND DISCUSSION 
 

We tested the model for detecting road classification for 
visually impaired pedestrians and compared it with the basic 
model EfficientNet-B0 [26] and traditional machine 
learning algorithms,  such as ResNet50 [27]  and Random 
Forest [30],  which are shown in Tab. 5. Compared to the 
models mentioned above, our approach provides promising 
results. We conducted this experiment using our hand-
labelled dataset, which includes three distinct categories: 
Asphalt, Paved, and Unpaved. We allocated 70% of the data 
for training, 20% for testing, and the remaining 10% for 
validation. We calculated the F1-score for each class as false 
negatives and false positives, which are more important than 
true negatives and true positives, as in our case, the dataset 
was not balanced. We ran this test on our manually classified 
dataset which contains 4015 training images, 557 validation 
images, and 986 testing images. In the dataset, we included 
real-world images, including images with other vehicles, 
while avoiding images that contained transitions between 
road surfaces and frames that consist of the very strong glare 
of sun rays causing reflection. Even after including images 
with complex conditions, our approach can detect the 
surfaces of vehicles with good accuracy. The Confusion 
matrix helps us understand the model performance for all 
classes of the dataset. The matrix compares the actual target 
with those predicted by our road surface quality 
classification model.  

In both machine learning and statistics, the confusion 
matrix is a crucial instrument for assessing the performance 
of the classification models. It offers a detailed comparison 
of predicted results against true values, shedding light on the 
model's overall precision and the nature of mistakes it 
commits. Fundamentally, in tasks involving multiclass 
classification, there are four primary components: True 
Positives (TP), True Negatives (TN), False Positives (FP), 
and False Negatives (FN), where TP and TN capture accurate 
predictions, and FP and FN highlight instances in which the 
model's prediction contradicts the actual outcome. By diving 
deeply into these elements, we can pinpoint areas where the 
model falls short, underscoring the essential role of the 
confusion matrix in fine-tuning and enhancing classifiers. 

The model demonstrates as in Fig. 7 strong discernment 
between Asphalt and Unpaved classes, with high precision 
and true positive rates. However, it shows a slightly higher 
tendency for misclassification within the Paved class, 

resulting in a few false positives and false negatives. Despite 
this, the model maintains a high overall accuracy, especially 
in distinguishing between Asphalt and Unpaved surfaces, and 
has a lower rate of misclassifications within the Paved class. 
 

 
Figure 7 Confusion Matrix for road surface classification 

 

 
Figure 8 Training loss and validation loss graph for the proposed model 
 

 
Figure 9 Training accuracy and validation accuracy graph for the proposed model 
 

Fig. 8 and Fig. 9 show the accuracy and loss values 
during the training and validation phases of our modified 
EfficientNetB0, respectively. The proposed novel 
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architecture, based on EfficientNetB0 with the fusion of a 
unified spatial channel attention mechanism, achieved 
99.39% testing accuracy, whereas EfficientNetB0 achieved 
96.85% accuracy. The model is deployed in the form of a web 
application on the Heroku platform using the Flask 
application, which provides satisfactory results in real-world 
conditions. 

The data presented in Tab. 5 unequivocally demonstrates 
that the proposed model outperformed the other models by a 
considerable margin. 
 

Table 5 Comparative analysis of accuracy of different models 

Classes EfficientNet 
[26] (%) 

ResNet [27] 
(%) 

Random 
Forest [30] 

(%) 

Proposed 
Model (%) 

Asphalt 97.80 92.56 72.34 99.24 
Paved 96.23 93.34 82.67 99.68 
Unpaved 96.54 89.12 78.89 99.15 

 
Table 6 Classification report of proposed model 

Name of the 
class Precision (%) Recall (%) F1-score (%) Accuracy 

Asphalt 98.28 100 99.12 99.24 
Paved 99.44 99.44 99.44 99.68 
Unpaved  98.59 98.59 98.59 99.15 

 

 
Figure 10 Output of the proposed model based on EfficientNet-B0 and Unified 

spatial channel attention 
 
A classification report serves as an instrument for 

machine learning to assess the performance of classification 
models. It provides an overall assessment of the accuracy of 
the model as well as class-specific evaluation, which helps 
identify which classes require improvement. Tab. 6 shows 
the classification report by which we can further determine 

the performance of the proposed model over individual 
classes. 

The output of the proposed model is shown in Fig. 10, 
and it was clearly able to predict the road surface with good 
accuracy.  
 
5  CONCLUSION AND FUTURE WORK 
 
 Previous research on visually impaired pedestrians has 
largely focused on the detection of obstacles in their paths to 
help them avoid potential hazards. However, our work has 
focused on assessing the quality of the road surface upon 
which these individuals must navigate. By increasing 
awareness of their surroundings, this approach can aid 
visually impaired pedestrians in adjusting their walking 
patterns and speeds. In this study, we present a novel 
architecture based on EfficientNetB0 with a unified spatial 
channel attention mechanism that achieves state-of-the-art 
results and outperforms both individual models and 
traditional machine-learning algorithms. Our proposed 
model achieved an accuracy of 99.39%, surpassing the 
96.85% achieved by EfficientNetB0. Additionally, our 
model is well suited for deployment on embedded devices 
with limited computational power. Experimental results 
confirm the efficacy of our proposed approach, and we plan 
to further expand our research by incorporating additional 
classes while maintaining high accuracy and by identifying 
various obstacles and potential hazards on the road surface, 
including stray animals. 
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Renovation Measures for Reduction of Primary Energy Consumption and CO2 Emissions of 
Hospital Building 
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Abstract: Hospitals, as highly energy-intensive buildings, significantly contribute to a country's energy consumption and CO2 emissions. The study focuses on a hospital building 
in Sarajevo, Bosnia and Herzegovina, and investigates the impact of selected energy renovation measures on hospital primary energy consumption and CO2 emissions. The main 
goal of this paper is to develop a mathematical model for establishing relationship between primary energy consumption and CO2 emissions (responses), and the three renovation 
measures (factors).  The research uses dynamic simulation of the building's energy performance in Design Builder, validated with the actual energy consumption. Three energy 
renovation measures were considered in the study: installation of thermal insulation on external walls and flat roof, and the installation of a photovoltaic power plant. The Analysis 
of Variance and regression analysis were used to estimate factor effects, and to develop mathematical models. The analysis revealed that the installation of photovoltaic power 
plant on the roof and thermal insulation on the external walls had the most significant impact on reducing the building's primary energy consumption and CO2 emissions. Installation 
of insulation on the roof did not significantly affect these performances compared to the other two measures. Developed models are suitable for evaluation of potential for energy 
and CO2 savings through the implementation of energy efficiency measures. Study results can be extrapolated to all buildings within the same category, providing a valuable tool 
for energy efficiency planning in the healthcare sector. 
 
Keywords: CO2 emissions; design of experiments; energy renovation; hospital building; primary energy 
 
 
1 INTRODUCTION 
 

The healthcare sector, particularly hospital buildings, 
represents a significant portion of countries energy 
consumption and CO2 emissions [1]. Hospitals are highly 
energy-intensive buildings, requiring large amounts of 
energy for operations including energy consumption in 
buildings and from medical procedures, such as sterilisation, 
radiology, laboratories, operating rooms, ventilation, air 
conditioning, heating, kitchens and laundry rooms [1, 2]. 
High energy consumption and CO2 emissions of hospital 
buildings provide opportunities for implementing solutions 
that can reduce energy consumption and CO2 emissions, 
therefore increase energy efficiency. These solutions can 
range from energy renovation of building envelope, 
equipment upgrades and integration of renewable energy 
systems, to the implementation of energy management and 
the promotion of user behaviour change towards more 
efficient energy use. The benefits of increasing energy 
efficiency in hospital buildings are numerous. Besides 
reducing energy costs and CO2 emissions, energy efficiency 
can also have positive consequences for both human and 
environmental health and can improve the quality of patient 
care. Also, hospitals can serve as influential models for other 
sectors in society, demonstrating the feasibility and benefits 
of energy efficiency measures and contributing to broader 
efforts to mitigate climate change. The study [3], conducted 
in hospital building located in Grece found that the 
implementation of energy-saving measures, such as 
replacing all luminaires with LED lights and installing 
photovoltaic panels, could significantly reduce annual 
electrical energy consumption. This could potentially bring 
the consumption close to or even below 45% of the current 
annual electrical energy consumption. Study [4] offers a 
comprehensive decision-making approach for 
implementation of energy-saving renovation strategies in 
hospital building. This approach provides valuable insights 
for investors in selecting the most suitable energy-saving 

renovation plan. The evaluation criteria for this approach 
includes three important indicators: energy, financial, and 
thermal comfort. The authors presented results of case study 
conducted in a selected hospital building to demonstrate 
applicability of the proposed method. A study [5], focused on 
various aspects of energy efficiency in healthcare buildings 
in Spain over a period of 8 years, where it is concluded that 
significant energy savings can be achieved through 
implementation of efficient energy-saving techniques.  

The general findings from numerous studies indicate that 
hospitals can achieve considerable reductions in energy 
consumption by adopting energy-efficient technologies and 
strategies. These strategies not only reduce energy 
consumption, but also contribute to economic savings and 
improved thermal comfort in hospital buildings, which can 
be incorporated in the national renovation strategies [6, 7]. 

Healthcare buildings in Bosnia and Herzegovina (B&H) 
constitute 13% of the total heated area of public buildings and 
are characterized by high specific energy consumption 
compared to other public buildings [8]. These buildings, 
particularly hospital buildings, require careful analysis due to 
their specific purpose, usage duration, and design parameters 
related to internal temperature. A hospital building in 
Sarajevo, constructed in the 1980s, has been selected for 
analysis based on its typical characteristics common for 
given construction period, which include poor energy-related 
characteristics and energy supply system deficient in 
renewable energy sources. To reduce energy consumption 
and CO2 emissions, energy renovation measures of the 
building envelope and the installation of a photovoltaic 
power plant are being analysed.  

Impact of each measure on energy consumption and CO2 
emission is assessed using Design of Experiments (DOE) 
methodology. DOE is statistical method widely used in 
identification of key factors and evaluation of effectiveness 
of different renovation strategies for reduction of buildings 
energy consumption. It allows researchers to identify most 
influential factors, such as energy renovation measures and 
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to evaluate their individual or combined impact on energy 
consumption. While numerous studies have applied DOE to 
analyse residential and public building renovation measures 
[9, 10], there is limited research using this method to improve 
energy efficiency, specifically in the healthcare sector. 
Previous healthcare applications of DOE have focused on 
enhancing patient flow, scheduling efficiency, and 
information management [11, 12] rather than energy savings. 
This represents an opportunity to use DOE for assessing and 
optimizing the energy performance of healthcare facilities 
through building renovations. 

Therefore, in presented study, a DOE method, Full 
Factorial Design (FFD) is used to establish relationships 
between primary energy consumption and CO2 emissions 
and energy renovation measures of hospital building. The 
regression models developed in this study enable 
quantification of primary energy and CO2 emissions 
considering implementation of energy renovation measures. 

This study aims to model the energy consumption and CO2 
emissions of hospital building, focusing on implementation 
of energy efficiency measures and the integration of 
renewable energy sources. 

 
2 METHODOLOGY 
2.1 Representative Building within the Hospital Complex 

 
The hospital building analysed in this study is 

component of a large hospital complex (Fig. 1), constructed 
during the 1980 with 35800 m2 of heated area. The analysed 
hospital building has 4883 m2 of gross heated area, which 
represents 13.6% of gross heated area of hospital complex. 
The representative hospital building, shown in Fig. 1, is a 
multi-level building with basement, a ground floor, and four 
additional floors, and flat roof on top. Hospital operates 
continuously, providing services 24 hours a day, every day 
of the year. 

 
Figure 1 (a) Satellite view of hospital complex, and (b) visual representation of selected hospital building 

 
The building envelope consists of brick blocks, without 

thermal insulation and wooden windows, with triple glazing 
filled with argon. During 2017-2018, the building was 
renovated and the old windows, with aluminium profiles, 
were replaced with the new wooden frame windows. The 
heat transfer coefficient of the new windows is 1.0 W/m2K. 
However, heat energy losses are present, due to the low 
energy characteristics of building external wall. The flat roof 
is constructed as reinforced concrete slab with 4 cm of 
thermal insulation. 
 

Table 1 Basic data on building geometry and heat transfer coefficients for key 
construction elements 

Construction element External 
wall Roof Ground 

floor Windows 

Total surface area / m2 2260 923 923 1216 
Heat transfer coeff. / W/m2K 1.698 0.602 0.256 1.0 
Net heated surface area / m2 4698 
Net heated volume / m3 16787 
Building compactness ratio 0.28 

 
The heat transfer coefficients for key construction 

elements, as well as basic data on building geometry, are 
shown in Tab. 1. According to the provisions of the Rulebook 
on technical requirements for thermal insulation of buildings 
and rational use of energy, it is determined that heat transfer 
coefficient of external wall, ground floor and flat roof do not 
comply with the requirements set by national regulations 
[13]. 

The hospital building is supplied with energy from 
highly efficient industrial steam boilers, located in the central 
boiler room, which uses natural gas as fuel. Energy for 
heating and domestic water heating (DWH) is supplied to the 
buildings via heating substations (Fig. 2). Two water tanks 
are installed in heating substation for the preparation of 
DWH. The overall efficiency of the system, including the 
boiler room, distribution and internal installations and 
components, is 93.1%. The hospital building has a radiator 
heating system for building heating and a central cooling 
system that serves only a small part of the building.  

 

    
Figure 2 Thermal image of heating substation and DWH storage tank 

 
2.2 Modelling the Energy Performance of the Representative 

Hospital Building 
 
 Design Builder is a software that incorporates the 
EnergyPlus simulation tool, and it was used for modelling 
building energy performance in this study. It provides 



Dzana Kadric et al.: Renovation Measures for Reduction of Primary Energy Consumption and CO2 Emissions of Hospital Building 

28                                                                                                                                                                                   TECHNICAL JOURNAL 19, 1(2025), 26-33 

dynamic simulations of building energy performance, 
including the analysis of heating, cooling, DWH, ventilation, 
lighting, and other systems [14, 15].  
 

 
Figure 3 3D model of hospital building designed in Design Builder 

 
The 3D model of hospital building designed in Design 

Builder is shown in Fig. 3. For building energy performance 
simulation, EnergyPlus utilizes hourly data to define external 
conditions in the calculations. These data, monitored by the 
National Meteorological Service, include parameters such as 
air temperature, atmospheric conditions, solar radiation, 
wind speed and direction, and are specific for the building 
location [14].  
 

 
Figure 4 Climatic data for Sarajevo 

 
The hospital building is located in Sarajevo (Capital of 

B&H), in a northern climate zone, 43.85 latitude and 18.14 
longitude. Sarajevo climate is characterized by warm 
summers, cold and snowy winters, and partial cloudiness 
throughout the year. The official Heating Degree Days 
(HDD) for Sarajevo is 3077 [16]. The warmest month is 
typically July, with an average temperature of 20.8 °C, while 
the coldest month is January with an average lowest daily 
temperature of 0.7, as shown in Fig. 4. In terms of solar 
radiation, July is the brightest month in Sarajevo, while 
December is the darkest [17]. 

The zoning of the interior space of the hospital building 
is performed out according to the hospital layout, where 
internal design temperature of each zone was specified by the 
standard BAS EN 12831. 

The total primary energy Eprim, which includes energy 
needs for heating, DWH and electrical energy, is calculated 
using following equation [13]: 

 
H,nd DWH

prim p,gas el p,el
sist

Q Q
E f E f

η
+

= +                                (1) 

 
where Eprim is the annual primary energy consumption in 
kWh/ann., QH,nd is annual energy need for heating in 
kWh/ann., QDWH is annual energy need for DWH in 
kWh/ann., ηsist is overall system efficiency in %, Eel is annual 
consumption of electricity from the electrical grid in 
kWh/ann., fp is fuel primary energy factor (1.1 for natural gas, 
and 3.0 for electricity) [13]. 

Annual CO2 emission, is calculated according to the 
following equation [13]: 

 
H,nd DWH

CO p,gas el p,el2
sist

Q Q
m c E c

η
+

= +                               (2) 

 
where mCO2 is annual CO2 emission in kg/ann., cp is CO2 fuel 
coefficient per unit of energy (0.2 kg/kWh of natural gas, and 
0.745 kg/kWh of electricity) [13]. 

Electricity Eel is calculated as total electricity needed, 
reduced by electricity produced from photovoltaic power 
plant, which also affect the reduction of CO2 emissions. 

 
2.3 Energy Renovation Measures 
 

The renovation measures analysed in this study aim to 
reduce building envelope energy losses and provide 
electricity from renewable energy sources. Three measures 
are considered: installation of thermal insulation on the 
external wall (M1) and on the flat roof (M2), and installation 
of a photovoltaic power plant on the flat roof (M3). These 
measures will ensure that energy consumption for heating 
and electricity is reduced, and according to Eq. (2) and (3), 
will result in a reduction of primary energy and CO2 
emissions [18-20]. 

In the current state, the hospital external wall has no 
thermal insulation. To examine the impact of adding thermal 
insulation on primary energy consumption and CO2 
emissions, rock wool with a thermal conductivity of 0.033 
W/mK is selected as the insulation material. Rock wool 
offers benefits such as improved acoustics, indoor comfort, 
and fire safety [21, 22]. Implementing this measure will 
reduce the external wall heat transfer coefficient Uwall, as 
presented in the next section. The maximum wall thermal 
insulation thickness analysed in this study is 20 cm. The 
hospital flat roof has a layer of 4 cm thermal insulation. This 
helps in reduction of energy losses through this envelope 
element. To analyse energy and CO2 saving potential by 
installing additional thermal insulation on flat roof, 
installation of perlite board with thermal conductivity of 
0.052 W/mK was analysed. Implementing this measure will 
reduce the roof wall heat transfer coefficient Uroof, as 
presented in the next section. The maximum roof thermal 
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insulation thickness analysed in this study is 25 cm. 
Installation of photovoltaic power plant on the flat roof will 
ensure that a portion of the electricity consumed in the 
hospital is provided from renewable energy sources. The 
surface area available for the installation of the photovoltaic 
power plant is a crucial factor in determining the power 
output. The total area of the roof available for installation of 
photovoltaic panels is 566 m2 that is 60% of the roof surface 
area. Therefore, the maximum installed power of 
photovoltaic power plant is estimated to be 80 kW. 

 Selected measures are represented by factors considered 
in this study, as shown in the following section. 
 
2.4 Design of Experiments 
 

Design of Experiments (DOE) is a multipurpose 
methodology used in various fields for identification of 
important input factors and their influence on the output 
variables or responses. In DOE, several key steps are 
involved as follows: determination of input variables 
(factors) and their levels, selection of output variables 
(responses), selection of the appropriate experimental design, 
conducting experiments or simulations, analysis of the 
obtained results and drawing objective conclusions.  

In this study, FFD was used to establish relationships 
between primary energy consumption and CO2 emissions, 
and the three renovation measures (M1, M2, M3), 
representing three factors. The considered factors are the wall 
heat transfer coefficient (Uwall), heat transfer coefficient of 
flat roof (Uroof) and the power of the photovoltaic power plant 
installed on the roof (Ppv). Factors are considered at two 
levels, low level (‒1) and high level (+1). For the wall heat 
transfer coefficient (Uwall), levels -1 and +1 represent wall 
without insulation and wall with 20 cm of insulation, 
respectively. Similarly, for the heat transfer coefficient of a 
flat roof (Uroof), levels -1 and +1 represent roof in its baseline 
state and roof with 25 cm of thermal insulation, respectively. 
Finally, for the photovoltaic power plant installation on the 
roof (Ppv), level -1 represents no electricity production from 
renewable energy sources and a plant power of 0 kW, while 
level +1 represents plant with installed power of 80 kW. 
Factors considered in this study and their levels are shown in 
Tab. 2. 

 
Table 2 Considered factors and their levels 

Factor/Related measure 
Level 

‒1 1 
Baseline After renovation 

Uwall / W/m2K (M1) 1.698 0.272 
Uroof / W/m2K (M2) 0.602 0.218 
Ppv / kW (M3) 0 80 

 
For FFD with three factors, each on two levels, 

appropriate experimental design is 23 full factorial design. 
The experimental matrix contains 8 simulations, with each 
simulation run representing specific combination of factor 
levels and corresponding primary energy and CO2 emissions 
estimates, as shown in Section 3.2. 

The investment costs for each renovation measure are 
estimated when measures are implemented at their high level 

(+1). The investment cost for Measure 1 (M1) is 101000 
Euros, for Measure 2 (M2) it is 63800 Euros, and for Measure 
3 (M3) it is 57900 Euros. However, it is not possible to 
evaluate the simple payback period for these three renovation 
measures using DOE methodology at different renovation 
levels ranging from (‒1) to (+1). As highlighted in the study 
[23], the total costs of renovation measures show sharp 
increase at level (‒0.99) and higher, due to incurring fixed 
costs associated with the implementation of measures. The 
total cost of renovation measures is the sum of fixed costs 
and variable costs, which increase as the level of renovation 
increases. Consequently, it's not possible to establish a linear 
mathematical relationship between renovation costs and 
renovation measures levels ranging from (‒1) to (+1). 
Nevertheless, cost analysis remains crucial and can be 
utilized in conjunction with modelled energy savings for 
renovation optimization, as demonstrated in [24]. This aspect 
is considered for future studies on this topic. 
 
3 RESULTS AND DISCUSSION 
 
 After determining the required input parameters, the 
building's energy performances are calculated using 
methodology presented in previous section. Also, simulated 
building energy consumption is validated with the actual 
annual energy consumption of hospital building. Following, 
the FFD is used to analyse the impact of selected factors on 
the building primary energy and CO2 emissions. 
 
3.1 Building Energy Performance and Validation of the 

Results 
 

The building model was validated by comparison of the 
simulated energy consumption obtained by Design Builder 
with the actual annual energy consumption of the hospital 
building. The actual energy consumption was obtained based 
on gas and electricity bills, aggregated for the entire hospital 
complex. To determine the consumption only for the 
analysed building, total energy consumption was scaled in 
relation to the ratio of gross heating surface of analysed 
building and gross heating surface of the hospital complex. 
Comparison of actual and modelled annual energy 
consumptions are shown in Tab. 3.  

 
Table 3 Comparison of actual and modelled annual energy consumption  

 Annual electricity 
consumption / kWh 

Annual heating and DWH 
energy consumption / kWh 

Actual data 367359 993213 
Model 348936 1056584 
Relative error 5.01% ‒6.38% 

 
The validation results are very satisfactory and show a 

relative percentage error ranging from 5.01 to 6.38% of 
heating, DWH and electricity consumption. This error 
percentage could be reduced if there were installed heat 
meters and electricity consumption meters for each building 
of the hospital complex separately, showing actual 
consumption of each building in hospital complex. In any 
case, the obtained results confirm that the model created in 
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the Design Builder provides reliable simulation of the real 
building.  

Fig. 5 shows hourly diagram of fuel consumption, 
temperature changes and heat balance for January.  

 

 
Figure 5 Hourly diagram of fuel consumption, temperature variation and heat 

balance for January 
 

From Fig. 5, it is noticeable that variations in fuel 
consumption follow the variations of external temperature, 
so the highest fuel consumption is in the period of the lowest 
external temperatures. The heat balance diagram shows that 
heat losses through building envelope are compensated 
primarily by thermal energy supplied by the heating system, 
and by heat gains from the lighting, electrical devices, 
occupants, and solar gains. 

 

 
Figure 6 Annual building primary and delivered energy 

 

 
Figure 7 Annual building CO2 emissions  

 
Fig. 6 shows building annual primary and delivered 

energy. Natural gas share is 45.3% in total primary energy, 
while electricity share is 54.7%. Primary energy is greater 
than delivered energy by 35%, due to losses in the fuel 
processing, thermal conversion, and transmission and 
distribution to the hospital. 

Fig. 7 presents total annual CO2 emissions, as well as the 
share of natural gas and electricity in the total emissions. 
Natural gas and electricity have a total share in CO2 
emissions of 47.1% and 52.9%, respectively. 
 
3.2 Design of experiments, ANOVA and regression analysis 

 
Analysis of variance (ANOVA) and regression analysis 

were used for statistical analysis, with the aim of developing 
of regression models for predicting the building primary 
energy consumption and CO2 emissions. The experimental 
matrix, with coded factor levels and calculated building 
primary energy consumption and CO2 emissions, for each 
simulation, is presented in Tab. 4. 
 

Table 4 Experimental matrix 
Exp M1 M2 M3 mCO2 / t/ann. Eprim / MWh/ann. 

1 ‒1 ‒1 ‒1 477.8 2250.2 
2 1 ‒1 ‒1 438.9 2036.5 
3 ‒1 1 ‒1 466.5 2188.7 
4 1 1 ‒1 432.5 2000.0 
5 ‒1 ‒1 1 413.2 1991.0 
6 1 ‒1 1 374.3 1777.2 
7 ‒1 1 1 402.0 1929.4 
8 1 1 1 367.9 1740.7 

 
ANOVA is used to determine statistical significance of 

all factors and their influence on the response variables, 
building primary energy consumption and CO2 emissions. In 
this study, ANOVA was performed at a significance level of 
0.05. The results of ANOVA, with only statistically 
significant terms and their corresponding F and p-values, are 
presented in Tab. 5 for building primary energy, and Tab. 6 
for CO2 emissions.  

 
Table 5 ANOVA of the model for prediction of building primary energy consumption 

Eprim 

Source Degrees of 
Freedom 

Sum of 
Squares 

Mean 
Square F-value p-value 

Model 3 220216 73405 933.31 0.000 
A (𝑈𝑈wall) 1 80968 80968 1029.46 0.000 
B (𝑈𝑈roof) 1 4809 4809 61.15 0.001 
C (𝑃𝑃PV) 1 134439 134439 1709.32 0.000 
Error 4 315 79   
Total 7     

 
Table 6 ANOVA of the model for prediction of CO2 emissions mCO2 

Source Degrees of 
Freedom 

Sum of 
Squares 

Mean 
Square F-value p-value 

Model 3 11157.0 3719.00 1298.97 0.000 
A (𝑈𝑈wall) 1 2661.8 2661.84 929.72 0.000 
B (𝑈𝑈roof) 1 156.9 156.85 54.79 0.002 
C (𝑃𝑃PV) 1 8338.3 8338.30 2912.39 0.000 
Error 4 11.5 2.86   
Total 7     

 
The results of ANOVA presented in Tab. 5 and 6 show 

significantly large F-values and significantly small p-values. 
In both cases, primary energy and CO2 emissions, the p-
values of all factors are less than 0.05, indicating significant 
impact of all model terms on primary energy of building and 
CO2 emissions. The greatest impacts on the building primary 
energy and CO2 emissions result from implementation of 
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measure M3, the installation of  photovoltaic power plant on 
the roof of the building, and measure M1, the installation of 
thermal insulation on the external walls of the building. 
Given that there is already 4 cm of thermal insulation on the 
flat roof, it is shown that installation of an additional 
insulation layer of on the roof will not significantly affect 
primary energy and CO2 emissions in comparison to the other 
two measures (M1 and M3). As a result, the implementation 
of measure M2 according to ANOVA is ranked as the 
measure with the least impact on primary consumption and 
CO2 emissions. 

The regression models for predicting building primary 
energy consumption and CO2 emissions are given by the 
following expressions: 
 

prim wall roof pv1989.21 100.60 24.52 129.63E U U P= − − −    (3) 
 

CO wall roof pv2 421.64 18.24 4.43 32.28m U U P= − − −           (4) 
 

The high values of the R2 coefficients for model of 
building primary energy consumption (adjusted R2 = 99.75 
%, and predicted R2= 99.43 %), and CO2 emission (adjusted  
R2 = 99.82 %, and predicted R2= 99.59 %), indicate high 
accuracy in prediction of responses.   

The main effect plot in Fig. 8 and 9 shows the impact of 
wall heat transfer coefficient (A, Uwall), heat transfer 
coefficient of the flat roof (B, Uroof), and photovoltaic plant 
power (C, Ppv) on building primary energy consumption and 
CO2 emissions, respectively. It is evident that the installation 
of a photovoltaic power plant has the most significant effect 
on the response, followed by installing thermal insulation on 
external wall. Installation of additional thermal insulation on 
the flat roof has the least effect on primary energy 
consumption and CO2 emissions. 

When examining the impact of installing a photovoltaic 
power plant on the primary energy consumption, it can be 
observed that primary energy consumption decreases from 
2118 MWh annually (when the PV plant is not installed, 
denoted as Ppv = ‒1) to 1860 MWh annually (when the 80 
kW PV plant is installed, denoted as Ppv = +1). 
Simultaneously, CO2 emissions decreases from 454 tons 
annually (Ppv = ‒1) to 389 tons annually (Ppv = +1). The effect 
of installing thermal insulation on the external wall on the 
primary energy consumption and CO2 emissions is less 
pronounced, but still significant. Primary energy 
consumption is reduced from 2089 MWh annually (when the 
wall is not insulated, denoted as Uwall = ‒1) to 1888 MWh 
annually (when the wall is insulated with 20 cm of thermal 
insulation, denoted as Uwall = +1). Similarly, CO2 emissions 
decreases from 440 tons annually (Uwall = ‒1) to 403 tons 
annually (Uwall = +1). The effect of installing the additional 
thermal insulation on the flat roof on the primary energy 
consumption and CO2 emissions is the lowest among the 
three measures. With additional roof insulation, primary 
energy consumption is reduced from 2014 MWh annually 
(when the roof is insulated with 4 cm of thermal insulation in 
the current state, denoted as Uroof = ‒1) to 1985 MWh 
annually (when the roof is insulated with 25 cm of thermal 

insulation, denoted as Uroof = +1). CO2 emissions decreases 
from 426 tons annually (Uroof = ‒1) to 417 tons annually (Uroof 
= +1). 
 

 
Figure 8 Main effects plot for Eprim 

 

 
Figure 9 Main effects plot for mCO2 

 
All three energy renovation measures, installing a PV 

plant, installing thermal insulation on the external wall, and 
installing the additional thermal insulation on the flat roof 
contribute to reductions in both primary energy consumption 
and CO2 emissions, whereby the installation of the 
photovoltaic power plant has the most significant impact. 

From Fig. 8 and 9, it can be clearly seen that the 
implementation of energy renovation measures (installation 
of thermal insulation on the external walls and flat roof, as 
well as installation of the photovoltaic power plant on the 
roof of the building) result in reduction of both, primary 
energy consumption and CO2 emissions. This is also visible 
in 3D response surface plots of primary energy and CO2 
emissions, presented in Fig. 10 and 11. 
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Figure 10 3D response surface plot of Eprim as a function of Uwall and Ppv 

 

 
Figure 11 3D response surface plot of mCO2 as a function of Uwall and Ppv 

 
4 CONCLUSIONS 

 
This study demonstrates the benefits of dynamic 

simulations combined with DOE and regression analysis to 
model energy performance and identify optimal energy 
efficiency measures for hospital buildings. The effects of 
implementing various energy renovation measures on the 
primary energy consumption and CO2 emissions of hospital 
building are analysed. 

Hospitals are known to consume significant amount of 
energy, with energy use intensity being one of the highest 
among all building types, providing large energy saving 
potential. In this study, impact of three energy renovation 
measures on primary energy and CO2 emission were 
considered: installing thermal insulation on the external walls 
and roof and installing photovoltaic power plant.  

Hospital building model is designed in Design Builder 
software, following dynamic simulations of energy 
performances considering parameters such as climatic 
conditions, architectural and construction characteristics, 
installed technical systems, and fuel used. Modelled energy 
performances of the hospital building, in the current state, 
show a high agreement with actual energy consumption data, 
hence validating the accuracy of the building model. 

Using Design of Experiments (DOE), followed by 
ANOVA and regression analysis, mathematical relationships 

between primary energy consumption and CO2 emissions 
(responses) and the renovation measures (factors), were 
established. The regression models developed in this study 
enable estimation of primary energy and CO2 emissions 
based on renovation measure levels. The analysis revealed 
that installing photovoltaic power plant and thermal 
insulation on external walls have the greatest impact on 
reducing building primary energy and CO2 emissions. 
Therefore, study results show that it is possible to develop the 
mathematical model for prediction of energy performances 
as a function of various renovation measures, and  to use 
statistical analysis to identify optimal energy renovation 
measures for hospital buildings. 

The research presents a unique dataset of energy 
characteristics of hospital buildings for various renovation 
options and levels. Given the lack of studies related to energy 
renovation in hospital buildings, findings from this study are 
valuable and may be applicable to other buildings within the 
healthcare sector. Future research should focus on renovation 
optimization in healthcare buildings, considering energy and 
CO2 emission savings, as well as cost analysis. Presented 
study results and related analysis will contribute to the 
broader goal of reducing energy consumption and CO2 
emissions in the built environment, particularly in the 
healthcare sector.  
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The Effects of 30% Oxygen Concentration Inhalation on Driving Fatigue and Heart Rate 
Variability 

 
Byung Chan Min*, Kazuyuki Mito, Sang Kon Lee, Seoung Chul Kim, Jeong Han Kim, Seung Hee Hong* 

 
Abstract: This study aimed to evaluate the correlation between heart rate variability and driving fatigue through a physiological approach, examining the effects of oxygen 
concentrations ranging from normal to high. Driver fatigue, a factor in fatal accidents, has complex causes and varied symptoms. The ambiguity in reporting physiological changes 
due to mixed terminology such as fatigue and drowsiness prompted this study, which is based on the premise that physiological fatigue originates from the same mechanisms as 
stress. A driving scenario that induces fatigue was simulated, involving fifteen university student drivers. Experiments were conducted at oxygen concentrations of 21%, 30%, and 
40%. Data were collected via an electrocardiogram system and analyzed statistically. Our findings reveal that at a 30% oxygen concentration, drivers showed a significant increase 
in SDNN and a decrease in LF/HF ratio, indicating enhanced autonomic nervous system stability and reduced sympathetic dominance. This intervention was found to effectively 
reduce and delay driving fatigue, demonstrating that oxygen supplementation at 30% concentration could notably improve traffic safety by mitigating driver fatigue. 
 
Keywords: driver fatigue; driving stress; Electrocardiogram (ECG); Heart Rate Variation (HRV); 30% Oxygen stimulation  
 
 
1 INTRODUCTION  
 

Driver fatigue is a principal cause of traffic accidents 
which, in turn, have a major effect on driver behavior, driving 
conditions, and driving time in general [1]. Driver fatigue has 
been reported to cause drowsiness, poor judgment, delayed 
reaction time, tunnel vision, and occurrences of microsleep. 
Fatigue while driving is expressed in multiple terms, 
including drowsiness, distraction, and negligence. Because 
of the ramifications of the adopted operational definition of 
driver fatigue, it is necessary to examine the clinical 
definition and mechanism of fatigue.  

Prior to the present study, fatigue had been considered 
from the perspective of drowsiness; consequently, the 
reported experimental results encapsulate the incidence of 
drowsiness rather than the physiological responses to fatigue. 
Therefore, in this study, the emphasis was to investigate the 
physiological responses associated with driver fatigue. In 
addition, we examined the viability of a method for reducing 
fatigue through oxygen injection. 
 
2 LITERATURE REVIEW  
2.1 Definition of Biofatigue 
 

 Fatigue may be defined as a form of physical and mental 
exhaustion resulting on strenuous activity [2], associated 
with difficulty in initiating and sustaining voluntary activity 
[3]. Clinically, the manifestation of fatigue is divided into 
three groups expressed as mental/physical/neural fatigue, 
central/peripheral fatigue, and acute/chronic fatigue. Mental 
fatigue occurs because of neurological fatigue caused by 
psychological factors, whereas physical fatigue occurs 
because of the accumulation of waste products and 
insufficient energy supply resulting from continuous muscle 
use. Neural fatigue occurs because of the processing of large 
volumes of information collected by sensory organs. An 
accumulation of fatigue leads to decreasing information 
processing ability [4]. Peripheral fatigue is a form of muscle 
fatigue involving neuromuscular junctions, whereas central 
fatigue is a subjective form of fatigue perceived in the central 

nervous system [5] which is closely related to socio-
psychological factors [6, 7]. 
 
2.2 Fatigue and Physiological Indicators 
 

Silverman's research provides a nuanced perspective on 
fatigue, grounding its physiological basis in mechanisms 
traditionally associated with maintaining homeostasis under 
challenging conditions. This framework suggests that fatigue 
can be understood through the lens of the body's intricate 
system interactions, involving the nervous, endocrine, and 
immune systems. Such a perspective implicitly parallels the 
physiological responses observed in stress-related processes, 
yet it emphasizes a clear focus on fatigue as a distinct 
phenomenon. 

In exploring the physiological underpinnings of fatigue, 
Silverman introduces noninvasive evaluation methods aimed 
at understanding how the body copes with this condition. 
These methods include the measurement of salivary cortisol, 
salivary alpha-amylase, and heart rate variability, each 
offering insights into different aspects of the body's response 
to fatigue [8]:   
1)  Salivary Cortisol: This method focuses on measuring the 

free cortisol present in saliva, which reflects the amount 
of cortisol circulating freely in the bloodstream. The 
approach, involving multiple continuous samplings and 
dynamic testing, is particularly sensitive to changes in 
the body's physiological state, providing a direct link to 
fatigue and its effects on the body.  

2)  Salivary Amylase: The analysis of salivary α-amylase 
(sAA) serves as a biomarker for the autonomic nervous 
system's (ANS) activity, particularly the sympathetic 
branch. Silverman's findings suggest that sAA levels 
increase in response to various types of stressors, 
pointing to its utility in understanding how the body's 
stress response mechanisms are engaged during physical 
exertion or psychological challenges [11]. 

3)  Heart Rate Variability (HRV): By examining HRV, this 
approach assesses the balance between the sympathetic 
and parasythetic branches of the ANS. The variability in 
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heart rate, especially as influenced by the slow 
transmission of sympathetic nerve signals, offers a 
window into the body's adaptive responses, marking a 
significant index for evaluating physiological states 
related to fatigue [12]. 

 
2.3 Driving Fatigue and Physiological Index 
 

Driver fatigue can be studied in terms of a physiological 
approach, driver behavior evaluation, vehicle movement, and 
complex evaluation. According to a database survey 
spanning fifteen years from 2007 to 2021 [13], 129 studies of 
driver fatigue were conducted during that period. Forty-three 
of these studies considered a physiological approach, seventy 
a behavioral approach, four a vehicular approach, and twelve 
followed a mixed approach. These studies reflected social 
concerns and interests about the risk and impact of driver 
fatigue. Taguchi (1998) studied the relationship between 
vehicle vibration and driving fatigue, considering HR (Heart 
Rate), cardiac blood pressure fluctuations (in the form of 
MWSA: Mayer Wave Related Sinus Arrhythmia), cardiac 
respiration fluctuations (in the form of RSA: Respiratory 
Sinus Arrhythmia), and the incidence rate and selection 
reaction of adrenaline (Adr), Noradrenaline (Nor), salivary 
cortisol (Cor), and EEG (alpha) in urine. In that study, it was 
found that adrenaline responded most significantly to the 
driver’s vibration fatigue. Persson et al [14] conducted a set 
of experiments consisting of driving sessions lasting either 
90 min or 135 min, conducted on either motorways or rural 
roads, and performed at varying stages of alertness of the 
drivers. With respect to the relationship between HRV and 
driving fatigue, studies have revealed that HR decreased, 
whereas SDNN(the standard deviation of NN intervals), 
RMSSD(the root mean square of successive RR interval 
differences), pNN50(the percentage of successive RR 
intervals that differ by more than 50 ms), LF(the rate of low-
frequency oscillations), HF(the rate of high-frequency 
oscillations), and LF/HF(the ratio of low-frequency to high-
frequency power) all increased. Zeng et al. [15] reported that 
the HR decreased, whereas SDNN, RMSSD, pNN50, LF, 
and HF all increased after driving for 60 min in a highway 
environment generated by a driving simulator. Buendia et al. 
[16] reported similar results. However, different HRV results 
were observed by Jung et al. [17] in their ECG-sensing 
device development and HRV threshold-setting experiment, 
which involved driving sessions lasting 2 h on an actual 
road). The HR, SDNN, RMSSD, and pNN50, as variables in 
the time domain, and the VLF, LF, HF, and LF/HF, as 
variables in the frequency domain, were measured and 
analyzed. The results indicated that a driver’s HRV acted as 
a measure of fatigue in the form of a drowsiness transition 
(decrease in factors of HR, SDNN, RMSSD and pNN50; 
increase in factor of LF/HF).  

The relationship between oxygen and fatigue has been a 
subject of numerous studies across various fields, revealing 
its complex interplay and significant implications for both 
physical performance and daily activities. Research in sports 
science and exercise physiology provides a foundational 
understanding of how oxygen uptake influences fatigue and 

recovery during physical exertion. For instance, a study 
highlighted the importance of maximal oxygen uptake 
(V̇O₂max) in determining fatigue and recovery during 
resistance exercise, underscoring aerobic capacity's role in 
physical performance [18]. Additionally, gender differences 
in oxygen saturation and muscle fatigue were explored, 
suggesting that variations in intramuscular pressures and 
skeletal muscle perfusion during exercise could lead to 
differing fatigue onset times between men and women [19]. 

In the context of team sports like futsal, another study 
investigated the relationship between heart rate, oxygen 
consumption, and energy expenditure, aiming to estimate the 
aerobic and anaerobic contributions to total energy 
expenditure during a simulated game. This research 
underscores the complexity of accurately predicting oxygen 
consumption and its effects on performance in activities 
characterized by intermittent, high-intensity efforts [20] 

The relevance of these physiological insights extends 
beyond the realm of sports, touching upon everyday activities 
such as driving. Sung et al. noted the critical impact of stress 
and fatigue on driving, identifying them as leading causes of 
traffic accidents. They proposed oxygen injection as a 
potential solution to alleviate drivers' fatigue and stress, 
conducting an experiment where oxygen at concentrations of 
18%, 21%, and 30% was administered to drivers. The study 
found that 30% oxygen concentration was the most effective 
in reducing fatigue and improving driving reaction times, 
based on subjective evaluations and kinematic measurements. 
However, this investigation highlighted a gap in research, as 
it did not assess the drivers' physiological responses to 
oxygen supplementation. 

In light of evidence demonstrating the profound impact 
of oxygen concentration on physical and cognitive 
performance, the aim of this study is defined as the 
examination of how varying oxygen levels influence heart 
rate variability (HRV) in drivers. HRV, an indicator of 
autonomic nervous system function, is to be assessed to 
understand the physiological responses to oxygen variations 
in a simulated driving environment. Participants are to be 
exposed to oxygen concentrations of 18%, 21%, and 30%, 
with the hypothesis being that increased oxygen levels will 
correlate with improved HRV profiles, indicative of reduced 
stress and enhanced cognitive and physical resilience. This 
research is intended to contribute to the understanding of 
mechanisms by which oxygen can improve driving safety 
and performance, potentially informing strategies to mitigate 
driver fatigue-related accidents. The methodology involves a 
blend of subjective fatigue evaluations and objective 
physiological measures, aiming to offer insights into optimal 
driving conditions for safety enhancements. 
 
3 EXPERIMENTAL METHOD 
 

Fifteen male university students with driver's licenses 
were recruited openly, excluding those with health conditions 
affecting the experiment. Participants were briefed on 
precautions and compensated for their time. The study 
employed a controlled laboratory setup with a graphic 
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simulator, ECG measurement system, and oxygen injection 
system. Driving simulations induced mental fatigue on a 
highway scenario, with three 20-minute driving sessions per 
participant. HRV parameters were analyzed using electrodes 
attached via the chest induction method, focusing on time and 
frequency domains to assess autonomic nervous system 
balance and vagus nerve activity. Data analysis was 
conducted using MATLAB and SPSS. 
 
3.1 Participants 
 

In the pursuit of foundational research on Heart Rate 
Variability (HRV), the present study adopted a controlled 
sample demographic, limiting participants to male university 
students within a similar age range. This decision stems from 
the acknowledgment that HRV can significantly vary across 
different genders and age groups, necessitating a focused 
initial investigation to ensure clarity and reliability in the 
obtained results. Consequently, our experimental group 
comprised 15 male university students, all of whom 
possessed valid driver's licenses, symbolizing a 
homogeneous group in terms of both gender and age, as well 
as basic driving experience. 

Participants were recruited through an open call within 
the university student community, ensuring that the selection 
process was transparent and inclusive. The final cohort was 
carefully chosen based on their health status, explicitly 
excluding individuals with cardiovascular or respiratory 
diseases, among other conditions, to minimize external 
variables that could potentially influence HRV. Additionally, 
potential participants were briefed about the importance of 
avoiding alcohol, tobacco, and drug use—factors known to 
affect the central and autonomic nervous systems—both on 
the eve of and on the day of the experiment, to further ensure 
the purity and accuracy of the study's findings. 

Upon arrival at the laboratory, participants were 
thoroughly briefed by the experiment operator on the 
experiment's objectives, procedures, and safety precautions. 
It was emphasized that participation was entirely voluntary, 
with the freedom to withdraw from the study at any moment 
without any consequences. Following the acquisition of 
informed consent, physiological signal measuring electrodes 
were affixed to the participants, and a driving simulation 
exercise was conducted to standardize the experimental 
conditions across all subjects. To acknowledge their 
contribution and time, participants were compensated at a 
rate of approximately $15 per hour. 

 
3.2 Equipment 

 
The GDS-300S graphic simulator, provided by Grid 

Space, plays a crucial role in replicating real-world visual 
stimuli within a controlled setting, allowing for precise 
manipulation and monitoring of visual inputs. Its 
sophisticated rendering capabilities and high fidelity make it 
an indispensable tool for experiments requiring accurate 
visual simulation, ensuring that the visual stimuli presented 
to participants are consistent and of the highest quality. 

Simultaneously, the MP30 system from BIOPAC was 
employed for its unparalleled precision in capturing 
electrocardiogram (ECG) data. This system is designed to 

facilitate the non-invasive monitoring of electrical activities 
of the heart, providing real-time insights into the cardiac 
health and stress responses of participants. Its reliability and 
accuracy in data acquisition make it an optimal choice for 
studies focusing on physiological responses to varying 
conditions. 

These components were selected for their proven 
reliability, precision, and compatibility with the objectives of 
our study, ensuring that all data collected were of the highest 
fidelity and relevance. Data extraction and analysis were 
performed using MATLAB (MATLAB R2019a, 
MathWorks) for its robust data processing and visualization 
capabilities. For statistical analysis, SPSS ver.18 was 
utilized, offering comprehensive tools for in-depth statistical 
testing and interpretation, thus ensuring the integrity and 
validity of the experimental findings. 
 
3.3 Environment  

 
To guarantee the precision of our study results, we 

meticulously implemented control measures for external 
variables that could potentially influence HRV. These 
measures were designed to maintain a consistent ambient 
temperature within the simulation environment, rigorously 
kept at a constant 23 °C (±1 °C), to negate the effects of 
temperature fluctuations on participant stress levels and HRV 
outcomes. Noise control was achieved through the use of 
sound-insulated headphones that delivered only simulation-
related audio cues, thereby eliminating auditory distractions 
and ensuring that external sound variations did not affect the 
data. 

Our study employed a double-blind design, ensuring that 
neither participants nor experimenters were privy to the 
allocation of oxygen conditions throughout the experiment. 
Participants were informed about exposure to varying 
oxygen levels in general terms, without specific details, while 
the sequence of conditions remained undisclosed to 
experimenters, overseen by an independent team member. 
This meticulous approach mitigated potential biases, 
safeguarding the impartiality of experimental 
implementation and participant response. 
 
3.4 Scenarios 
 

In our driving simulation, scenarios were set on a virtual 
highway with surrounding vehicles to impose mental fatigue, 
necessitating the overtaking of preceding vehicles as 
illustrated in Fig 2. Participants began their journey in the 
highway's lower lane, shifting to the second lane upon 
receiving specific instructions. If a preceding vehicle 
emerged randomly while the participant was in the second 
lane, they were directed to overtake by moving to the first 
lane. To moderate the graphic simulation's driving intensity, 
this procedure was conducted three times, with each driving 
session spanning 20 minutes. The comprehensive duration of 
the experiment, as shown in Fig. 1, totaled 150 minutes, 
including breaks before and after driving sessions, summing 
up to approximately 3 hours when factoring in preparation 
and simulator training time. The ordering of oxygen 
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concentration levels during these sessions was randomized 
and concealed from participants to prevent order effects. The 
primary objective of this experiment was to evaluate the 
influence of HRV and oxygen intake alterations on mental 
fatigue in conditions of induced driving fatigue. For a 
thorough assessment of central and acute fatigue, we 
recorded Electrocardiograms (ECGs) showcasing the activity 
of the parasympathetic nervous system, particularly the 
vagus nerve. 
 

 
Figure 1 Graphic Simulator Configuration 

 

 
Figure 2 Experimental Driving Scenario 

 

 
Figure 3 Experiment process and time required 

 
Table 1 HRV Parameters 

Parameters Unit Definition 
Analysis of 5 min (short-term) recordings 

SDNN ms Standard deviation of NN intervals 

RMSSD ms Square root of the mean squared differences between 
successive RR intervals 

PNN50 % NN50 divided by the total number of RR intervals 

LF norm nu 
LF power in normalized units LF/(total power-
VLF)×100  
*LF Frequency range: 0.04–0.15 Hz 

HF norm nu 
HF power in normalized units HF/(total power-
VLF)×100 
*HF Frequency range: 0.15–0.4 Hz 

LF/HF - Ratio of LF power to HF power 
 

The order of oxygen concentration released during 
driving was not notified to the participants in the experiment. 
In order to exclude order effects, the order of oxygen release 
was determined by randomization. 

The experiment was conducted to evaluate the effect of 
a change in HRV and oxygen intake on mental fatigue in a 
situation where mental driving fatigue was imposed. In order 
to evaluate central and acute fatigue, ECGs reflecting the 
behavior of the parasympathetic nerve (vagus nerve) were 
recorded. 
 
3.5 HRV Parameters 
 

Electrocardiogram electrodes were attached using the 
chest induction (tripole) method depicted in Fig. 4. HRV 
measured from an electrocardiogram can be analyzed in the 
time domain and frequency domain. In this study, autonomic 
nervous system balance and vagus nerve evaluation variables 
among time and frequency domain parameters were utilized 
[19]. 

The variables used for evaluating fatigue were the 
normalized HF power (HFnorm) and normalized LF power 
(LFnorm), and those used for evaluating ANS balance were 
LF/HF and SDNN. Key time domain parameters were used 
for estimating changes in the vagus nerve. The RMSSD 
constitutes the HF of HRV. The proportion of NN50 among 
the entire beat interval (PNN50) was extracted and analyzed.  

Continuously measured ECG data were analyzed after 
removing noise with a 60 Hz NF (Notch. Filter) and an IIR 
filter (Infinite Impulse Response Filter). HRV parameters 
were extracted in standard 5-minute units (short-term 
recordings) [20, 21] 
 

 
Figure 4 ECG Acquisition system and Configuration 

 
4 EXPERIMENTAL RESULTS 
 

Physiological fatigue responses were compared and 
evaluated in various ways based on the measurements of 
HRV in the form of time-lapse and oxygen concentration 
while resting and driving. 
 
4.1 Changes in HRV over Time 

  
First, we compared the change in heart rate variability 

with time for resting and driving conditions and the effect of 
driving on mental stress as a function of time. 
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In the resting condition, the SDNN maintained a higher 
value for the total time than in the driving condition, and the 
SDNN, RMSSD, PNN50, LFnorm, HFnorm, and LF/HF all 
showed an increase over time. However, in the driving 
condition, RMSSD. PNN50 and HF showed a decreasing 
trend over time, whereas LFnorm and LF/HF showed a 
slightly increase.  

The multivariate analysis of HRV with respect to time 
generated a statistically significant difference between the 
values obtained for resting and driving conditions, 
respectively. The time-dependent differences of the SDNN 
were P5~10 min = 0.08, P10~15 min = 0.01, and P 15~20 
min = 0.000, whereas that of PNN50 was P15~20 min = 
0.021, and that of the RMSSD was P 15~20 min = 0.013, 
reflecting the activity of the parasympathetic and vagus 
nerves. 
 

Table 2 HRV variation with time expressed as P-value 
(min) SDNN RMSSD PNN50 LFnorm. HFnorm LF/HF 
0~5 .370 .243 .151 .308 .029 .382 
5~10 .008 .091 .947 .744 .166 .392 

10~15 .001 .061 .024 .183 .553 .462 
15~20 .000 .013 .021 .620 .490 .073 

 

 
Figure 5 HRV over time while resting and driving 

 
4.2 HRV According to Oxygen Concentration While Resting 

and Driving 
 

 In order to demonstrate the difference in heart rate 
variability measured by oxygen concentration before driving 
(that is, while in the resting condition) and after driving (that 
is, in the driving condition), the values of the parameters in 
the resting condition and in the driving condition are 
graphically displayed in Fig. 5. In addition, the statistically 

significant differences were verified by performing a one-
way ANOVA. 

According to the results, the SDNN, RMSSD, and 
PNN50, which are time-dependent variables, all decreased 
after driving, relative to their values before driving. The 
SDNN exhibited a statistically significantly decrease (P21 % 
= 0.039, P30 % = 0.000, and P40 %. = 0.001). The values of 
the LFnorm, HFnorm, and LF/HF, which are frequency-
dependent, exhibited contrasting trends when measured in 
terms of oxygen concentration. Values of LFnorm decreased 
at both 21 % and 30 % oxygen concentrations and 
significantly decreased at 30 % (P30 % = 0.047), increasing 
only at 40 % concentration. Values of HFnorm exhibited a 
very small difference at 21 % and 40 %, whereas the value 
increased significantly at 30 % (P30 % = 0.000). For LF/HF, 
the difference in values was also small at 21 % and 40 %, 
whereas the value decreased significantly at 30 % (P30 % = 
0.001). 
 

Table 3 The methodology processes and their descriptions. 
% SDNN RMSSD PNN50 LFnorm HFnorm LF/HF 
21 .039 .391 .272 .423 .842 .707 
30 .000 .102 .272 .047 .000 .001 
40 .001 .072 .338 .358 .987 .854 

* Results with a P-value of 0.05 or less are indicated in bold. 
 

 
Figure 6 HRV according to oxygen concentration while resting and driving 

 
4.3 HRV According to Oxygen Concentration and Time While 

Driving 
 

This study was assessed the effect of oxygen on the 
fatigue and HRV of participants while driving after providing 
21%, 30%, and 40% oxygen, respectively. The results were 
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displayed in Fig 6. At 21% oxygen concentration (the normal 
concentration in the atmosphere), the SDNN, RMSSD, 
PNN50, LFnorm, and LF/HF were observed a tendency to 
increase over time, whereas HFnorm was observed a 
tendency to decrease. When 30% oxygen was inhaled, the 
SDNN, RMSSD, PNN50, and HFnorm first decreased and 
then increased, whereas LFnorm and LF/HF showed a 
consistently increasing trend. At the highest oxygen 
concentration of 40%, the SDNN and PNN50 maintained 
constant levels from the start to the end of driving, whereas 
the RMSSD and HFnorm decreased sharply, and, 
accordingly, LF/HF displayed an increasing trend. A 
multivariate analysis according to the time interval and 
oxygen concentration while driving indicated that there was 
no significant difference in any of the variables with respect 
to both oxygen concentration and elapsed time. 
 

Table 4 HRV by time interval expressed as P-value 
(min) SDNN RMSSD PNN50 LFnorm. HFnorm LF/HF 
0-5 .409 .100 .561 .285 .365 .107 
5-10 .219 .518 .412 .935 .359 .445 

10-15 .733 .733 .604 .580 .848 .528 
15-20 .643 .810 .819 .102 .309 .795 

 
4.4 Comparison of Variance in HRV by Oxygen 

Concentration 
 

To verify whether the variance in HRV before driving 
and after driving differed with respect to the oxygen 
concentration, the variance of (HRV while driving - HRV 
while resting) was calculated using a one-way ANOVA. A 
significant difference in the variance by oxygen 
concentration was found in HFnorm (P = 0.005). Application 
of post hoc analysis (Scheffe's) indicated significantly 
differences between O2 21% and O2 30% (P = 0.011) and 
between O2 30% and O2 40% (P = 0.025). 
 

Table 5 Variance in HRV by Oxygen Concentration expressed as P-value 
SDNN RMSSD PNN50 LFnorm. HFnorm LF/HF 
.703 .733 .974 .128 .006 .152 

 

 
Figure 7 HRV according to oxygen concentration 

 

4.5 A Pearson’s Correlation Analysis of HRV 
 
A Pearson’s correlation analysis of HRV revealed that 

the SDNN exhibited a positive correlation with the RMSSD 
and PNN50 (r = 0.66 and r = 0.56, respectively) and a 
negative correlation with HFnorm (r = ‒0.20). Also, RMSSD 
exhibited a positive correlation with the SDNN, PNN50, and 
HFnorm (r = 0.66, r = 0.78, and r = 0.21, respectively), 
whereas PNN50 showed a positive correlation with the 
SDNN, PNN50, and HFnorm (r = 0.56, r = 0.78, and r = 0.20, 
respectively). However, it is also consistent with previous 
studies that LFnorm exhibited no correlation with other 
variables except LF/HF, HFnorm exhibited positive 
correlations with the RMSSD and PNN50 in the time domain 
(r = 0.21 and r = 0.20, respectively), and a negative 
correlation with the SDNN (r = ‒0.20), and the parameters of 
heart rate variability showed correlations with other 
variables. HF, which represents the activity of the 
parasympathetic nerve, exhibited a positive correlation with 
the RMSSD, which represents the vagus nerve activity of the 
parasympathetic nerve.  
 

Table 6 The methodology processes and their descriptions 
SDNN RMSSD PNN50 LFnorm. HFnorm LF/HF 
.703 .733 .974 .128 .006 .152 

 

 
 
5 DISCUSSION AND CONCLUSION 
 

This study contributes to the expanding research on the 
non-invasive assessment of driver fatigue through heart rate 
variability (HRV), aligning with the pioneering insights of 
Silverman (2010). Our findings underscore the utility of 
HRV as a reliable indicator of the autonomic nervous 
system's (ANS) regulatory dynamics, especially in relation to 
fatigue induced by driving activities. By analyzing both time-
domain and frequency-domain parameters of HRV, we have 
demonstrated the sensitive interplay between physiological 
responses and environmental factors such as oxygen 
concentration. 

Recent literature reaffirms the potential of HRV analysis 
in the context of driving fatigue. For instance, the systematic 
review by Lu et al. (2022) on driver fatigue detection systems 
using HRV highlights the promising yet variable 
performance of these systems, indicating a need for 

SDNN RMSSD PNN50 LFnorm HFnorm LF/HF
Pearson
Correlation

1 .656 .563 -.046 -.193 .186

Sig. (2-tailed) .000 .000 .397 .000 .001

Pearson
Correlation

1 .783 .065 .205 -.059

Sig. (2-tailed) .000 .232 .000 .294

Pearson
Correlation

1 .075 .195 -.060

Sig. (2-tailed) .156 .000 .273

Pearson
Correlation

1 .059 .432

Sig. (2-tailed) .267 .000

Pearson
Correlation

1 -.699

Sig. (2-tailed) .000

 

SDNN

RMSSD

PNN50

LFnorm

HFnorm
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standardization in future research to consolidate HRV's role 
as a fatigue marker [21]. Similarly, the study applied mutual 
information for feature selection in ECG-based fatigue 
detection, represents an advancement in the analytical 
methodologies, achieving significant accuracy in detecting 
fatigue states [22]. These studies not only validate the 
relevance of HRV in fatigue assessment but also illustrate the 
ongoing efforts to enhance the precision and applicability of 
HRV-based detection systems. 

Our investigation into the effects of different oxygen 
concentrations on HRV parameters adds a novel dimension 
to understanding how environmental factors can modulate 
ANS activity, potentially influencing driver fatigue levels. 
This inquiry complements existing research, such as the 
work, which employed wavelet transform and ensemble 
logistic regression for driving fatigue detection, achieving an 
accuracy of 92.5% [23]. Moreover, the integration of vehicle 
data with ECG signals in the study by Halomoan et al. (2023) 
exemplifies the potential for multimodal approaches to 
enrich the detection framework. 

Acknowledging the limitations inherent in our study, 
such as the confined sample size and specific driving 
conditions, we echo the call for broader research to solidify 
HRV's predictive utility across diverse scenarios. Future 
endeavors could benefit from exploring the synergy between 
HRV and other physiological or behavioral indicators of 
fatigue, offering a more comprehensive framework for real-
time fatigue monitoring and intervention. 

In sum, our research affirms the critical role of HRV in 
monitoring driver fatigue, paving the way for further 
exploration and technological development in this domain. 
As we move forward, the continued refinement of detection 
methodologies, bolstered by a deeper understanding of 
HRV's physiological underpinnings, will be key to realizing 
the full potential of HRV analysis in enhancing road safety 
and driver well-being. 
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Detection and Predictive Analysis of Drowsiness Using Non-contact Doppler Sensor 
 

Chung Kyo In, Byung Chan Min* 
 

Abstract: The demand for continuous monitoring of vital signs is steadily increasing. Drowsiness occurs when individuals are tired or engaged in repetitive tasks, and driving or 
working in this state can lead to serious accidents. Various methods for detecting heartbeats based on Doppler sensors have been proposed due to their non-contact nature. 
Previous research involved developing Doppler radar sensors and verifying their reliability, with over 95 % accuracy compared to traditional ECG devices for heart rate 
measurement. This study proposes a method utilizing existing Doppler radar sensors to detect and predict drowsiness. To verify the test subjects' drowsy states, their faces were 
recorded with a camera, and the moments when their eyes were closed were validated as instances of drowsiness. Analytical methods were employed, including cross-method 
analysis, logistic regression analysis, and panel logistic regression analysis. The analysis revealed a p-value for drowsiness detection lower than 0.001, indicating statistical 
significance. Moreover, the significance of drowsiness states and stages was confirmed with an accuracy of over 95 %. Particularly, panel logistic regression analysis suggested 
its suitability as an indicator for predicting drowsiness states. In terms of predicting drowsiness stages and actual drowsiness states, it was observed that a time error of 
approximately 20-30 seconds exists. The study aimed to detect drowsiness and predict drowsiness based on data acquired through a non-contact Doppler radar sensor. 
 
Keywords: cross analysis; Doppler radar sensor; drowsiness; logistics regression; RRI 
 
 
1 INTRODUCTION  
 

Drowsiness is akin to falling asleep and is triggered when 
the body is physically or mentally tired in response to the 
need for rest. The primary factor that causes drowsiness is the 
secretion of melatonin, a sleep hormone. Drowsiness can also 
be induced when there is a high concentration of carbon 
dioxide in the air or when the environment is warm. 
Drowsiness is particularly likely to occur during 
monotonous, repetitive, and demanding tasks, a notable 
example being driving. Drowsiness can unconsciously creep 
when handling a steering wheel in a fatigued state, especially 
during extended high-speed highway driving. On highways, 
where driving at high speeds is common, driving accidents 
related to drowsiness can lead to a significant loss of life. 
Therefore, many studies have focused on detecting 
drowsiness in advance while driving or working to prevent 
drowsy driving and industrial accidents. 

The method of determining drowsiness based on bio-
signals uses electrocardiograms and brain waves, and many 
studies have been conducted relatively recently. Drowsiness 
detection technology based on biological signals is accurate, 
but it has the disadvantage of being uncomfortable for the 
driver and making conscious judgments because electrodes 
are attached directly to the driver's body. Therefore, in this 
study, we develop a program that detects drowsiness based 
on bio-signals in a non-contact state and analyze the accuracy 
of drowsiness prediction through experiments. 

In a previous study, a Doppler radar sensor was 
developed and heart rate was measured and analyzed in a 
non-contact manner. As a result of the measurement, more 
than 95% accurate reliability was secured compared to 
existing ECG equipment. 

In this study, we present drowsiness and prediction 
accuracy through a Doppler radar sensor system that 
remotely detects the breathing and heart rate signals of a 
stationary target located at a distance of 1 m or less. The 
proposed radar sensor system is implemented with a 24 GHz 
band high-sensitivity sensor module to transmit and receive 

unique operating frequency signals and a signal processing 
technique to detect biological signals in real time and monitor 
changes. As a result of measuring nine subjects using a 
Doppler radar sensor, it was shown that the proposed radar 
sensor can monitor breathing rate and heart rate per minute 
with a detection accuracy of over 95%. 

In Chapter 2, a program that can detect drowsiness is 
developed using data acquired from a Doppler radar sensor, 
and three analysis methods, including cross-tabulation, 
logistic regression, and panel logistic regression, are used to 
predict drowsiness. A prediction of drowsiness was presented 
through this study. Chapter 3 presents the time difference 
results for whether or not drowsiness is detected and 
prediction based on the detection results of bio-signals 
measured from the subject. Chapter 4 discusses various 
application fields and mentions future research development 
directions. 

In future study, we plan to conduct research that can not 
only detect drowsiness but also test bio-signals in a non-
contact manner by replacing the existing electrocardiogram 
measurement method in the medical field. 
 
2 METHODS 
2.1 RRI Algorithm Analysis 
 

This study aimed to improve peak and drowsiness 
detection accuracy through Doppler-sensor-based RRI (R-R 
interval) analysis. Fig. 1 presents a flowchart of the proposed 
RRI, which consists of three stages. The first stage involves 
preprocessing, the second involves spectrum extraction, and 
the final involves estimating the RRI (R-R intervals). 

In the pre-processing stage, a Bandpass Filter (BPF) was 
used to remove frequency components other than the 
heartbeat, such as respiration and minor movements. 
Subsequently, short-term Fourier transform (STFT) was 
applied to calculate the spectrum. To extract the spectrum 
related to heartbeats, the time window used in STFT should 
be shorter than that of RRI and encompass only one heartbeat.  
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Figure 1 The Flowchart of the RRI method 

 

 
Figure 2 An Examples of in-phase and quadrature components 

 
Fig. 2 provides examples of the interface and quadrature 

components. Fig. 3 shows eight peaks observed within the 
window, some related to heartbeats, whereas others are due 
to noise. Therefore, only the peaks associated with the 
heartbeats should be selected. Among the 1, 2, 3, ..., 8 peaks, 
three peaks, p1, p2, p3 (p1 < p2 < p3), are selected so that the 
differences between the previously predicted RRI (RRIprev) 
and the two pairs of RRIs are minimized. This was because 
the adjacent RRIs did not vary significantly. Assuming that 
RRIprev is accurately estimated in Fig. 3, peak 1 is selected as 
p1. Subsequently, pairs RRI1,k (2 < k < 8) and RRIk,m (k < m < 
8) were generated. Peaks 1, 3, and 5 are chosen as the final 
selection for p1, p2, and p3, satisfying the condition that the 
difference between RRIprev, RRI1,k, and RRIk,m is the smallest. 
Because RRIs do not vary significantly between adjacent 
RRIs, a time window is set using the previously estimated 
RRI (RRIprev). If we set the maximum difference between the 
current RRI and the previous RRI as 1, when RRI increases 
consecutively twice, the current RRI (RRIcurr) will equal 
RRIprev + 1, and the next RRI will be RRIcurr + 1, which is 

RRIprev + 21. Therefore, the length of time window W was set 
according to Eq. (8). This ensured that the window included 
exactly 3 heartbeats. 
 

 
Figure 3 A Concept of the Proposed Peak Detection Algorithm 

 
2.2 Development of Drowsiness Detection Program 
 

This program extracts three main types of data: heart 
rate, HRV (Heart Rate Variability), and drowsiness levels. 
After specifying the duration of the experiment, data were 
automatically saved when the set time expired. 

The data were stored under folder names, as shown in 
Tab. 1. 
 

 
Figure 4 Drowsiness detection program 

 
Table 1 Data file savings 

File Name Example Description 

*****.dat No_191015155525.dat 

Copy of raw data files 
used for offline analysis. 
The filename remains the 
same as the imported file. 

No_Processing 
time.csv 

※Saved for 
offline 

processing 

No_191104131358.csv Heart Rate, HRV 

 No_Processing 
time RR.csv 
※Saved for 

offline 
processing 

No_191104131358_RR.csv 

Time (HH:mm: ss.msec) 
of waveform correction 

detection and the 
numerical value of RR 
interval (msec) for the 

correction interval 
concerning input data. 
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2.2.1 Driving Fatigue and Physiological Index 
 

The drowsiness stage was derived by analyzing the 
standard deviation of the RR interval, and the RR interval 
data from the pulse wave peak were resampled and corrected, 
as shown in Fig. 5. 
 

 
Figure 5 Standard deviation analysis of RR interval 

 
Calculate the power spectrum density of the equally 

spaced RR interval data, calculating the power between 0.04 
and 0.15 Hz as LF and the power between 0.15 and 0.4 Hz as 
HF. 
 
2.3 Subjects 
 

Nine healthy male and female university students with 
no cardiovascular or respiratory disorders participated in the 
experiment. The experiment involved distinguishing 
between the wakefulness and drowsiness states of each 
participant. Wakefulness state measurements were taken in 
the morning, while drowsiness state measurements were 
conducted after participants stayed awake as late as possible 
the previous day, and drowsiness was induced by eating a 
heavy lunch the following day. 
 
2.4 Test Procedure 
 

The participants were instructed to achieve a stable state 
for 10 min and keep their eyes closed if drowsiness was 
induced. A camera was placed in front of the participants, and 
drowsiness was measured using a Doppler sensor. The 
camera recorded the time displayed on the program, and the 
moment the participants' eyes closed was used to indicate 
drowsiness. Drowsiness is detected using this criterion (Tab. 
2). 
 

 
 

Table 2 Drowsiness detection experiment 

 
 
2.5 Experimental Analysis Method 
 

This study aims to determine the accuracy of drowsiness 
detection and prediction using a Doppler sensor. For this 
experiment, the independent variable data (heart rate) were 
collected from nine participants, and the program screen was 
recorded to document the onset of drowsiness. Specifically, 
by recording the process leading to drowsiness in the 
wakefulness state and changes in the independent variable, 
data were collected from nine participants, creating a panel 
dataset with time information. The independent variable was 
a continuous variable ranging from 0 to 5, and the dependent 
variable was coded as 0 for the wakeful state and 1 for the 
drowsy state. In this study, the following analyses were 
conducted to verify the hypothesis that as the drowsiness 
stage increased, the participants were more likely to be in a 
drowsy state. 

First, to examine the descriptive statistics for drowsiness 
stages and states without differentiation by time, cross-
analysis and decision trees were used to assess prediction 
accuracy. 

Second, logistic regression analysis was conducted to 
determine whether the likelihood of being in a drowsy state 
increased as the drowsiness stage increased without 
differentiation over time. 
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Third, panel logistic regression analysis was conducted 
using the panel dataset to determine whether the likelihood 
of being in a drowsy state increased as the drowsiness stage 
increased. Additionally, a lag of 10-second intervals was 
used to estimate the degree of temporal error in predicting the 
drowsy state based on the drowsiness stage. 
 
2.5.1 Cross-analysis 
 

A cross-analysis (chi-square test) was used to compare 
the frequencies of the two different qualitative variables to 
identify and analyze their associations. The equation for the 
cross-analysis is as follows: 
 

2
2 ( )( ) .O Echi sqaure

E
χ

 −
− =   

 
∑                                   (1) 

 
O is the observed frequency (the actual observed 

frequency in the contingency table after cross-analysis), and 
E is the expected frequency (when there is no statistical 
association between the two variables). The value of χ² 
increases when the observed frequency is greater than the 
expected frequency, and conversely, the p-value decreases, 
indicating a statistically significant difference. Based on this, 
the following hypotheses were formulated: The hypothesis 
for this study, which examines the relationship between 
drowsiness and drowsiness states, is as follows: Null 
Hypothesis (H0): There is no association between the 
response categories of drowsiness and drowsiness states. 
Alternative Hypothesis (H1): There is an association between 
the response categories of drowsiness and drowsiness state. 
In accordance with this hypothesis, the cross-analysis result 
for the drowsiness stage and drowsiness state yielded a χ² 
value of 1936.208, and the p-value was less than 0.001. The 
statistical significance level was set at p < 0.05. Therefore, 
the null hypothesis, which suggests no significant association 
between the two variables, was rejected, and the alternative 
hypothesis, indicating an association between the response 
categories of the two variables, was supported. Based on 
these results, it can be concluded that there is a statistically 
significant difference in the ratio of drowsiness and 
wakefulness states based on the drowsiness stage. 
Specifically, when examining these values, it was observed 
that lower drowsiness stage values corresponded to a higher 
proportion of wakefulness states, and as the drowsiness stage 
values increased, the proportion of drowsiness states also 
increased. 
 

Table 3 Analysis of wakefulness and drowsiness states using cross-analysis 
Drowsiness Status 

Drowsiness 
Stage 

Drowsiness 
wakefulness 

State 

Drowsiness 
State Total χ2 p 

0 308 (100%) 0 (0%) 308 

1936.2
08*** <0.001 

2 20 (100%) 153 (88.439%) 173 

3 996 (100%) 6815 
(87.249%) 7811 

4 0 (100%) 682 (100%) 682 
5 0 (100%) 35 (100%) 35 

total 1324 7685 9009 
* p < 0.05 

A Decision Tree algorithm was used to analyze the data 
and determine combinations of rules that could predict 
patterns. This was used to assess the prediction accuracy of 
the drowsiness stage and drowsiness state. When predicting 
the actual drowsiness state based on the drowsiness stages in 
Fig. 7 and Fig. 8, it was observed that there were samples 
with high prediction accuracy (=.92) and samples with 
relatively low accuracy (=.68). To quantify this further, a 
logistic regression analysis was performed. 
 

 
Figure 6 Drowsiness and drowsiness state (Accuracy 92%) 

 

 
Figure 7 Drowsiness and drowsiness states (Accuracy: 68 %) 

 
2.5.2 Logistic Regression Analysis 
 

Due to its focus on the differences in response 
frequencies within each cell, cross-analysis has the limitation 
of being unable to precisely determine how the likelihood of 
being in a drowsy state increases as the drowsiness stage 
increases. To address this, logistic regression analysis was 
employed to provide insight into the probability of being in a 
drowsy state as the independent variable, the drowsiness 
stage, increased. The Eq. (2) for the logistic regression 
analysis is as follows: 
 

0 1 1
( )logit ln .

1 ( )
p x x

p x
β β ε

 
= = + + − 

                                (2) 

 
Using a logistic regression model, the analysis aimed to 

determine the extent to which the likelihood of being in a 
drowsy state increased as the value of the drowsiness stage 
increased. The logistic regression analysis results, which 
predicted drowsiness state as the drowsiness stage increased, 
showed that the drowsiness stage had a significance level of 
less than 0.001, making it statistically significant. The Odds 
Ratio (OR), which indicated how many times the likelihood 
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of being in a drowsy state increased as the drowsiness stage 
increased by one level, was calculated as 5.554. Thus, it can 
be concluded that as the drowsiness stage increases by one 
level, the likelihood of being in a drowsy state increases 
significantly by approximately 5.554 times. 
 

Table 4 Logistic Regression Analysis Results 

 OR Significance 
Level 

95% C.I. of EXP(B) 
Lower Upper 

Drowsiness 
Stage  5.554*** <0.001 4.765 6.474 

Constant 0.0427*** <0.001 
* p < 0.05 

 
2.5.3 Panel Logistic Regression Analysis 
 

While logistic regression analysis can reveal the impact 
of the drowsiness stage on the drowsiness state, this study 
further examined the relationship between the drowsiness 
stage and the drowsiness state by conducting a panel logistic 
regression analysis using panel data from all nine 
participants. Moreover, considering the potential time lag in 
the effect of the drowsiness stage on predicting the 
drowsiness state, logistic regression analysis was performed 
using 10-second lags for the drowsiness stage. The analysis 
showed that as the drowsiness stage increased, the likelihood 
of drowsiness increased significantly by approximately 2.082 
times (OR = 2.082, p < 0.001). Furthermore, the results for 
each 10-second lag are as follows: 

With a 10-second lag, as the drowsiness stage increased, 
the likelihood of being in a drowsy state significantly 
increased by approximately 2.098 times (OR = 2.098, p < 
0.001). 

With a 20-second lag, as the drowsiness stage increased, 
the likelihood of being in a drowsy state significantly 
increased by approximately 2.105 times (OR = 2.105, p < 
0.001). 

With a 30-second lag, as the drowsiness stage increased, 
the likelihood of being in a drowsy state significantly 
increased by approximately 2.015 times (OR = 2.015, p < 
0.001). 

With a 40-second lag, as the drowsiness stage increased, 
the likelihood of being in a drowsy state significantly 
increased by approximately 1.857 times (OR = 1.857, p < 
0.001). 

With a 50-second lag, as the drowsiness stage increased, 
the likelihood of drowsiness significantly increased by 
approximately 1.874 times (OR = 1.874, p < 0.001). 

With a 60-second lag, as the drowsiness stage increased, 
the likelihood of being in a drowsy state significantly 
increased by approximately 1.792 times (OR = 1.792, p < 
0.001). 

With a 70-second lag, as the drowsiness stage increased, 
the likelihood of being in a drowsy state significantly 
increased by approximately 1.749 times (OR = 1.749, p < 
0.001). 

With an 80-second lag, as the drowsiness stage 
increased, the likelihood of being in a drowsy state 
significantly increased by approximately 1.764 times (OR = 
1.764, p < 0.001). 

With a 90-second lag, as the drowsiness stage increased, 
the likelihood of being in a drowsy state significantly 
increased by approximately 1.862 times (OR = 1.862, p < 
0.001). 

By analyzing these results, it was observed that the OR 
values decreased to 2 or below after 30 s. Among the lag 
values, the OR values were highest between 20 s and 30 s, 
indicating a strong and statistically significant relationship 
between drowsiness and drowsiness states. A time lag of 
approximately 20-30 s (OR = 2.105, p < 0.001) appeared to 
offer the highest prediction accuracy for the relationship 
between drowsiness and drowsiness states. 
 

 
Figure 8 Panel logistic regression analysis results 

 
3 CONCLUSIONS 
 

The results of this study were an experiment on non-
contact continuous monitoring using Doppler radar 
technology, and it was confirmed that drowsiness detection 
and drowsiness prediction were possible by developing a 
drowsiness detection program. 

Summarizing the analysis results, a significant 
relationship between the drowsiness stage and drowsiness 
was confirmed through cross-and decision tree analyses. 
Among stages 1–5, drowsiness began at stage 3 or higher and 
was confirmed in more than 95 % of stages 4 and 5. 

Next, the intensity of the drowsiness state was confirmed 
as the drowsiness level increased through a logistic 
regression analysis. The sample in this study was 9 people, 
and by panelizing each sample and time, it was confirmed 
that the drowsiness stage increased the likelih drowsiness. 

Finally, to verify the degree of temporal error when the 
drowsiness stage predicted the drowsiness state, a lag of 10 s 
was used for each drowsiness stage to identify the section that 
best explained the drowsiness state. 

The drowsiness prediction results of this study can be of 
great significance in providing a basis for accurately 
determining the timing of drowsiness. Previous research has 
simply been to detect drowsiness, but the core of this study 
is to accurately predict the timing of drowsiness. Therefore, 
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based on the results of this study, it can be hoped that traffic 
accidents can be prevented in advance by applying an 
accurate prediction method for drowsiness to drowsy driving. 
 
4 DISCUSSION 
 

In previous research, a Doppler sensor was developed to 
ensure the reliability of heart rate measurements. This study 
was conducted on drowsiness detection using a Doppler 
sensor. As part of our research, we developed a dedicated 
program for drowsiness detection and analyzed its reliability 
of drowsiness detection using three analysis methods. 

During the study, a slight lag was found between the 
participants' actual onset of drowsiness and the moment 
when the Doppler sensor detected it. Because accidents 
caused by drowsy driving generally occur after a driver 
becomes aware of drowsiness, it is important to predict 
drowsiness before it is consciously recognized. 

Although it will take some time for this technology to be 
applied in real life, it could overcome the shortcomings of 
traditional monitoring methods using body contact in many 
applications. 

In future research, we believe it will be necessary to 
further increase the number of experimenters and analyze 
more accurate data using artificial intelligence-based data 
correction. 
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A Deep Learning Approaches for Enhancing Clinical Solutions to Cardiovascular Prediction 
Using EHR  

Mounika Valasapalli*, Nallagatla Raghavendra Sai 

Abstract: The prediction of cardiovascular disease gained immense significance in the medical field with the alignment of increasing focus on promoting healthier lifestyle. Current 
methods for cardiovascular disease prediction is leading to so many miss classifications, urging the need of modern automated Deep learning approaches. The main purpose of 
these approaches is to detect the occurrence of cardiovascular disease (CVD) using patient information from comprehensive electronic health records (HER). Moreover, it is a 
complex task to choose appropriate features from Electronic Health Records data, and it is a huge confronts to attain robust and accurate results because of the incomplete data 
entry errors, incomplete record of the patient and patient self-reporting and data integration issues. In this paper we propose an efficient end-to-end framework known as Risk 
prediction with Deep Residual Neural Network (DRNN), which not only acquires the most influencing features; but also considers the time-based medical data and temporal data 
to help the patient disease progression, treatment effectiveness, and to check how other diseases are affecting the state of patient. The experimentation is done with the online 
available Kaggle dataset for cardiovascular disease (CVD) prediction. The result of DRNN demonstrate that the anticipated model significantly enhances the prediction accuracy 
and F-Measure, Sensitivity compared to various existing approaches. The anticipated model establishes superior trade-off among other approaches.  

Keywords: cardiovascular disease; deep residual neural network; high-risk prediction; medical data; prediction accuracy  

1 INTRODUCTION 

One of the important reasons for death is cardiovascular 
diseases such as CVD in today's world [1]. Because of 
cardiovascular diseases, there are 17.9 million people 
affected out of 57.5 million people, which has been proven 
as a reported death in 2015 across the world. In addition, the 
non-negligible burden in economic which is brought by 
patients with cardiovascular diseases and create critical 
disability throughout their lifetime. However, this is 
estimated that around 90 % of cardiovascular diseases are 
prevented using relevant precautions [2]. The onset of 
cardiovascular diseases needs to be predicted for the person 
in the medical domain. There are few acknowledged metrics 
of pathology for detecting biomarkers for cardiovascular 
diseases, like angiography and electrocardiogram (ECG). 
The Authority method used for diagnosis is called 
angiography in the domain of medicine for cardiovascular 
diseases, and this obtains greater accuracy in the prediction 
and diagnosis of cardiovascular diseases. Moreover, the 
invasive and expensive method is angiography. Another 
general method for predicting and diagnosing cardiovascular 
diseases is called the ECG. This accuracy is highly dependent 
on the knowledge and experience of the experts or the 
medical staff in the medical domain. Then the guaranteed and 
considerable area of study is called computer-assisted higher 
prediction of risk in cardiovascular diseases. Added to the 
point, the conventional method for higher risk prediction 
depends on machine learning that focuses on achieving the 
automatic computer system that needs to be turned with 
crucial and potential features extracted from the patients' 
historical EHR, such as electronic health records. It is a 
manual vulnerable, lower-cost, and non-invasive method 
compared to conventional pathological measures [3]. 

EHR drives the higher risk prediction task as the critical 
difficulty in accurately achieving the patient's portrait, called 
learning the representation of the patient or the feature 
engineering. In addition, the EHR consists of different 

information about the patient, which helps to represent the 
series of timely ordered visits to hospitals. Everyone has a lot 
of medical variables, like the diagnosis of demographic 
procedures and medications of vital science and outcomes 
from laboratory tests. The number of distinct medical 
variables in EHR systems is generally very high. The 
previous predictive models help manage it by having a sparse 
representation of the features using different dimension 
reduction approaches. Conventional human intervention 
measures of feature engineering obtained poor generalization 
and scalability due to the high dependents on the particular 
EHR system and the authors' experiences. More scalable and 
uncomplicated methodologies are used with the help of 
automatic feature representation that is proposed, like as 
Bag-of-Words as BoW and One-Hot [4]. Moreover, every 
feature is considered the independent and discrete word in 
these methods that create the features that cannot obtain the 
hidden semantic information accurately among the temporal 
dynamics and features in the data of EHR. Hence, the process 
of designing an efficient method for handling the 
representation of the feature for high-dimension 
heterogeneous EHR data and sequential is the essential 
problem. 

The important contributions are presented below as the 
summary session in the proposed system: 
• DRNN is a robust and end-to-end model that is suggested 

in the proposed system for predicting the answer to the
greater risk of cardiovascular diseases in accurately
having diabetes, hypertension, or hyperlipidemia history
for patients who are not having any medical experts'
assistance.

• Different clinical data is integrated as a whole, having a
close relationship in the proposed system. There is no
full utilization of the difference between the
heterogeneous data of EHR by the DRNN and the
relationship between them.

• DRNN has the performance to be evaluated on the real
medical data set in the proposed system. It makes the
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DeepRisk obtain better performance on the higher 
dimensional, heterogeneous data and timely ordered 
EHR data having the integration of model and reduction 
in dimensionality. 

The work is drafted as: section 2 gives a wider analysis 
on various prevailing researches on CVD prediction; section 
3 elaborates methodology with DRNN. Section 4 describes 
the numerical outcomes. Section 5 projects the research 
summary with future research directions. 

2 RELATED WORKS 

There is difficulty even now in obtaining greater 
performance using the combination of temporal and 
heterogeneous clinical data, which is more comprehensive 
even though many authors have obtained the accurate 
representation of learning for the higher dimension of data 
with conventional neural networks (CNN) and recurrent 
neural network (RNN). Relationships and the differences 
among the various kinds of medical data are eradicated in the 
feature learning in the previous research [5]. Also, the 
temporal data processing of EHR is done with the models 
based on the CNN [6] that are often restricted due to the need 
for medical codes during the visits to the hospital or the 
timely ordered episode. The theoretical attention related to 
the model of RNN called DeepRisk is suggested in the 
proposed system for the prediction of the onset of the higher 
risk cardiovascular diseases and also to deal with the earlier 
mentioned difficulties for the patient to have hypertension, 
diabetes, or the history of hyperlipidemia. DeepRisk can 
excavate the essential information automatically between the 
raw data and also represent features accurately for the patient 
having very less dimensions when the patients are turned 
with the heterogeneous temporal and higher dimensional raw 
data of EHR. 

Long short-term memory (LSTM) and attractive 
technique in the predictive model is used in the proposed 
system to utilize the sequential data of EHR more 
comprehensively [7]. An independent module is used in the 
proposed system to obtain the relevant characteristics to 
consider the differences among various types of medical data 
[8]. On the other hand, the combination of these various data 
is given to another module in the proposed system to achieve 
the data regarding the relationship that is potentially used [9]. 
At last, the modules give all the features learned to integrate 
for obtaining the greater risk prediction task in the proposal 
system. The outcomes from the experiments depend on the 
real data set of the clinic of the cardiovascular diseases that 
establishes the DeepRisk, which is more robust and accurate 
when compared with the modern methodologies used in the 
prediction task based on the HER [10].  

3 METHODOLOGY 
3.1 Proposed Model  

The origination of attention technique originated from 
the perception of human vision. The global images are 
scanned first when the human perceives an object and then 
concentrates on the particular region to obtain more detailed 
data and also tries to suppress other unwanted data. Google 

machine translation research team proposes the self-attention 
technique that helps to obtain extensive attraction having the 
upcoming study of the attention technique due to the learning 
process of relationship among the other positions and the 
particular position to obtain the dependence of context. The 
self-attention network is used to broad the task. The visual 
attention technique is utilized to enhance the accuracy. Self-
attention technique is first suggested in the proposal system 
for predicting seizure research to attend to the information of 
the HER globally. These processes will be elaborated in the 
upcoming session. 

Fig. 2 depicts the process of feeding to the conventional 
layer for producing two feature maps, Y and Z, provided a 
local feature X ∈ RC∗H∗W. Here, Y and Z are the dimensions 
for both RC∗H∗W. In addition, the process of reshaping is done 
for RC∗N. Here, N = H × W. Thus, the matrix multiplication is 
performed among the transportation of Y and Z in the 
proposed system and then achieves the weight matrix having 
the dimension with the help of the softmax layer. 

1

e

e

Y Zi j

ji Y ZN i j
i

S
⋅

⋅
=

=
∑

 (1) 

Here, jth position influences on ith position is presented by Sji. 
More same features give representations of the channels 
higher relevance among them. In addition, a new 
representation of feature T ∈ RC∗H∗W is created using the 
process of feeding X and is reshaped to RC∗N and the 
convolution layers simultaneously. However, the matrix 
multiplication of T and S is performed in the proposed 
system, and outcome is reshaped to RC∗H∗W. At last, the 
scaling parameter α is used to multiply the outcome. The 
element-wise sum operation having X is executed to obtain 
the last outcome as E ∈ RC∗H∗W is presented in Eq. (2). Here, 
0 is assigned to α, which is allocated little by little more 
weight. Hence, E is the last feature, the original feature, and 
the sum of weighted feature which includes the perspective 
related to context and gathering the information globally, 
which depends on the attention map optionally. 

1( )N
j ji i jiE S T Xα

=
= ∗ +∑  (2) 

The various features of the channel represent various 
semantics of EHR signals. The interdependence among the 
mapping of the channel is mined by using the channel 
attention technique, and various representations of semantics 
are relevant to one another. In the first step, the process of 
reshaping X to RC∗N is done using the transpose of X and the 
matrix multiplication among X. At last, the soft wax layer is 
used in the proposed system for achieving the map of channel 
attention P ∈ RC × C presented in Eq. (3). Here, ith channel 
influences on the jth channel is measured by Pji. 
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The matrix multiplication is performed on X and P in the 
proposed system, and result is reshaped to RC∗H∗W. The 
scaling parameter β is used to multiply the result in the 
proposed system. The element-wise sum operation having X 
is executed to obtain the last output as E ∈ RC∗H∗W is 
presented in Eq. (4). Hence, 0 is initialized to β. The 
integration of two attention models using the element-wise 
sum in the proposed system to completely utilize the 
spectrum and channel information of context. After fusing 
original features, last feature map needs to be achieved using 
the average pooling in the proposed system. 

1( )C
j ji i jiE P X Xβ

=
= ∗ +∑  (4) 

Here, k-fold cross-validation (CV) is chosen for every 
patient in the proposed system to obtain outcomes that are the 
same as the real conditions. The complete interictal 
recordings are classified into n parts. Every part includes the 
t/n hours gathered randomly, having any patient’s recordings 
when the patient has t hours and n recordings. In addition, 
feature pairs are provided for testing, this is performed for n 
times. On the other hand, balance n ‒ 1 pair or utilized for the 
training stage. A few researchers commonly randomly 
classified 20 % testing data and 80 % training data. These 
sets are utilized as the validation to focus on overfitting. 
Moreover, the anticipated methodology is relevant for HER 
data independency. In addition, HER data is time-dependent 
and samples are chosen in the proposed system at various 
periods to observe whether the model started to overfit during 
the training period. The proposed system chooses 25 % 
samples from the recordings of patients as the set of 
validation to monitor in the training set, and the balance 75 
% samples are utilized as training set. The problem of 
overfitting is still present to the number of alterations that 
upsurges the training accuracy in training process and the 
early stop method is used to solve this issue. The training has 

to be stopped and storing the network parameters at the low 
loss of validation is done immediately during the detection of 
the loss on the set of validation which is started to maximize. 

Tab. 2 depicts the parameter of DRNN model. The model 
has the input, which is 1 × 22 × 9 × 114. Here, the number of 
data is presented as 22, and the dimension of the features is 
represented as 9 × 114. The batch normalization, ReLu 
activation function, and dropout are used to follow every 
conventional layer. The earlier feature map helps feed the 
matrix to obtain 64 × 7 × 28, which leads to the convolutional 
layer, followed by the reshaping operation. There are 4 
ResBlock layers used in the proposed system for extracting 
the deep features of the EHR subsequently as in Fig 1. The 
global features are fused using the dual self-attention, fully 
connected layers with activation function. Loss function is 
chosen in the proposed system as the function of cost. 
However, 32 are considered the size of the batch. 
Accordingly, 0.0005 and 0.5 are fixed as the rate of learning 
and rate of dropout. The proposed new model has been 
accomplished with MATLAB 2020a. 

Table 1 Network architecture of the Proposed Model DRNN 
Layers Output size Structural description 
Input 1 ∗ 22 ∗ 9 -- 

Conv_1 64 ∗ 1 ∗ 7 ∗ 55 22 ∗ 3 ∗ 5 conv 
Stride 1 ∗ 1 ∗ 2 

Pooling 64 ∗ 1 ∗ 7 ∗ 28 1 ∗ 1 ∗ 2 max pooling 

RB1 64 ∗ 7 ∗ 28 
3 3 64

2
3 3 64
∗ 

∗ ∗ 
 

RB2 128 ∗ 4 ∗ 14 
3 3 128

2
3 3 128
∗ 

∗ ∗ 
 

RB3 256 ∗ 2 ∗ 7 
3 3 256

2
3 3 256
∗ 

∗ ∗ 
 

RB4 512 ∗ 1 ∗ 4 
3 3 512

2
3 3 512
∗ 

∗ ∗ 
 

Attention model 512 ∗ 1 ∗ 4 Attention 
Avg. pooling 512 ∗ 1 -- 
Classification 2 ∗ 1 Softmax 

Figure 1 Showing the proposed DRNN Model with the five different compositions of the Datasets 
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3.2 Model Description 

Residual network (ResNet) and dual self-attention 
techniques are presented in the proposed model. Fig. 2 
depicts attraction of the internal module; the EHR data is 
used in the proposed system as the input to network and heart 
disease features are hauled out via ResNet potentially. Thus, 
the input is given to the attention module using the below 3 
steps for creating the new global features. An attention matrix 
is created in the first step to present the special relationship 
among any features. In the second step, the multiplication 
matrix on the original features and the attention matrix is 
executed in the proposed system. In the third step, the final 
global feature is performed in the proposed system with the 
help of execution of element-wise sum among original 
feature and matrix outcome. The channel attention process is 
the same as the attention model. At last, features (ResNet and 
attention) are merged and combined with original features to 
acquire EHR's better characteristics. 

Figure 2 Showing the interaction of the extraction model for the ResNet 

CNN is used broadly in natural language processing, 
computer vision, and so on [30]. The Residual function is 
used to alleviate the vanishing gradient problem and used to 
training of very deep neural networks. Features are processed 
through residual connections, global pooling, fully connected 
layers with ReLU activations, and finally a sigmoid 
activation function for binary prediction. It is efficient for 
depending on total network layers for obtaining the ability of 
the expression and fitting the mapping relationship better and 
potentially. There is an issue of the disappearance of 
radiance, and gradient descent optimization becomes very 
challenging as the total layers depend on the network model. 
In recent years, ResNet has been used for combating the 
mentioned issue when the training has happened for the very 
deep conventional network consisting of different restaurant 

blocks and was proposed. Fig 1 presents the addition of 
identity mapping by the residual block with the network via 
connections of shortcut that is not based on the calculation 
and not adding the extra parameters to solve the model 
degradation. Every residual block consists of 3 × 3 
convolution layer, batch normalization and ReLU. The 
model includes identity map as 𝑥𝑥 and the residual path as 
F(x). This research has four residual blocks to use that are 
connected to the proposed system. 

The sample data is castoff to calculate the limits of the 
model. The probability equation is nonlinear for this 
distribution, therefore analytic solutions are not available. As 
a result, for getting parameter estimations, we use an iterative 
approach such as the ResNet Model.  

For the ResNet algorithm, the limitations of the given 
model revised equations are evaluated. The probability of the 
present model, is  

(0)
(0)

log ( )( , ) LQ E
xθ

θθ θ  =   
 (5) 

This implies 

( )( ) ( )
1 1log ( ) log ( )N k l l

i i ss iL f x ,θ α θ
= =

= ∑ ∑          (6) 

The conditional probability region k is 

( ) ( )
( )

( )
( , )

( , )
( , )

l l
l k sk

k s l
i s

f x
P x

p x
α θ

θ
θ

 
=  
  

  (7) 

( ) ( )
( )

( ) ( )
1

( , )
( , )

( , )

l l
l k sk

k s k l l
i i si

f x
p x

f x

α θ
θ

α θ
=

 
 =
 
 ∑

 (8) 

Therefore, the ResNet distribution: 
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2( ) ( )

2 ( )
( )

2( )
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( )

3 e
(3 π )

( , )

1 e

lxs i
l l

s i
l

l
i s

lxs i
l

l
i

xp
p

f x

µ

σ

µ

σ

µ
σ

θ

σ

 − −  
 

 − −  
 

    − ⋅ + ⋅     +    =
 
 
 +
 
 
 

(9) 

The likelihood function of example comments must be 
estimated as the first step of ResNet Algorithm. 

E-step: The following expectation (E) step, logL(θ) is 
the expectation value, with respect to the preliminary 
parameter vector θ(0) is 

(0)
(0)

log ( )( , ) LQ E
xθ

θθ θ  =   
 (10) 
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Given the preliminary parameter θ(0).  
M-step: Parameters estimation,  

 

( ) ( )( ) ( )
1log ( ) 1 kl l

iiF E L θ β α
=

 = + −  ∑                          (11) 

 
The Updated equations of αi: The appearance for αi, we 

solve the following calculation 
 

( )
1

10; ( , ) 0; N l
i si

i i

F P x Nθ β β
α α=

∂
= + = = −

∂ ∑                (12) 

 
Consequently,  
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1

1 ( , )k l
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N
α θ
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The updated equations of αi for (l + 1)th iteration is 
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1

1 ( , )kl l
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This implies 
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The Rationalized equations of μi: For limitation 

logistic type dispersal - By put on the derived with respect to 
μi, we have 
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3.3 Dataset Description 
 

Therefore, the use of a repository gives the data, which 
are all available online. Data pre-processing is performed, 
and then different records of patients are gathered. There are 
303 records of the patients presented in that data. On the other 
hand, the missing values are presented from the six records. 
Missing values for eliminated and remaining data are 
maintained, such as 297 records. In addition, the introduction 
of the multi-class variables and the binary classification are 
done for the dataset attributes. Some variables are employed 
to measure disease occurrence or not. Values are fixed as 
'zero' or 'one', and no symptoms of the disease are represented 
by 0. Hence, the occurrence of the disease is shown as 137, 
and the non-occurrence of the disease is shown as 161 
accordingly. Dataset description is provided in Tab. 2. 
 

Table 2 Dataset attributes in Kaggle Dataset 
Attributes Descriptions Type 

Age CVD patients age N 
Sex CVD Patients’ gender N 

CP 
CVD type 

1. Typical/atypical angina, 3. Non-anginal, 4. 
Asymptomatic 

Nm 

Tresbps BP state Nm 
Chol Serum cholesterol N 
FBS Blood sugar level N 

Resting ECG outcomes Nm 
Thali Max. heart rate N 

Exchange Angina owing to exercise Nm 
OldPeak Exercise owing to depression N 

Slope peak exercise segment Nm 
Ca Fluoroscopy coloured vessels N 

Thal CVD status N 
Num CVD diagnosis value N 

N - Nominal; Nm – Numerical 
 
4 RESULTS AND DISCUSSIONS  
 

The proposed model needs to compute the performance 
using statistical analysis like precision, sensitivity, F-
measure, recall, Matthews’ correlation coefficient (MCC), 
true negative rate (TNR), false positive rate (FPR) and false 
negative rate (FNR). Existing techniques have the evaluation 
such as the Bayesian model (BM), regression model (RM), 
feed-forward neural network (FFNM), linear support vector 
machine (L-SVM), random forest (RF), decision tree (C4.5), 
deep auto-encoder (DAE) and ensemble classifier techniques 
are used to obtain the significance of the model. Eq. (5) to 
Eq. (12) expresses the mathematical representation of these 
measures. 
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Deep Auto-encoder (DAE), Ensemble, and DRNN have 

achieved notably higher performance across various metrics 
compared to other models (Tab. 3). 

The comparison of the anticipated in the simple model is 
presented in Tab. 3, having the prevailing techniques. In 
addition, a few statistical metrics include precision, accuracy, 
F-measure, sensitivity, FPR, MCC, FNR, and TNR. These 
measures have the results across the anticipated 
methodology: precision at 98.8%, accuracy at 98%, 
sensitivity at 97.5%, F-measure at 97.5%, MCC at 95%, FPR 
at 4.54%, FNR at 3.15% and TNR as 98% accordingly. Then, 
the existing model shows an accuracy of 8%, 13%, 10%, 
26%, 22%, 14%, 1% and 0.8%, which are superior to the 
anticipated model. The existing model shows precision of 
8.8%, 10.8%, 13.8%, 22.8%, 22.8%, 11.8%, 0.8% and 0.6%, 
which are superior to the prevailing model. The existing 
model shows a sensitivity of 12.5%, 11.5%, 16.5%, 44.5%, 
25.5%, 22.5%, 1.5% and 1.3%, which are superior to the 
prevailing model. The existing model shows an F-measure of 
12.5%, 12.5%, 11.5%, 35.5%, 24.5%, 16.5%, 1.5% and 
1.3%, which are better than the proposed model. The existing 
model shows an MCC of 20%, 20%, 25%, 50%, 43%, 25%, 

1% and 0.8%, which are better than the proposed model. The 
existing model shows FPR of 10.46%, 9.46%, 8.46%, 
12.46%, 0.19%, 9.46%, 1.46% and 1% higher than the 
proposed model. The existing model shows an FNR of 
16.85%, 18.85%, 16.85%, 48.85%, 27.85%, 21.85%, 1.2% 
and 1%, which are higher than the proposed model. The 
existing model shows TNR of 8%, 8%, 6%, 12%, 20%, 8%, 
1% and 0.7%, which are higher than the anticipated model. 
The complete performance is considerably compared with 
other approaches using the comparative analysis, and the 
anticipated ensemble model is proved that the model 
provides better performance for prediction and the 
complexity is reduced in the learning techniques. 

 

 
Figure 3 Flow chart of the Proposed Methodology for the different composition of 

the datasets
 

Table 3 Overall comparisons of the results with proposed model 
Approaches Accuracy Precision Sensitivity F-measure MCC FPR FNR TNR 

Bayesian model (BM) 90% 90% 85% 85% 75% 15% 20% 90% 
Regression model (RM) 85% 88% 86% 85% 75% 14% 22% 90% 
Feed Forward network model (FFNM) 88% 85% 81% 86% 70% 13% 20% 92% 
Linear Support Vector Machine (L-SVM) 72% 76% 53% 62% 45% 17% 52% 86% 
Decision tree (C4.5) 76% 76% 72% 73% 52% 4.35% 31% 78% 
Random Forest (RF) 84% 87% 75% 81% 70% 14% 25% 90% 
Deep Auto-encoder (DAE) 97% 98% 96% 96% 94% 6% 4.35% 97% 
Ensemble  97.2% 98.2% 96.2% 97% 94.2% 5.54% 4.15% 97.3% 
DRNN 98% 98.8% 97.5% 97.5% 95% 4.54% 3.15% 98% 

 



Mounika Valasapalli, Nallagatla Raghavendra Sai: A Deep Learning Approaches for Enhancing Clinical Solutions to Cardiovascular Prediction Using EHR 

TEHNIČKI GLASNIK 19, 1(2025), 49-57                                            55 

The comparison of baseline classified measures is 
presented in Tab. 3 without a CV and with a 10-fold CV. In 
addition, the anticipated model's average precision, accuracy, 
sensitivity and F-measure are 98.5%, 99.5%, 99% and 99%, 
which is substantially higher than other approaches. The 
average accuracy of the existing approaches is 6.5%, 11.5%, 
8.5%, 24.5%, 20.5%, 12.5%, 1.5%, and 1% higher than BM, 
RM, FFNM, L-SVM, C4.5, RF, DAE and Ensemble 
classifier model. The average precision of the existing 
approaches is 7.5%, 9.5%, 12.5%, 21.5%, 21.5%, 10.5%, 1% 
and 0.7% higher than other approaches like BM, RM, FFNM, 
L-SVM, C4.5, RF, DAE and Ensemble classifier model. The 
average sensitivity of the existing approaches is 12%, 12%, 
16%, 44%, 25%, 22%, 2% and 1.5% higher than BM, RM, 
FFNM, L-SVM, C4.5, RF, DAE and Ensemble classifier 
model. The average F-measure of the existing approaches are 
12%, 12%, 11%, 35%, 24%, 16%, 2% and 1.5% higher than 
BM, RM, FFNM, L-SVM, C4.5, RF, DAE and Ensemble 
classifier model (See Fig. 4 and Fig. 5). The re-substitution 
loss depends on the learning cycle presented in Fig. 7. The 
consideration of k - fold CV is done in machine learning as 
in Fig 6. Here, 10 is fixed to the value of k. Hence, the 10 
recursions are needed to perform and consider the average 
accuracy in the prediction state. The average prediction rate 
is 98.5%, which is presented in Tab. 2 accordingly.  
 

 
Figure 4 Comparison of various prevailing approaches 

 
Table 4 Average value after 10-fold CV 

Model Accuracy Precision Sensitivity F-
measure 

Bayesian model (BM) 92% 92% 87% 87% 
Regression model (RM) 87% 90% 87% 87% 
Feed Forward network 
model (FFNM) 90% 87% 83% 88% 

Linear Support Vector 
Machine (L-SVM) 74% 78% 55% 64% 

Decision tree (C4.5) 78% 78% 74% 75% 
Random Forest (RF) 86% 89% 77% 83% 
Deep Auto-encoder (DAE) 97% 98.5% 97% 97% 
Ensemble  97.5% 98.8% 97.5% 97.5% 
DRNN 98.5% 99.5% 99% 99% 

 
The complete performance measure of the classifier is 

presented in Tab. 4. The baseline DRNN classifier has the 
complete performance that needs to be determined. The 

average precision of the anticipated model is 99.5%, the 
average sensitivity is 99%, and the average F-measure is 99% 
which is comparatively superior to other techniques. The p-
value analysis ranges from 0.001. This analysis helps to 
prove that the answerable technique provides better accuracy 
in prediction using the under-fitting and over-fitting 
problems. The problems are eliminated one after the other 
and model across DRNN classifier gives better functionality. 
 

 
Figure 5 Comparison of average performance metrics 

 

 
Figure 6 k-fold cross validation (k = 10) 

 

 
Figure 7 Learning vs. loss analysis 
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5 CONCLUSION 
 

The process of predicting CVD is a novel approach 
presented in the studies. The proposed model uses the deep 
network model for identifying global feature set and is 
utilized for identifying the optimal configuration. In addition, 
three main problems are resolved with the help of predicting 
heart disease using the proposed DRNN. The optimal 
network configurations need to be identified, and the 
important issues are underfitting and overfitting. The 
anticipated model is evaluated with traditional DNN using 
optimization approaches. However, other network 
configurations are analyzed to compare the optimized 
network configuration outcomes. The proposed model 
performed well than other approaches, and the prevailing 
techniques are presented to the machine learning using the 
comparative analysis. The features selection technique 
improves the performance and obtains good performance 
over other approaches compared with the different feature 
selection methods. In addition, the proposed DRNN 
improves the prediction of heart diseases with prediction 
accuracy of 94% from comparative and experimental 
outcomes in the proposed system. Also, the clinical experts 
helped to generate effective decisions. It is essential for 
future studies that the complexity of time in the proposed 
cabinet approach is required to be investigated as the most 
important feature in the healthcare field. Also, the proposed 
approach is suggested to test some data sets to evaluate the 
technique's effectiveness with more instances. 
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Die Casting or Sheet Metal Forming: A Comparison of Car Body Manufacturing in Times of 
the "Giga Press" 

 
Martin Bednarz 

 
Abstract: Die casting as an alternative for sheet metal structures in car body design has been around for a few years. While the application of die cast body components by legacy 
automakers is rather limited, especially for mass market products, Tesla bases their mass-produced cars on a few extremely big die cast structure parts. The impact of this strategy 
makes it necessary to rethink car body manufacturing. In this study, published information and expert interviews are used to evaluate the strengths and weaknesses of the 
competing philosophies of car body manufacturing. 
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1 INTRODUCTION 
 

The motivation behind this work lies in the continuous 
development of manufacturing technologies for vehicle 
bodies in the automotive industry. Regarding mass 
production, two main technologies play a decisive role: the 
increasingly important large die-casting technology and the 
sheet metal shell construction method. As part of this 
research work, the aim is to make a comprehensive 
comparison between these two manufacturing processes. 

The automotive industry faces constant challenges, 
ranging from increasing efficiency and cost savings to 
meeting stricter environmental regulations. Choosing the 
right manufacturing technology can have a significant impact 
on the overall performance and competitiveness of an 
automotive manufacturer. It is therefore crucial to fully 
understand the advantages and disadvantages of large die 
casting technology compared to the established sheet metal 
shell construction method. 
 
2 STATE OF THE ART 
2.1 Car Body Manufacturing with Sheet Metal 
  

 The sheet metal shell construction or self-supporting 
shell construction (see Fig. 1) is used in the automotive 
industry in body construction and represents the current 
standard for the construction of passenger cars with steel 
construction [1]. This is a chassis construction method in 
which steel or aluminium half-shells are connected and there 
is no longer a distinction between the chassis and the body of 
the vehicle. Individual areas such as the roof, floor or side 
walls consist of large sheet metal areas and take on load-
bearing tasks as part of the body. With this construction 
method, it is possible to build complex 3-dimensional 
structures and to achieve targeted lightweight construction by 
integrating almost all components. The sheet metal shell 
design also enables a high degree of automation in the 
systems and is suitable for the production of high quantities 
at low cost. Due to the high acquisition costs of the 
production tools required for forming the sheet metal, 

customization and a high number of variants are not 
economically viable. [2] 

 

 
Figure 1 Body with self-supporting shell construction ([3], p.18) 

 
2.2 Car Body Manufacturing with Die Casting (Mega or Giga 

Casting) 
 

The term mega-casting is a die casting process that is 
also referred to as large-scale casting [3], large-scale die 
casting or more general high performance die casting. The 
process has initiated a change in the automotive industry. 
Compared to the established die-casting processes, the main 
difference is the size of the systems [4].  

For vehicle production, these new processes mean the 
possibility of reducing the complexity of joining and 
automation technology as well as cycle time and space 
requirements due to the lower number of components. 
However, the challenge to reproducible quality, which is due 
to the lack of knowledge and experience regarding the highly 
complex die casting process, must be addressed in the future 
[5]. Large-scale die casting also has an impact on the car 
body as a product and offers manufacturers the opportunity 
to further optimize the lightweight construction potential. 
Accordingly, it means that joints can be reduced and at the 
same time it is possible to integrate connection points directly 
into the components. This integration facilitates the 
connection of add-on parts. Compared to current processes, 
however, the body can only be adapted or modified to a 
limited extent. In 2022, the authors stated that problems with 
component quality, pore formation and the possibility of 
repairability still need to be solved in car body series [5]. 
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The changes to the body are illustrated in Fig. 2 using a 
model of a Tesla Model Y body as an example. By using 
large die casting, the number of individual components can 
be significantly reduced. In the left-hand image, 171 
components are marked, which can be replaced in the right-
hand image by the two components marked in colour. 
 

 
Figure 2 Change of car body parts due to large die casting a Tesla Model Y [6] 

 
2.3 Brownfield versus Greenfield 
 

The term Brownfield refers to an approach that provides 
for planning based on existing buildings and infrastructure. 
In this case, the planners of new industrial plants must plan 
with the existing structures and take these into account when 
implementing new technologies, production facilities or 
processes. The given conditions of the existing facilities, both 
the existing buildings and the processes envisaged in the 
original planning, limit flexibility and lead to compromises 
during implementation. Accordingly, the planners are faced 
with the challenge of realizing the planning objective despite 
various restrictions. The counterpart to the Brownfield 
approach is the term Greenfield. This refers to an approach 
that provides for planning on an open, undeveloped area. The 
planners of the plants have maximum freedom in the 
planning and design of the industrial plants, which are only 
limited by the capacities desired by the client and the 
financial specifications. This makes it possible to plan and 
build a factory that meets the latest standards. The freedom 
in the planning of production processes, material flow but 
also energy use makes it possible to design the facilities 
uncompromisingly for efficient processes without being 
restricted by existing structures. [7] 
 
3 METHODOLOGY 
 

The expert interview was conducted in a quantitative 
way. As a first step a target group was identified on internet 
professional platforms using keywords corresponding to die 
casting. For this sample group a questionnaire was provided. 
The sample size of 24 complete expert questionnaires was 
used to compile a quantitative analysis of the current status 
of large die casting versus sheet metal shell design. 

The sample group was set up as shown in Fig. 3. 
Most of the experts in the sample group were long time 

employed in the casting industry, with 8 out of 24 with over 
20 years of experience in the field. Fig. 4 displays the 
duration of relevant employment of the interviewed. 

The questionnaire for the sample group compared both 
car body manufacturing technologies in 14 criteria (Tab. 1). 

 

 
Figure 3 Expert sample group composition 

 

 
Figure 4 Expert sample group Working Experience. 

 
Table 1 Questionnaire comparison criteria 

Product Criteria Process Criteria 
Product Safety Manual Labour Savings 
Leight Weight Potential Production Time Savings 
Energy Consumption Scalability 
CO2 Emission Investment Costs 
Repairability Maintenance Savings 
Stiffness Suitable for E-Mobility 
Quality and Tolerances Space Savings 

 

 
Figure 5 Example question of the expert interview 

 
All questions were displayed as a direct comparison 

between Sheet metal design and die casting with five 
different options to answer, as shown in the example in Fig. 
5. Option "1" would be strongly in favour of die casting, 
whereas option "5" is strongly in favour of sheet metal. "3" 
would be the neutral option. All comparison questions were 
set up in the same way, so lower numbers favour die casting 
and high numbers sheet metal design. 
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All questions were based on the premise, that we have a 
complete Greenfield approach, so no preliminary conditions 
for the comparison were defined. 
 
4 RESULTS 
 

The results of the expert interview show a sizeable 
variation within the answers of the experts, but nevertheless 
give a consistent picture in most of the categories. 

 

 
Figure 6 Results of Expert Interview Questionnaire 

 
In 11 out of 14 categories the experts considered large-

scale die casting as advantageous. While some of these 
criteria where almost even, six criteria were evaluated with a 
very clear outcome. Two indisputable advantages of the sheet 
metal design, according to the interviewed, were product 
safety and repairability. 

Large-scale die casting was rated superior in light weight 
potential, production time savings, scalability and space 
savings. 
 
4.1 Discussion 
4.1.1 Product Safety 
 

Even though crash ratings of Tesla Model Y and 3 using 
large die casting parts for the car body have been very good 
in comparison, one problem of large-scale die casting 
processes is the quality of the parts. At the current state of the 
art lunkers and other casting errors are not completely 
avoidable for parts with the weight of 50 kg and above.  
 
4.1.2 Light Weight Potential 
 

Although some experts were convinced, that the same or 
even better results could be achieved by sheet metal forming, 
most of the experts saw an advantage in die casting, with the 
two main reasons being the lower specific weight of 
aluminium compared to steel and the lack of multiple joining 
or bonding surfaces.  
 
4.1.3 Energy Consumption and CO2 Emission 
 

Both technologies were rated pretty similar in that 
regard. When reviewing the specific energy consumption of 
the base materials sheet metal forming using steel should be 
the more sustainable solution, with some compensation in the 
life cycle because of a little higher vehicle weight. In CO2 

emission in most cases steel would also be lower and 
therefore preferable to aluminium, but this is highly 
dependable on the energy source used for aluminium 
production. Overall aluminium production has a path to 
almost Zero emissions by using exclusively renewable 
energy, whereas economical Steel production is still relying 
on coal.  
 
4.1.4 Repairability 
 

Building a car structure out of big casting parts has a 
great disadvantage when it comes to repairability. If the car 
structure is damaged by an accident, even just a small local 
deformation or crack, there is currently no comparable way 
to repair this, as it can be done with sheet metal, as welding 
is not possible without altering the material properties. As the 
parts are pretty much unremovable without taking apart the 
whole car, a damage of the car structure often time means a 
total loss of the vehicle. 
 
4.1.5 Stiffness 
 

The flexibility in design of large Casting Parts can give 
the structure a greater area moment of inertia. Together with 
less joining points this can make up for the lower Youngs 
Modulus of Aluminium compared to Steel. Nevertheless, this 
is highly depending on the design of the structure, so there is 
no clear advantage with any of the two technologies. 
 
4.1.6 Quality and Tolerances 
 

As mentioned in 4.1.1 big casting parts have issues with 
lunkers and other casting errors. Additionally, the 
dimensional accuracy of big castings is not on the same level 
as sheet metal parts. The reduction of joining points can 
compensate for that. 
 
4.1.7 Manual Labour Savings 
 

Both technologies offer the opportunity of an almost 
complete automation. Although more manual quality checks 
or deburring may be needed for the casting parts, the lower 
number of parts gives the die casting process a slight edge. 
 
4.1.8 Production Time Savings 
 

According to the experts the major advantage of the 
large-scale die casting technology is the lower time needed 
for the production of the car body. Although the big casting 
parts have a significantly higher cycle time than any sheet 
metal part, the reduction of parts and joining operations 
means a significant time saving. 
 
4.1.9 Scalability 
 

Various automobile manufacturers prove that a sheet 
metal shell design is suitable for lot sizes in the millions, so 
in principle this technology scales up very well. The better 
perceived scalability by the experts originates in the lesser 
parts needed for a die casting structure, so essentially scaling 
up the lot size is setting up more die casting machines. For a 
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more complex sheet metal structure changing lot size would 
result in more complex planning. 
 
4.1.10 Investment Costs 
 

Die casting machines are expensive investment goods, 
but press lines are as well. The small edge of the large-scale 
die casting process in this regard may result from the 
reduction of subsequent process steps for joining and 
assembly. 
 
4.1.11 Maintenance Savings 
 

In regard of maintenance sheet metal design has a slight 
advantage. Again, the reduction of parts also reduces the 
number of tools, that need to be maintained, but deep drawing 
processes are known to be very reliable at high output with 
relatively low amount of maintenance needed. Die casting 
tools on the other hand are not only burdened with high 
pressures, but also high temperatures and aggressive liquid 
aluminium. This results in a significantly shorter time of 
these tools before they need to be serviced.  
 
4.1.11 Suitable for E-Mobility 
 

The biggest difference between an internal combustion 
engine car (ICE) and a battery electric vehicle (BEV) is the 
heavy battery pack. The design flexibility of large-scale die 
casting structures allows a high functional integration of the 
battery into the car body structure. Mechanical mounting and 
connections for temperature control of the battery can be 
directly included in the casting design. 
 
4.1.12 Space Savings 
 

The footprint of the high performance die casting 
machines is smaller than the footprints of a press line, the 
necessary tools and all the subsequent assembly operations. 
According to expert information sheet metal car body 
manufacturing needs approximately double the footprint of 
large-scale die casting. 

Finally, when asked for the future potential of large-scale 
die casting the answers were almost unanimously in favour 
of the die casting process (Fig. 7). 
 

 
Figure 7 Future Technology Preference of the interviewed 

 
5 SUMMARY 
 

Although the results seem to be very one sided, they have 
to be taken with caution because of some important caveats. 
The first is the target group of the expert interview, which 
was consisting of experts in the field of die casting, so a bias 
towards die casting technology is very likely in the sample 

group. The second caveat is, that the two criteria product 
safety and repairability are very important to the customers 
and cannot easily be outweighed by other advantages. The 
last and probably most important caveat is, that all experts 
were viewing the comparison based on a Greenfield approach 
without any staff or infrastructure present. Based on that 
premise large-scale die casting might be the best solution at 
this point in time for electric vehicles. Legacy automakers 
rarely have the opportunity of setting up a plant on a green 
field and have to adapt their existing infrastructure for future 
projects. In this light a dismissal of conventional sheet metal 
shell design is absolutely premature. Concluding, it can be 
said, that large-scale die casting is a powerful new alternative 
to car body manufacturing and offers some interesting 
potential especially for Battery Electric Vehicles, but is not a 
best fit solution for all automakers or all future projects. 
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Approaches 

 
Tomáš Macháč*, Petr Hořejší, Michal Šimon, Andrea Šimerová 

 
Abstract: In the context of Industry 4.0, augmented reality (AR) is becoming a key element for innovations in the field of lifetime usability of products and optimisation of production 
processes. Its integrated use outdoors via GPS and Simultaneous Location and Mapping (SLAM) indoors with a focus on inertial technologies enables precise positioning and 
efficient navigation in industrial environments. The aim of this study is to test the user-friendliness of the proposed indoor navigation system using inertial sensors. The AR 
application provides indoor navigation between defined points of interest representing key locations. ARCore and ARFoundation were used for development. Participants are 
tested using three different approaches to orientation in the environment. Their task is to evaluate the user-friendliness and compare the use of a smartphone with an ARNAV app, 
2DMAP with visual elements, and variants without wayfinding support "BLIND". User acceptance is validated using a standardized SUS questionnaire. The evaluation results 
show similar perceptions of the system among most respondents, except for the need for technical support and the presence of inconsistencies, where the ARNAV group showed 
different opinions, indicating the need for optimisation in these specific areas to improve the user experience. In line with other studies the results suggest that despite advances 
in augmented reality, there is still a lack of added value, especially for inexperienced users. Despite the number of studies available, user testing of the proposed systems remains 
poorly carried out, with the emphasis more on functional verification. The results of the study suggest that the low variety and simplicity of tasks in the studied environment limits 
significant differences in the perception of AR navigation. Future research should focus on the use of augmented reality in complex environments and in solving more complex 
tasks. 
 
Keywords: Augmented Reality; Indoor Navigation; Industry 4.0; Logistics; User Acceptance 
 
 
1 INTRODUCTION  
 

Industry 4.0 uses cyber-physical system (CPS) 
technology to create a platform of cyber-physical production 
systems (CPPS). This platform is also used to connect the 
virtual space with the real world in order to increase the 
intelligence of the equipment in a smart factory [1]. To 
achieve the fundamental design principles of digital 
transformation in Industry 4.0, the implementation and 
integration of diverse information, digital and operational 
technologies (IDOT) is essential. This integration ranges 
from simple to advanced technological elements such as 
industrial sensors, controllers and automated guided vehicles 
[2]. Within the Industry 4.0 concept, there is an opportunity 
to interact with technology paradigms that include the 
Internet of Things (IoT), artificial intelligence (AI), robotics, 
big data processing, and cloud storage. In addition to these 
aspects, other innovative technologies, namely virtual and 
augmented reality, are also being used [3]. Fraga-Lamas et 
al. [4] describe areas of industry that are suitable for the 
application of augmented reality systems - manufacturing, 
service or training. 

Augmented Reality (AR) is a technology that provides 
the user with a means to present a polysynthetic world. 
Azuma [5] also presents specific application perspectives of 
augmented reality in the context of situations where it can be 
effectively used, for example, through navigation maps or 
visualisation of the current and planned environment. 
Augmented reality technology relies on different 
methodological approaches. One of them is markerless AR, 
which is a form of augmented reality that allows the 
placement of virtual objects without the need for a reference 
node. Specifically, this is accomplished by simultaneously 
displaying a virtual object associated with a precise location 

obtained through technologies such as GPS and a digital 
compass. Marker-based AR relies on real-time recognition of 
images, eyes and other real-world objects to provide digital 
content to the user [6, 7].  

Research oriented towards navigation in the physical 
environment can be broadly classified into three main 
groups: external navigation, internal navigation and their 
integration [8, 9]. 

Navigation solutions, such as the Google Maps 
application, rely on information from GPS, aerial imagery 
and satellite imagery, but with a primary focus on the 
external environment [10]. Alternatively, an integrated 
solution can be implemented that combines technologies 
such as GNSS and LiDAR or SLAM [11, 12]. In outdoor 
navigation, we exclusively encounter the application of GPS 
technology [13-15]. 

For today's large-scale structures such as organisations, 
universities, business centres and logistics warehouses, 
navigation is an increasingly complex challenge. An 
effective solution to this challenge lies in an integrated 
approach that harmonises external and internal navigation. 
This integration brings significant benefits in optimising time 
and facilitating navigation in complex environments [16, 17]. 
 
1. 1  Related Work in Augmented Reality Indoor Navigation 
 

De Souza Cardoso et al. [18] identified the prevalent 
augmented reality applications in industrial environments 
that are primarily focused on manual assembly processes. 
These applications provide users with work instructions to 
perform specific tasks. At the other end of the spectrum is the 
logistics domain. Rejeb et al. [19] identified limitations to the 
benefits of augmented reality technology in the area of 
logistics and supply chain management. They emphasise the 
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need to support human-centred designs for effective and 
successful user experiences with AR. Trebuňa et al. [20] 
describe the issue of truck logistics analysis using GPS 
location technology. 

For indoor navigation solutions, there is a wide range of 
technologies that are used to pinpoint the user's location in 
confined spaces. These technologies include Bluetooth, radio 
frequency identification (RFID), Wi-Fi, magnetic navigation 
and even LED light technology [21-24]. One frequently used 
approach is the use of Inertial Measurement Unit (IMU) 
sensors. These use a magnetometer, gyroscope, and 
accelerometer, which together enable tracking of the user's 
movement and orientation in space [13, 17]. 

Bajpai and Amir-Mohammadian [26] introduced an 
indoor navigation system that operates without the need for 
physical signs and uses ARKit technology for the iOS 
platform. This system works with a server that stores and 
retrieves 3D map data. An open-source visual SLAM 
framework called OpenVSLAM is used to implement the 3D 
map reconstruction. 

Romli et al. [27] focused on the development of an AR 
application with an emphasis on the urbanisation domain. A 
library was chosen as the demonstration environment for the 
AR prototype. The Vuforia SDK technology was used for 
specific scene identification and navigation in the space, 
which allows setting image markers. The marker system was 
also introduced by Sato [28], but his solution was extended 
to include BLE transmitters in order to minimise the energy 
burden of the mobile device. 

The idea of creating augmented reality-enabled 2D and 
3D indoor maps has been addressed by Cankiri et al. [29]. 
They presented a system design that incorporates 3D 
humanoid agents for realistic navigation scenarios created in 
an AR environment and integrates IMU and SLAM sensors. 
Other research is focused on the implementation of a 3D 
point cloud through Google Glass devices. This study 
concludes that computer vision technologies are an effective 
alternative to other methods of simultaneous localisation and 
mapping [30]. 

Yao et al. [31] developed a system that relies on the A* 
algorithm for optimised route planning based on a 2D map. 
The optimal route is then passed to the navigation module in 
the form of a sequence of nodes. This navigation module uses 
AR based on location-based services (LBS). For comparison, 
they also conducted experiments with a Wi-Fi system, where 
this approach was found to be significantly less accurate with 
respect to the real location, in the range of 3 to 8 metres. 

Wang [32] presents the concept of an iBeacon 
positioning mechanism that features the ability to flexibly 
adapt appropriate detection values for different iBeacon 
devices at variable distances. The goal of this approach is to 
provide stable indoor localisation. At the same time, it is 
intertwined with the AR display functionality without the use 
of markers. 

Extended support in robotics is addressed by Kapinus et 
al. [33], who present a framework called ARCOR2. This 
framework focuses on the efficient management of robotic 
workstations using AR. The authors approach this problem 
with a methodological foundation, which is paralleled in our 
paper where we investigate user-friendliness. 
 

1. 2 Hypothesis Setting and Research Questions 
 

We formulated the questions based on the standardised 
System Usability Scale (SUS) questionnaire [34], which is 
used later in the paper. For each question we established a 
null hypothesis (H0) and an alternative hypothesis (H1). H0 
assumes that there are no significant differences between 
respondents in their perception of a particular aspect of the 
system, and H1 assumes that there is a significant difference 
between at least two groups of respondents. 
 
Q1: There are significant differences between groups in 
perceptions of increased use of the system. 
Q2: There are significant differences between groups in 
perceptions of unnecessary complexity of the system. 
Q3: There are significant differences between groups in 
perceptions of the ease of use of the system. 
Q4: There are significant differences between groups in the 
perception of the help needed from a technical support person 
to use the system. 
Q5: There are significant differences between the groups in 
the perception of good integration of the different functions 
of the system. 
Q6: There are significant differences between groups in 
perceptions of inconsistencies in the system. 
Q7: There are significant differences between groups in 
perceptions of very quick learning to use by most people. 
Q8: There are significant differences between groups in 
perceptions of the great difficulty of using the system. 
Q9: There are significant differences between groups in 
perceptions of great confidence in using the system. 
Q10: There are significant differences between groups in 
perceptions of the need to learn new knowledge before using 
the system. 
 

Here we set the research question RQ1: Which of the 
proposed options is the most favourable in terms of SUS 
score? 

In the introduction of the article, we delve into the 
elements of Industry 4.0 and their integration with 
augmented reality, specifically focusing on navigation in 
logistical processes. Stemming from the main AR panel, we 
formulate hypotheses and research questions. Subsequently, 
we describe the methodology, proposing three navigation 
variants, including an AR application with a graphical user 
interface and system functionality. We present the results 
through processed SUS questionnaires, focusing on key 
aspects of these questionnaires. In the discussion, we 
compare our findings with similar experimental results from 
other authors. 
 
2 METHODOLOGY 
 

The aim of this study is to conduct an experimental 
investigation aimed at comparing the user-friendliness of 
different forms of indoor navigation support. Specifically, 
this is in a laboratory environment where a fully illuminated 
corridor serves as a representation of the space. This area 
contains individual offices that represent points of interest 
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involved in a simulated logistics process. A secondary output 
of this study is also the evaluation of the proposed algorithm 
operating at the augmented reality level, whereby the 
algorithm simultaneously operates in a markerless 
environment. The experiment uses standardised AR 
packages (described later), which were selected based on a 
search in the internal environment. We deliberately dropped 
the use of GPS, which is not relevant in indoor environments. 
Among the frequently discussed applications are 
technologies working with inertial measurement units. One 
of the advantages of this technology is the possibility to 
operate without the need for additional external tools, 
moreover, the required technologies are present in common 
smartphones. 

A smartphone serves as the primary device using AR 
technology in this study. This decision is based on the fact 
that despite the widespread use of head-mounted display AR 
glasses, the deployment of AR glasses is still limited, 
especially due to the high cost of the device (for example, 
Microsoft HoloLens 2 costs $3,500 - March 2024) [35]. In 
parallel, we still observe a lack of progress in software 
capabilities for these devices. We experimentally compare 
variants using 2D maps, where we are inspired by the concept 
of visual management [36]. Another source of inspiration for 
our experiment is the 5S system, which works with colour 
variants to facilitate spatial understanding and visual 
management [37]. The purpose of this comparison is to 
evaluate how technologically advanced orientation support 
will contribute to user-friendliness. To achieve this idea, it is 
necessary to explore technological differences, with the most 
logical approach being to analyse the 2D map aspect of the 
traditional view. 

The application testing was conducted on a Xiaomi 
Redmi Note 11 Pro mobile device, which has ARCore Depth 
API support. The characteristics of this test device can be 
classified as representative of lower-end mobile phones. The 
operating system of the mobile phone used for testing is 
Android 11, with a display refresh rate of 120 Hz. The main 
camera has a resolution of 108 megapixels, and the battery 
capacity reaches 5000 mAh. 

Three variants are analysed in the framework of the 
indoor navigation analysis: 
1) Absence of navigation support to assess the natural 

orientation in space - BLIND. 
2) Navigation using a two-dimensional (2D) map as part of 

a visual management concept - 2DMAP. 
3) Navigation through an augmented reality (AR) 

application on a smartphone - ARNAV. 
 

The user experience was retrospectively evaluated using 
the System Usability Scale (SUS) questionnaire [34], which 
is the most widely used standardised instrument for 
evaluating the perceived usability of the system being tested. 
In the context of its psychometric properties, it can be 
concluded that the SUS questionnaire proved to be effective 
in terms of reliability, validity, and sensitivity of the outputs. 
In this questionnaire, it should be considered that users who 
experience a higher level of satisfaction in the initial use of 
the system are likely to show a tendency to use the product 

more often, which will enable them to achieve a high level of 
skill with the product. The current trend favours the use of 
short scales because of their efficiency and ease of 
administration. The standard version of the questionnaire 
contains a mix of positive and negative items, with odd items 
worded positively and even items negatively. Respondents 
rate their level of agreement with each item using a five-point 
scale from 1 (strongly disagree) to 5 (strongly agree). The 
SUS total score is calculated by converting each item to a 0-
4 scale, where higher values correspond to higher perceived 
usability. We then sum the converted scores. Finally, we 
multiply the sum by ∗2.5. This procedure generates scores 
that can range from 0 to 100, with higher scores indicating a 
higher level of perceived usability of the system [38]. The 
analysis was performed in Excel with RealStatistic using 
Excel add-in version 2210 installed [39].  
 
2. 1 Description of the AR Application for the ARNAV Variant 
 

There are specific requirements that must be met by the 
application. The primary purpose of the application is for the 
user to easily navigate using AR, which in our case involves 
displaying virtual navigation lines leading to points of 
interest. The system includes a simulation of the processes of 
loading and unloading objects, and these processes are 
displayed in the form of a task list that visualises the 
sequential steps. The application is optimised to work on 
specified frameworks. A limitation of the application is the 
specific environment for which it was designed. The 
application uses the standardised ARCore and 
ARFoundation libraries, which are designed for Android 
devices. 

 

 
Figure 1 User interface: A – application input interface, B - drop-down list of 

positions. 
 

The experimental application, the interface seen in Fig. 
1, features a miniature floorplan of the defined environment. 
The control of the application is implemented through 
buttons in the graphical interface. The "LINE VISIBILITY" 
button displays a virtual line that navigates in space 
according to the generated NavMesh. To generate a line to 
the exact point of interest, a dropdown list is implemented, in 
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which the individual locations are listed. From this list we 
can select our preferred location. To minimise the need for 
additional cues during the experiment, a "LIST" button was 
created. Pressing it displays a list of tasks that the proband 
must complete during the experiment. During the 
implementation of the user interface, we emphasised the 
criteria of simplicity, clarity, and maximum user-
friendliness. 
 
2.2  Methodology for Testing Variants 
 

Participants are thoroughly briefed on the testing 
procedure at the beginning of the experimental process. For 
the purposes of the first phase of the experiment, we chose 
the environment of the University of West Bohemia, 
considering the possible influence of the complexity of the 
environment and unstable lighting conditions on the results 
of the experiment. The experiment itself is initiated in a fairly 
sterile environment consisting of a flat and symmetrically lit 
corridor, which allows better control of any environmental 
effects. In this primary part of the experiment, special 
emphasis is placed on evaluating the results from the 
questionnaire that the probands complete. 

This experiment represents a logistical process where the 
proband assumes the role of a new worker in a warehouse. 
The aim of the experiment is to use one of the available 
spatial orientation aids to facilitate and optimise the 
navigation process.  

The proband's task is to determine the direction of the 
location of objects in the warehouse and then, according to a 
predetermined procedure, to distribute these objects around 
the production area. Each specific location in this context 
represents the location of a production machine and one 
central warehouse. 
 
2.2.1 Variant 1 (Without support tools - BLIND) 
 

This experimental variant represents a basic and direct 
approach to interacting with the surrounding space, but at the 
same time presents a more challenging spatial orientation 
task. The proband is provided with a list of tasks to complete. 
Coloured labels representing different objects are placed on 
a door symbolising a warehouse. The proband follows the 
task list, collecting the required number of labels of different 
colours from the door. They then place these labels on the 
doors that represent the production machines. The colours of 
the labels must match the task list. When all the labels have 
been distributed, the experiment is terminated. Immediately 
after completion, the proband conducts an evaluation using 
the SUS questionnaire. To simplify and speed up the 
response process, a QR code is placed on the wall that links 
to a Google Form questionnaire specifically designed for this 
experiment. 
 
2.2.2 Variant 2 (Using 2D Maps - 2DMAP) 
 

The second variant of the experiment operates with a 
background in the form of a 2D map (Fig. 2), which is given 
to the proband simultaneously with the task list. Emphasis is 

placed on the fact that the use of the attached map is an 
integrated part of the experiment and the proband is actively 
encouraged to use it to improve their orientation in space. 
Subsequently, the proband completes the same procedure as 
in the first variant. After completing all tasks from the list, 
the proband again completes the SUS questionnaire. 

 

 
Figure 2 Diagram of a 2D map with visualisation elements given to probands 

during the 2DMAP experiment. 
 

2.2.3 Variant 3 (Use of AR - ARNAV) 
 

The experiment starts with the proband receiving a 
mobile phone with an app installed which is capable of 
visualising the surrounding space through augmented reality. 
The aim of the app is to display a virtual route leading to 
points of interest, represented by each door in the corridor. 
These doors represent locations in a warehouse or production 
area and are followed in the same way as in the previous 
versions of the experiment. Before running the experiment, 
the functions of the app are explained to the proband, and a 
brief description is provided of what to expect in the app and 
how to interact with it. As mentioned earlier, we tried to 
configure the augmented reality system in such a way that the 
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proband does not need any additional information. The 
information about the tasks to be performed by the proband 
is available directly in the augmented reality application. 

Before starting the application, the proband stands in the 
zero position and starts the application. After quick 
familiarisation with the list of tasks found under the "LIST" 
button, they select the desired position from the drop-down 
list. They then click on the "LINE VISIBILITY" button and 
a virtual line in space appears on the mobile device's display 
to navigate to the selected location. Following the on-screen 
instructions, the proband performs an action, such as picking 
up or sticking a piece of paper on a door. They then check the 
list of tasks again and repeat the process until all the tasks are 
completed. An example of the process can be seen in Fig. 3. 
The experiment ends with the proband completing a 
questionnaire evaluating the system and its features. 
 

 
Figure 3 Visualisation of the experimental procedure in the ARNAV variant; A - 

Sheet with the list of tasks, B - Representation of the navigation line, C - Placement 
of a coloured label at a specific position. 

 
3 RESULTS 
 

The evaluation works with three different variants of 
support systems for orientation in an unfamiliar environment, 
namely: 
1) Variant 1: Navigation without support "BLIND" with the 

participation of 18 respondents. 
2) Variant 2: Navigation with 2D map "2DMAP" with 25 

respondents. 
3) Variant 3: Navigation with augmented reality application 

"ARNAV" with 22 respondents. 

The Kruskal-Wallis test was used for a targeted 
comparison of the means of the three different variants. This 
is a non-parametric statistical method, applicable when 
comparing the means of several independent groups, 
especially in cases where the assumptions for parametric tests 
are not met. These assumptions include, for example, the 
independence of the data (meaning different numbers of 
respondents coming from different groups), failure to meet 
the assumption of a normal distribution of the data, or the use 
of unmeasured metrics where only rankings and comparisons 
are available. Its undeniable advantage is its relative ease of 
interpretation and implementation, which is significant for 
statistical analysis without extensive assumptions [40, 41]. 
As part of the evaluation process, ten questions (Q1 ... Q10) 
were formulated that directly correspond to the standardised 
questions in the SUS questionnaire. The alpha level of 
significance was set at 0.05 when the Kruskal-Wallis test was 
performed. This level determines whether we can reject the 
null hypothesis. The result of this statistic is obtained through 
the p-value, which is the result of the test performed, and can 
be seen in Tab. 1. Furthermore, the comparison of the median 
values for each variant is shown in Fig. 4.  

 
Table 1 Summary of the values of the Kruskal-Wallis test for the stated hypotheses 

supplemented by the evaluation of the hypotheses. 

 
 

 
Figure 4 Comparison of mean results for each question of the SUS questionnaire. 

 
For Q1, Q2, Q3, Q5, Q7, Q8 and Q9, no significant 

differences were found for any respondent groups and the 
null hypotheses are not rejected. Therefore, only Q4, Q6 
and Q10, where significant differences were found 
between at least two groups of respondents, need to be 
examined in further detail. 

Question H-ties p-value Result
1 2.519 0.284 There are no significant differences between the variants
2 0.528 0.768 There are no significant differences between the variants
3 2.119 0.347 There are no significant differences between the variants

4 8.225 0.016
Significant differences in perception were shown by the 
DUNN method between the 2DMAP and ARNAV groups

5 1.417 0.493 There are no significant differences between the variants

6 5.273 0.037
Significant differences in perception were shown by the 
DUNN method between the 2DMAP and ARNAV groups

7 2.628 0.269 There are no significant differences between the variants
8 1.869 0.393 There are no significant differences between the variants
9 0.199 0.886 There are no significant differences between the variants

10 3.577 0.031 There are significant differences between the variants
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Q4: 
H0: There are no significant differences between the groups 
in perceptions of assistance from a technical support person. 
H1: There are significant differences between groups in 
perceptions of the help of a technical support person. 

The p-value of the test was found to be p = 0.016, leading 
to the rejection of the null hypothesis. However, the median 
values of the BLIND and 2DMAP groups are the same and 
equal to 1, while the ARNAV group is equal to 1.5. Half of 
the respondents from the BLIND and 2DMAP groups 
responded with a value of 1. That is, they strongly disagree 
that they would need the support of a technical person to use 
the system. Respondents in the ARNAV group reported 
responses ranging from 1 to 2, or that they did not need the 
support of a technical person. Significant differences in 
perceptions were found between the 2DMAP and ARNAV 
groups, with ARNAV respondents showing higher levels of 
agreement with the need for technical resource support than 
2DMAP group respondents. 

After rejecting the null hypothesis in the test of mean 
equality, a post hoc analysis was conducted to identify groups 
with statistically significant differences. The Dunnett's test 
was used for this analysis, which is suitable when compared 
groups have different sample sizes. The analysis revealed a 
statistically significant difference between the 2DMAP and 
ARNAV groups (p = 0.004 < p = 0.016), see Fig. 5. 

 

 
Figure 5 Comparison of Dunnett test variants for question 4 

 
Q6: 
H0: There are no significant differences between the groups 
in their perception of good integration of different system 
functions. 
H1: There are significant differences between groups in 
perceptions of good integration of different system functions. 

The p-value of the test was found to be p = 0.037, again 
leading to the rejection of the null hypothesis. The medians 
of the BLIND and 2DMAP groups are equal to 1. The median 
of the ARNAV group is equal to 2. Half of the respondents 
in the BLIND and 2DMAP groups answered 1. So they do 
not perceive any irregularities in the system. The third group 
ARNAV answered 2 or less. Significant differences in 
perception were found between the 2DMAP and ARNAV 
groups, with ARNAV respondents showing a higher level of 
agreement with too many irregularities in the system than 
2DMAP group respondents. 
 

 
Figure 6 Comparison of Dunnett test variants for question 6 

 

We conducted the same analysis, the Dunnett's test, after 
rejecting the null hypothesis for question 6 as well. We found 
a statistically significant difference between the 2DMAP and 
ARNAV groups (p = 0.014 < p = 0.037), as shown in Fig. 6. 

 
Q10: 
H0: There are no significant differences between the groups 
in their perceptions of gaining new knowledge before using 
the system. 
H1: There are significant differences between groups in 
perceptions of new knowledge gain before using the system. 

Despite the rejection of the null hypothesis, the same 
median values were found in all groups, namely the value of 
1. Thus, it can be concluded that respondents do not perceive 
the necessity of gaining new knowledge before using the 
system. In each group, one half of the respondents clearly 
chose the answer 1. For this reason, a post-hoc analysis was 
performed, but no pair with a significant difference was 
identified. 
 

Table 2 Summary of SUS questionnaire scores for individual variants. 

 
 

Parallel to this, an evaluation of the SUS questionnaire 
was carried out in a standardised form, which is described in 
the introduction of the methodology. These outputs are 
summarised in Tab. 2. The higher the SUS score, the higher 
the level of user acceptance of a given system. This score 
answers our question: which of the proposed options is the 
most favourable in terms of SUS score? The output shows 
2DMAP as the most preferred option with a value of exactly 
90 for the median score. The secondary output of the 
evaluation of the AR navigation algorithm demonstrated the 
successful completion of the functionality of the whole 
system. 

Q4 DUNNETT´s TEST alpha = 0.05
group 1 group 2 p-value
BLIND 2DMAP 0.095
BLIND ARNAV 0.324

2DMAP ARNAV 0.004

Q6 DUNNETT´s TEST alpha = 0.05
group 1 group 2 p-value
BLIND 2DMAP 0.719
BLIND ARNAV 0.058

2DMAP ARNAV 0.014

Respondent BLIND 2DMAP ARNAV
1 52.5 97.5 42.5
2 90 100 82.5
3 85 77.5 82.5
4 97.5 82.5 80
5 80 87.5 82.5
6 97.5 95 62.5
7 45 65 87.5
8 72.5 92.5 80
9 92.5 82.5 77.5

10 100 97.5 80
11 77.5 92.5 95
12 55 70 100
13 90 97.5 90
14 77.5 97.5 92.5
15 92.5 90 87.5
16 100 87.5 97.5
17 37.5 90 77.5
18 80 100 72.5
19 27.5 82.5
20 62.5 65
21 95 85
22 95 80
23 52.5
24 82.5
25 85

MEAN VALUE 79.03 84.10 81.02
MEDIAN 82.5 90 82.5

SUS score
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A final Kruskal-Wallis test was performed for the SUS 
score. Here the hypothesis was posed: There are significant 
differences in median SUS scores between groups. After 
performing the Kruskal-Wallis test, the p-value was 
calculated as p = 0.301 with an alpha value of 0.05. The 
hypothesis was rejected. 
 
4 DISCUSSION 
 

The analysis and evaluation of mobile navigation 
compared to traditional maps has been studied in the past. 
With our experimental variants, we achieved identical 
designs - mobile app, a paper 2D map and direct experience. 
The research confirmed that the directional errors of the 
participants in the different groups did not show significant 
differences from each other [42]. A similar study is designed 
to assess the AR experience in comparison to the map-based 
experience. However, it is conducted within a VR context. 
This analysis mainly focuses on the effect of AR on driving 
performance and route learning ability in the context of a 
virtual environment [43]. In a similar vein, they conducted an 
analysis of the forklift navigation process in VR within a 
logistics process [44]. In many aspects, we can observe the 
substitution of augmented reality for virtual reality 
environments. As VR currently has more advanced 
technology, it provides more significant support for the 
application of AR elements and their research [45]. 

In an outdoor environment, Mulloni et al. [46] performed 
an experimental comparison of an AR application with a 
traditional map. A significant finding of the research is that 
users predominantly use augmented reality near road 
intersections. This location appears to be crucial to 
effectively support accurate tracking. This result shows that 
despite the progress made in AR, there is still a lack of 
sufficient added value, especially for inexperienced users. 

Conversely, Dünser et al. [47] identified that while using 
map backgrounds integrated into an AR application, users 
focused their gaze on the screen for the longest time, 
especially when walking. The authors state that this can be 
explained by the different design of the study conducted. The 
results of this analysis also show that users generally look at 
the screen less frequently with the AR interface. The authors 
interpret this fact to mean that this interface is primarily used 
for quick verification at decision points and for confirming 
directions. Sekhavat and Parsons [48] discuss the design and 
comparison of two tracking methods in outdoor augmented 
reality applications: location-based augmented reality (LAR) 
and marker-based augmented reality (MAR). The results 
show that the characteristics of the location-based tracking 
method bring the need for less time to locate points of 
interest; reducing the number of errors in locating specific 
POIs; inducing a higher perception of the quality of the user 
experience and promoting a higher acceptance rate to using 
AR technology. 

QR codes are an important integration into AR 
navigation systems, serving not only as markers for location 
definition, but increasingly as key elements for identifying 
points of interest (PoI). In parallel with this functionality, 
applications are being developed to optimise cloud 

connectivity. The main impetus for this implementation is to 
minimise the energy consumption of hardware devices - 
smartphones or AR glasses [49-52]. 

Tadepalli et al. [53] presented a solution with some 
similarities using the A* algorithm. However, it should be 
noted that this is a rather simplistic approach that has not been 
developed, for example, in the form of experimental testing. 
 
5 CONCLUSION 
 

Industry 4.0 opens up the possibility of interacting with 
technological paradigms such as the Internet of Things, 
artificial intelligence, robotics, big data processing and 
augmented reality. Augmented reality is a technology with 
various applications, including navigation and environmental 
visualisation. In the area of navigation in physical 
environments, the integration of external and internal 
navigation is key to effectively addressing the challenges of 
navigating complex environments, bringing significant 
benefits in optimising time and facilitating navigation. 

In industrial environments, augmented reality is widely 
applied in manual assembly processes, while in logistics it 
faces constraints requiring human-centric designs for optimal 
user experiences. In indoor navigation a variety of 
technologies from Bluetooth to IMU sensors enable accurate 
user location in confined spaces. Research in AR navigation 
includes innovative approaches such as the use of 
standardised frameworks for iOS and Android platforms or 
the combination of 3D map data with visual SLAM. The 
broad spectrum of research also includes optimised route 
planning using the A* algorithm and the development of 
positioning mechanisms such as iBeacon and RFID for stable 
indoor localisation and efficient integration with AR 
displays. 

Our experiment conducted on indoor AR navigation is 
structured to systematically evaluate the factors affecting the 
effectiveness of AR technologies and the user experience. 
The creation of an augmented reality-enabled application 
based on IMU sensors for a smartphone will enable the 
assessment of the potential of AR navigation and the 
optimisation of the research results. The proposed algorithm 
uses standardised packages to support Android devices, 
namely ARCore and ARFoundation.  

The experiment systematically presents the process of 
testing AR navigation in indoor environments, starting in a 
test environment for the first phase and gradually moving to 
an industrial setting. Participants are introduced to the 
experimental process and detailed tasks, with each variant of 
the experiment involving specific means of navigation. The 
experimental conditions are carefully designed to maintain 
symmetrical results and obtain quality feedback from 
participants. Each variant of the experiment simulates a 
logistics process with the proband in the role of a warehouse 
worker. The experimental variants include different 
approaches to interacting with the environment, including the 
use of a 2D map and a mobile app with AR navigation, as 
well as a variant without any orientation support. 

During the evaluation of the system, no statistically 
significant differences were found between the three groups 
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of respondents on most of the questions investigated. 
Questions related to frequent use of the system, its 
complexity, ease of use, correct integration, presence of 
inconsistencies, speed of learning and confidence in use did 
not show statistically significant differences between the 
different variants. It can be concluded that the respondents 
from the total sample had similar views on different aspects 
of the system. 

However, significant differences in the perception of 
different aspects of the system emerged on the issue of the 
need for technical support. The 2DMAP group, which 
required a lower level of technical support, was statistically 
different from the ARNAV group, which required a higher 
level of technical support. Respondents in the ARNAV group 
showed greater agreement that they would need the support 
of a technical person. Similarly, there were significant 
differences for the question regarding the presence of 
inconsistencies in the system, where respondents in the 
ARNAV group were more likely to agree that there were too 
many inconsistencies in the system than respondents in the 
2DMAP group. 

Overall, while most respondents' perceptions of the 
system were similar, it is important to focus on specific areas 
where significant differences emerged between the groups. 
These findings may be key to further optimising the system 
and improving the user experience. It is significant to note 
that the initially expected negative evaluation of the system 
by the BLIND and 2DMAP groups was not confirmed. 
Nevertheless, the ARNAV group was not statistically 
different in its perception of the system. 

The cause of these results is attributed to the low level of 
task variety and complexity, as well as the specifics of the 
environment. This fact can be considered a limitation of this 
study. Within a low-diversity and non-complex environment, 
the chosen technology is not a decisive factor, and the user 
experience is very similar. A key question for further 
research is to what extent the use of augmented reality 
support is significant in complex environments and when 
dealing with complex tasks. This step is the subject of future 
research. 

Some studies suggest that experiments with mobile apps, 
paper maps and direct experience have confirmed that 
directional errors between these methods do not show 
significant differences. Other studies have compared the use 
of an AR app with a traditional map in outdoor environments, 
with proximity to road intersections being a key area for 
effective support. The results also suggest that despite the 
successes in AR, users still prefer quick verification at 
decision points and confirmation of directions. 

Integrating QR codes into AR navigation systems and 
optimising cloud connectivity are also identified as key 
elements for the effective use of these technologies. 
Although advanced algorithms such as A* exist, the need for 
further experimental testing to fully evaluate their 
effectiveness in real navigation conditions should be 
emphasised. Overall, there is a dynamic and diverse approach 
to the development of navigation technologies, especially in 
conjunction with augmented reality. 
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Optimizing Carbonation Hardening for Lightweight Concrete 
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Abstract: This study investigates the accelerated carbonation hardening (ACH) of lightweight aggregate concrete. It evaluates the effects of binder content, ground limestone, 
lightweight aggregates, plasticizers, carbonation pressure, and duration on compressive strength at 1 hour, 28 days, and 180 days. Statistical models and optimization using 
desirability functions were employed to identify optimal recipe and technological parameters. ACH enhances concrete strength and promotes sustainable carbon sequestration, 
providing an alternative to conventional curing methods. 
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1 INTRODUCTION  
 

Accelerated carbonation hardening (ACH) has become 
an effective approach to enhancing the mechanical properties 
and environmental performance of concrete. In contrast to 
traditional methods like steam curing, which demand 
significant energy and resources, ACH provides a sustainable 
alternative by utilizing CO₂ to improve strength and 
durability while capturing atmospheric carbon dioxide [1-3]. 
The process accelerates carbonation reactions in cement-
based materials, forming calcium carbonate, which densifies 
the concrete matrix and improves its properties [4-5]. This 
method is particularly advantageous for applications 
requiring rapid curing, such as bridges and high-rise 
buildings in challenging environments, where durability and 
efficiency are critical [6].  

Optimizing ACH involves controlling factors such as 
binder composition, CO₂ pressure, and curing time. This 
study investigates these parameters using statistical methods 
to enhance the effectiveness of ACH, ensuring improved 
material performance and reduced environmental impact. 
 
2 REVIEW OF CURRENT LITERATURE  

 
Investigations demonstrate that accelerated carbonation 

hardening (ACH) improves concrete properties such as 
compressive strength, durability, and resistance to 
environmental factors. Compressive strength can be 
improved by 10 % to 50 %, depending on the mix design and 
carbonation conditions [7, 8]. ACH also reduces permeability 
and increases resistance to chloride penetration, sulfate 
attack, and alkali-silica reactions, contributing to the 
durability of concrete structures [9].  

The mechanisms of ACH involve CO₂ diffusion into the 
moist concrete matrix, where it reacts with calcium 
hydroxide to form calcium carbonate, enhancing material 
strength by filling voids [10]. Additionally, ACH densifies 
the microstructure, improving resistance to environmental 
and chemical degradation [11-14].  

However, carbonation reduces alkalinity, potentially 
increasing the susceptibility of steel reinforcement to 
corrosion. Protective calcium carbonate layers formed during 
ACH may mitigate this risk [15]. The long-term effectiveness 

of ACH depends on exposure conditions and material 
composition, highlighting the need for further performance 
studies [16]. 
 
3 PURPOSE AND METHODOLOGY 

 
The primary objective of this study is to analyze the 

influence of recipe and technological factors—such as binder 
content, plasticizer concentration, ground limestone 
proportions, carbonation pressure, and duration—on the 
compressive strength of lightweight aggregate concrete at 
various curing stages (1 hour, 28 days, and 180 days). The 
goal is to develop experimental-statistical (ES) models that 
enable the optimization of these factors, ensuring maximum 
strength while balancing practical and economic constraints. 

The research employs experimental design principles, 
including response surface methodology and desirability 
functions, to model and optimize material properties. 
Historical experimental data were analyzed using Design 
Expert software, allowing for a detailed evaluation of factor 
interactions and their contributions to strength development. 
This methodology ensures a comprehensive understanding of 
the processes governing accelerated carbonation hardening 
and provides guidance for achieving optimal material 
performance under varying conditions. 

 
4 RESEARCH RESULTS 

 
Accelerated carbonation hardening (ACH) of 

lightweight aggregate concrete enhances the carbonation of 
hydrated cement phases, resulting in the precipitation of 
calcium carbonates that improve the mechanical properties 
of the concrete matrix. The ACH process consists of several 
key stages: surface preparation by cleaning the concrete to 
ensure uniform CO₂ penetration; installation of specialized 
carbonation equipment, such as chambers or injection 
systems; and control of environmental parameters such as 
temperature and humidity to maximize the reaction kinetics. 
CO₂ is injected into the concrete through surface holes or 
internal channels, with continuous monitoring and 
adjustment of parameters such as CO₂ pressure, temperature, 
and exposure duration. After the process, the results are 
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evaluated based on mechanical properties, structure, and 
carbonation degree. 

The rapid development of high early strength within 30 
to 60 minutes necessitates carbonation regimes employing 
elevated pressure. In accordance with the theory of heat and 
mass transfer, vacuuming freshly molded concrete creates a 
porous system under reduced pressure. Introducing CO₂ 
under pressure during this phase accelerates the carbonation 
process by promoting self-absorption and stress relaxation 
within the capillary structure. The dissolution rate of 
minerals increases proportionally with CO₂ pressure, 
facilitating controlled structure formation.  

Earlier investigations identified [2] the optimal 
aggregate packing for lightweight concrete, with a binder 
dosage of 300 kg/m³. Concreare strength, density, and other 
characteristics are inflused by the the proportion of fine 
aggregate particles with a size up to 5 mm. The structure and 
strength characteristics of carbonized concrete are influenced 
by three primary factors: the aggregate structure, determined 
by the distribution of porous aggregate; the binder 
concentration, defined by cement type and properties; and the 
mixing water content, adjusted for carbonation technology.  

Due to the interaction of recipe and technological factors, 
the properties of concrete can vary significantly during 
carbonation. Structure formation is influenced by both 
constructive and destructive factors, which impact the speed 
and completeness of reactions. Therefore, optimizing ACH 
requires analyzing the influence of these factors on early and 
long-term strength [17]. The optimization criterion focuses 
on minimizing cement consumption while achieving the 
required properties, as cement is an expensive and limited 
resource. 

The key recipe-technological factors affecting the 
physical and mechanical properties of ACH lightweight 
aggregate concrete include binder consumption, which varies 
from 300 to 500 kg/m³, with ground limestone content 
ranging from 0 to 30 %; the plasticizing additive (SYM) 
content, adjusted between 0 and 0.4 % by binder weight; 
carbonation pressure, ranging from 0.6 to 1.2 MPa; and the 
duration of carbonation, set between 30 and 60 minutes. 

To develop mathematical models for compressive 
strength at 1 hour (R₁h), 28 days (R₂₈), and 180 days (R₁₈₀), a 
second-order five-factor experimental design ("Hartley-5") 
with six center points was used [18]. The factor levels and 
variations are presented in Tab. 1. 
 

Table 1 Experimental factors and their ranges of variation  

Factors Quantity 
unit Code Variation levels 

‒1 0 1 
A Binder kg/m3 Knitt 300 400 500 
B SYM additive   % SYM 0 0.2 0.4 
C Ground limestone  % GL 0 15 30 

D Applied carbonation 
pressure MPa PCO2 0.6 0.9 1.2 

E The duration of the 
carbonization process min tCO2 30 45 60 

 
The study was conducted on cubic samples with an edge 

length of 10 cm. The molded specimens underwent 
carbonation under specified conditions. Concrete density, 

CO₂ uptake (determined by the weight change of the samples 
before and after carbonation), and compressive strength were 
evaluated at specified intervals during the testing process. 

The compressive strength of the concrete increased over 
time, ranging from 2.1 to 16.5 MPa at 1 hour, 4.6 to 21.8 MPa 
at 28 days, and 5.9 to 26.1 MPa at 180 days. The collected 
data enabled the creation of experimental-statistical (EC) 
models for the composite material properties using the 
Design Expert software [19]. This software allows importing 
previously obtained experimental data, referred to as 
"historical" data. The response surface methodology was 
applied for data analysis. The resulting models and their 
statistical parameters are presented in Tab. 2. Statistically 
significant components of the models were selected through 
backward elimination. 

 
Table 2 EC strength models of material characteristics 

Characteristics Experimental-statistical models for 
R 

Regression 
Statistics 

R1h, MPa 

R1h = +8.80 + 3.70A + 0.90B ‒ 
0.50C + 1.30D + 0.50E + 0.40AB + 
0.20AD + 0.20AE + 0.40BC ‒ 
0.10BD + 0.10BE ‒ 0.30CD ‒
0.30CE + 0.20DE + 0.98A² ‒ 0.52C² 
‒ 0.52D² ‒ 0.32E² 

R2 = 0.9983 
Adj R2 = 0.9960 
Preq R2 = 0.9979 
Adeq Precision = 

93.028 

R28, MPa 

R28 = +12.69 + 5.88A + 1.12B ‒
1.22C ‒ 0.22D + 0.12E + 0.47AB ‒
0.28AC ‒ 0.18AD + 0.47BC ‒
0.13BD + 0.27DE + 1.36A2 ‒ 0.44B2 
‒ 0.64C2 ‒ 0.54E2 

R2 = 0.9984 
Adj R2 = 0.9967 

Preq R2 = 0.9928 
Adeq Precision = 

90.276 

R180, MPa 

R180 = +13.87 + 6.80A + 1.10B ‒
1.30C ‒ 0.40D + 0.10E + 0.30AB ‒
0.50AC ‒ 0.20AD ‒0.30AE + 
0.30BC + 0.30BD + 2.13A2 ‒ 0.97B2 

R2 = 0.9985 
Adj R2 = 0.9973 

Preq R2 = 0.9922 
Adeq Precision = 

106.701 
 

All models exhibited statistical significance. The 
predicted R² values closely matched the adjusted R² values, 
demonstrating consistency. Additionally, the signal-to-noise 
ratio exceeds the threshold of 4, confirming the reliability of 
the models. High R² values highlight the models' ability to 
accurately represent the data.  

Visualizing the material property field directly is 
challenging due to the model's multidimensional nature. 
However, its geometric characteristics can be inferred 
through line diagrams illustrating the target property (R1h 
strength in MPa). These diagrams are plotted using two 
primary factors, A and D, while keeping the other factors (B, 
C, and E) constant. Since the model shows low sensitivity to 
changes in B, C, and E, it is practical to analyze isoline maps 
at the corners of the factorial subspace defined by these three 
factors. This approach results in eight sections, as detailed in 
Tab. 3. 

As the strength values constitute a time series, a 
systematic interpretation necessitates a comprehensive 
analysis of all data, encompassing both analytical and 
graphical representations. Limestone content (GL, C) follows 
with a notable negative slope. Factors B, D, and E show less 
pronounced effects on strength. The model’s graphical 
representation uses isoline maps, where A and C are the 
primary axes due to their significant influence. Factors B, D, 
and E, with minimal impact on R28, are presented as discrete 
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variables. Similar to the analysis for R1h, these factors are 
positioned at the vertices of the factorial subspace BDE. The 
corresponding isoline diagrams are provided in Tab. 4.  
 

Table 3 Visual representation of the material's strength field 1hour post-
carbonation (Rh1, MPa) 
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Limestone content (GL, C) stands out due to its negative 

contribution, as shown by the slope at the central point of the 
plan. Factors B, D, and E are treated as discrete variables, 
while the primary axes for the graphical analysis remain A 
and C. 

The diagram structure and interpretation approach 
follow a pattern similar to that in Tab. 3. 

The presented mathematical models can be interpreted 
both from formal mathematical positions and based on the 
basic concepts of materials science. 

There are two main patterns of change in regression 
models describing the properties over time, provided that 
they are statistically correctly reduced. During the first stage 
of development of material structure formation, some of the 
model components can be split off as insignificant, and at the 
next stage such components reappear in the models. The 
second variant observed in the study is associated with 
stepwise simplification. The terms split off at the first stage 
do not appear at the subsequent ones. The two variants under 
consideration are closely related to the existence of "hidden" 

parameters of the structure that do not directly affect the 
properties and are not reflected in the ES-models. Since the 
prerequisite for the formation of properties and, in particular, 
strength, is the structure of the material, the difference in the 
case of two variants of changes in regression models can be 
interpreted structurally using parameterization methods and 
the theory of morphogenetic rearrangements of the material 
structure. According to the corresponding theory [20], the 
structure of the material under the influence of 
physicochemical factors undergoes a sequence of 
rearrangements associated with the implementation of the 
structural sensitivity of the material. If there is one stage of 
structural sensitivity, in the material after the stage of primary 
structural differentiation with the formation of areas with 
high and, accordingly, low density of particles and bonds 
(clusters and interfaces), the relaxation process prevails 
(approaching a stable structural equilibrium).  
 

Table 4 Visual representation of the strength distribution within the material 28 
days following the R28 carbonation process (MPa)  
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Deviations from this equilibrium decrease, which is 

associated with a decrease in the influence of a number of 
structural parameters until they become "hidden". If, 
however, as a result of the implementation of 
physicochemical hydration mechanisms, a second phase of 
sensitivity occurs, associated with dynamic instability, the 
relaxed characteristics of the structure can again manifest 
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themselves, affect the properties and, accordingly, enter ES-
models. Thus, of the two extreme scenarios, in the material 
under consideration as a system, the second, relaxation one 
is realized, with the absence of a repeated stage of sensitivity. 
 

Table 5 Visual representation of the strength distribution within the material 180 
days following the R180 carbonation process (MPa) 
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Regression models for strength evolution simplify as 
hardening progresses. Factors influencing early strength 
(R1h) diminish in importance over time, with many 
statistically insignificant terms eliminated by 180 days (R180). 
This reflects a relaxation process, where structural potential 
minimizes and linear factor interactions dominate. Thus, the 
nature of the step-by-step change in regression models can 
have a phenomenological interpretation from the standpoint 
of the theory of structure formation. 

The influence of binder consumption (A) on strength 
changes significantly across carbonation stages. At 1 hour, 
strength increases by 3.2 MPa as levels of SYM additive (B), 
carbonation pressure (D), and duration (E) rise. Maximum 
strength is observed at high SYM levels and optimal 
carbonation parameters. Conversely, at 28 and 180 days, 
strength growth peaks with high SYM content, no ground 
limestone (GL, C), and lower pressure and duration values. 
The relationship between binder consumption and strength 
follows a second-order function: increasing binder from 300 
to 400 kg/m³ boosts strength by 2.7 MPa at 1 hour, 4.2 MPa 
at 28 days, and 4.5 MPa at 180 days. Ground limestone 

content exhibits a dual influence on 1-hour strength. In the 
absence of SYM, higher contents are detrimental (3.0 MPa 
reduction), whereas they prove beneficial (1.0 MPa increase) 
when SYM is incorporated. Over time, limestone's impact 
diminishes, with binder content and SYM additive becoming 
dominant. At higher binder levels (500 kg/m³) without SYM, 
increased limestone reduces strength by 4.0 MPa at 28 days 
and 4.1 MPa at 180 days. However, with lower binder levels 
(300 kg/m³) and SYM at 0.4%, replacing cement with 
limestone up to 30% has negligible effects. 

 
5 OPTIMIZATION OF MATERIAL PROPERTIES 

 
The optimization of recipe-technological factors in this 

study focuses on three key strength metrics: R1h, R28, and 
R180. This approach involves multi-criteria optimization, 
where solutions are derived through compromise to balance 
competing objectives. A common strategy in such cases is to 
combine multiple criteria into a single objective function 
using a convolution method. This method is implemented 
through desirability functions [21], a tool that facilitates 
interaction with decision-makers. 

The desirability function works by transforming each 
response or output variable into a dimensionless desirability 
value, ranging from 0 (completely undesirable) to 1 (fully 
desirable). These transformed values represent how well each 
response meets its target or falls within acceptable limits. 
Once each response is assigned a desirability value, a 
combined overall desirability score D is calculated as the 
geometric mean of the individual desirability values (1): 
 

1 2
1 2

1

, , , n in i
r r r rD d d d ∑= 

 


                                                     (1) 

 
where di expresses the desirability of each partial criterion, 0 ≤ di ≤ 1 and ri expresses its importance.

  
 

The Design Expert software was employed for effective 
multi-criteria optimization and the identification of optimal 
solutions. Each criterion’s importance is rated on a scale from 
1 (least important) to 5 (most critical), ensuring a structured 
and transparent decision-making process. 

For the constructed ES-models (Tab. 2), numerous 
optimization scenarios can be defined, each varying by the 
assigned importance and weight of criteria. Two scenarios of 
direct engineering relevance are analyzed further. 

 The primary objective in developing the composite 
material is to maximize strength throughout the 180-day 
hardening period. However, achieving sufficient strength by 
the standard control point of 28 days is equally critical. To 
focus on these goals, all additional constraints, aside from 
those related to fixed intervals, are removed. Under these 
conditions, partial optimization criteria are established, 
enabling the formulation of a desirability function that 
reflects the relative importance of each strength metric. This 
structured approach ensures the prioritization of long-term 
performance while maintaining compliance with 
intermediate benchmarks (Tab. 6). 
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Table 6 Desirability function parameters for long-term hardening optimization  
Factors/ 

properties Goals Lower 
boundary 

Upper 
boundary 

Lower 
weight 

Upper 
weight 

Significanc
e 

Knitt 

within the 
interval 

‒1 1 1 1 1 
SYM ‒1 1 1 1 1 
GL ‒1 1 1 1 1 

PCO2 ‒1 1 1 1 1 
tCO2 ‒1 1 1 1 1 
R1h maximum 

 

2.1 16.5 1 1 2 
R28 3.8 21.8 1 1 2 
R180 5.9 26.1 1 1 5 

 
As a result of the implementation of the desirability 

function method, the following solutions were obtained (Tab. 
7). 

 
Table 7 Long-term hardening optimization results  

No Knitt SYM GL PCO2 tCO2 R1h R28 R180 Desirability 
1 1 0.89 ‒1 0.08 0.52 14.8 8 21.2 1 24.6 3 0.9268 
2 1 0.93 ‒0.99 0.06 0.51 14.87 21,23 24.60 0.9265 
3 1 0.99 ‒0.98 0 0.54 14.84 21.25 24.60 0.9262 
4 1 0.98 ‒1 ‒0.17 0.23 14.25 21.48 24.84 0.9257 

 
The selected composition is the optimal solution to the 

problem under consideration. Its composition and properties 
are displayed graphically (Fig. 1). 
 

 
Figure 1 The primary outcome of the multi-criteria optimization of long-term 

hardening 
 

The composite material optimization focused on 
minimizing cement consumption and using low-pressure, 
short-duration carbonation to reduce costs and improve 
safety. While ensuring the material meets standard strength 
requirements at 28 days, the primary objective remained 
maximizing long-term strength. This optimization involved 
setting partial criteria and assigning importance levels for the 
desirability function, as shown in Tab. 8. 

The following solutions were obtained (Tab. 9). 
The corresponding basic solution is reflected in the arch 

diagram (Fig. 2). 
The comparison of Tabs. 8 and 9 reveals that 

incorporating additional constraints allowed for a more 
efficient carbonation process and reduced cement usage, 
albeit with a 6 MPa decrease in long-term strength. The lower 
desirability values in Tab. 9 highlight the impact of these new 

limitations and the need to balance conflicting optimization 
criteria. 

 
Table 8 Desirability function parameters for long-term hardening optimization, with 

additional conditions  
Factors/ 

properties Goals Lower 
boundary 

Upper 
boundary 

Lower 
weight 

Upper 
weight 

Significan
ce 

Knitt 
within 

the 
interval 

‒1 1 1 1 4 
SYM ‒1 1 1 1 3 
GL ‒1 1 1 1 3 

PCO2 ‒1 1 1 1 2 
tCO2 ‒1 1 1 1 2 
R1h maximu

m 
 

2.1 16.5 1 1 4 
R28 3.8 21.8 1 1 5 
R180 5.9 26.1 1 1 5 

 
Table 9 Optimization results for long-term hardening under constraints 

No Knitt SYM GL PCO2 tCO2 R1h R28 R180 Desirability 
1 0.57 1 ‒0.49 ‒1 ‒1 9.29 17.89 20,23 0.5838 
2 0.57 1 ‒0.48 ‒1 ‒1 9.32 17.91 20,24 0.5837 
3 0.57 1 ‒0.48 ‒1 ‒0.98 9.33 17.91 20.2 3 0.5836 
4 0.57 1 ‒0.52 ‒1 ‒1 9.28 17.92 20,29 0.5835 

 

 
Figure 2 The primary outcome of the multi-criteria optimization of long-term 

hardening with constraints 
 

6 CONCLUSION 
 
The analysis of strength data for carbonized lightweight 

aggregate concrete allowed for the development of 
experimental-statistical models (ES-models) to predict 
material properties. Compressive strength ranged from 2.1 to 
16.5 MPa one hour after carbonation, 4.6 to 21.8 MPa at 28 
days, and 5.9 to 26.1 MPa at 180 days. Graphical 
representations and interpretations of these models support 
the hypothesis that, as the concrete structure forms, ES-
models tend to simplify by removing interactions between 
structural factors. Two optimization tasks were formulated: 
the first focused on maximizing long-term strength without 
additional constraints, while the second incorporated limits 
on cement usage and carbonation parameters. The 
desirability function approach determined optimal factor 
sets. For the second task, the optimal mix included Knitt = 
0.57, SYM = 1, GL = ‒0.49, and PCO₂ = ‒1, yielding strengths 
of 9.29 MPa (1 hour), 17.89 MPa (28 days), and 20.23 MPa 
(180 days). These constraints achieved cement savings and 
optimized carbonation conditions, though long-term strength 
decreased by about 6 MPa.  
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Visual Perception of Organic and Polygonal Shapes in the Graphic Communication 
Processes 

 
Robert Geček, Damir Vusić* 

 
Abstract: Many factors influence the visibility and proper reception of visual messages. The forms used in communication play a crucial yet often overlooked role in this process. 
This paper investigates which forms are more favourably perceived by the public in graphic communications. A test questionnaire was developed to gauge respondents' preferences 
for different shapes. The study involved 63 participants whose visual attention to organic and polygonal shapes was measured using an eye-tracker over an 8-second interval. 
Three scripts were utilized: two freely available ones and one specifically written for this research. These scripts were implemented in MATLAB to analyse and present the visual 
results of the study. The hypotheses were tested using two statistical methods: the t-test for two vectors and Wilcoxon's rank-sum test. Based on the findings, recommendations 
were outlined for future research on the application of organic and polygonal shapes in graphic communications. 
  
Keywords: graphic communication; organic shapes; polygonal shapes; visual perception 
 
 
1 INTRODUCTION 
 

Every day, we encounter a variety of visual stimuli in the 
form of organic and polygonal two-dimensional shapes. 
While some shapes are more easily perceived than others, the 
question arises: are organic or polygonal shapes more 
acceptable to us? This research aims to help enhance the 
effectiveness and speed of visual perception in graphic 
communications and the products derived from these 
interactions (client–designer–consumer). The objective is to 
identify the parameters and relationships between organic 
and polygonal flat shapes that influence the visual perception 
of the final graphic product. 

In today's fast-paced world, the flow of information is 
incredibly rapid, leaving people increasingly overwhelmed 
and often causing important details to be overlooked. While 
the lightning-fast progress of technology brings many 
advantages, it also presents challenges, as human attention is 
constantly inundated with vast amounts of information. 
Distinguishing between various forms of visual stimuli is 
challenging, as they often merge into a unified structure or 
visual impression that incorporates technical, artistic, and, 
most importantly, multidisciplinary elements. 

Quick judgments about objects in the environment are 
influenced by their physical properties, although the exact 
nature of these properties remains unclear. For example, 
sharp transitions in contours can evoke a sense of threat, 
potentially triggering negative biases. The type of contour a 
visual object possesses – whether it features sharp angles or 
smooth curves - plays a decisive role in shaping people's 
attitudes toward it. These first impression tendencies are 
heavily influenced by the perceptual characteristics of the 
image, particularly when judgments are made quickly. 
Research has shown that the shape of an object serves as a 
significant factor in forming preferences [1, 2]. 

In the context of graphic reproduction, visual 
psychophysics - or the psychophysics of visual perception—
plays a crucial role. This field, defined as a descriptive 
science aimed at understanding the sensory capabilities of the 

normal human visual system [3-5], serves as a key element 
in this paper for validating the hypothesis. 
 
2 THEORETICAL FRAMEWORK 
  

This paper is based on the research conducted as a part 
of the dissertation "Determination of visual perception of 
organic and polygonal shapes in graphic communication 
processes" [6]. 

Shape is a fundamental property of visual appearance. 
Eye movement patterns provide valuable insights into shape 
analysis strategies during visual perception. However, there 
is still limited understanding of how shape perception differs 
between tasks involving motion recognition and those 
requiring action planning.  

Leek et al. discovered that high curvature - particularly 
extremely concave minimums - can predict eye movement 
patterns during object recognition tasks. Their study 
investigated how eye movements might reveal differences in 
shape analysis strategies between object recognition and 
action planning. In the context of object recognition, shape 
detection and recognition are crucial, as they enable the 
system to identify an object within a given image [7]. 

The selection of visual aids - such as statistical graphs, 
images, and symbols - serves as a key tool in graphic 
communication. A carefully designed message elicits a 
specific reaction from the target audience. On a subconscious 
level, individuals seek elements that resonate with their 
identity. The visual components of packaging aim to evoke a 
sense of familiarity and connection, creating the impression 
of "this is my kind of product" while also conveying the 
product's usefulness. This connection represents the most 
significant impact of graphic communication. 

Visual aids enrich communication by adding depth and 
clarity to the message. Every object used in graphic 
communication is thoughtfully designed, carries a story, and 
serves to encourage interaction or convey a message in a 
simple yet impactful way. From the moment we wake up, 
everything that surrounds us communicates visually. Graphic 
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communication has profoundly enhanced every phase of 
daily human life. It allows for the expression of personality 
and ideas that go beyond the limits of words alone. Good 
design is characterized by innovation, honesty, and aesthetic 
appeal. When a message is conveyed with clarity and 
sincerity through graphic communication, people tend to 
respond positively, forging a deeper connection to the 
message [8-11].  

Graphic communication is showing people the things 
they urgently need to understand, in ways that they can 
understand. Graphic communication is the process through 
which we can decode the visual culture of those we need to 
communicate with. Sometimes, most of the time, this means 
using tools and processes that have their origins in graphic 
design [12]. Shape, as one of the graphic design elements, 
refers to the external outline of the form or anything that has 
height and width [13]. 
 
3 RESEARCH METHODOLOGY 
3.1 Goal and the Hypothesis of the Research 
 

The main goal of this paper is to explore the relationship 
between the visual perception of organic and polygonal flat 
shapes in graphic communication processes and to evaluate 
their visual legibility within graphic communications and 
across various multimedia systems. 
The hypothesis that has been put forward and that will be 
tested is as follows: 
H: Organic shapes exert a stronger influence on the visual 
perception of observers compared to polygonal shapes in 
graphic communication processes. 
 
3.2 Methodology 
 

The research for this paper was conducted in the 
laboratory of the University North in Varaždin, involving 
students from the undergraduate programme in Multimedia, 
Design, and Application and the graduate programme in 
Multimedia. A total of 43 first-year undergraduate students 
participated, all of whom possessed basic knowledge of 
visual perception but had not yet developed expertise to 
distinguish the nuanced phenomena occurring in this aspect 
of graphic communications. Additionally, 20 graduate 
students, who had gained deeper insights into the processes 
of visual communication and visual psychophysics after 
achieving learning outcomes at the undergraduate level, were 
also surveyed. Of the 63 participants, 33 were male (52.4%) 
and 30 were female (47.6%), with ages ranging from 18 to 
30 years. 

The research was conducted in several phases. The first 
phase entailed the creation of visual templates tailored for the 
study. In the second phase, participants were presented with 
a visual questionnaire without any prior explanation of the 
research objectives. The questionnaire consisted of both 
textual and visual elements (Fig. 1) and was designed in a 
minimalist style to help the respondents focus more 
effectively on the provided shapes. 

In this phase of the research, samples were created to 
display organic and polygonal flat shapes side by side in a 
monochromatic environment.  

 

 
Figure 1 Visual part of the survey questionnaire 

 
The textual portion of the questionnaire included 

mandatory demographic questions, such as the respondents’ 
gender and age. Below the visual samples, participants were 
presented with the following questions/tasks/statements: 
- Which shape caught your attention the most and is 

visually the most acceptable to you? 
- In a few words, describe why you chose this shape. 
- Polygonal shapes evoke in me: emotion, fear, threat, 

happiness, discomfort. 
- Organic shapes evoke in me: emotion, fear, threat, 

happiness, discomfort. 
 
Additionally, a blank field was provided for participants 

to describe their own impressions or emotions in free text. 
Once the respondents completed the questionnaire, each was 
assigned a unique number corresponding to the same number 
used in the subsequent phase of the research. 

The research adhered to ISO 3664:2009 Graphic 
technology and photography - Viewing conditions.  The eye- 
tracking methodology utilized the Gazepoint GP3 Desktop 
eye-tracking device in conjunction with a Samsung LCD 
monitor, model S22A350H (size 21.5'', display ratio 16:9, 
and viewing angle 170°/160°). The Gazepoint Analysis 
software was used to monitor the eye movements of the 
participants (Fig. 2), as they viewed the test samples. 

 

 
Figure 2 Testing place for the Tracking methodology 
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The test samples presented to the participants featured 
one organic shape and one polygonal shape, placed side by 
side. To eliminate any bias regarding the initial viewing 
direction, the positions of the shapes were alternated between 
trials (Fig. 3). The samples were separated by a white test 
shape featuring a cross in the centre to prevent the eyes from 
lingering on the location of the previous test shape after it 
changed on the screen.  

Each participant had eight seconds to view each test 
sample, with the sample changing after that time. Eight 
seconds was chosen based on recent research suggesting that 
human attention spans have decreased with the rise of new 
technologies. If a consumer does not find something of 
interest within this brief time, they tend to dismiss it and 
move on. As mentioned, the eye-tracking device monitored 
specific eye pupil movements, capturing data on the first 
fixation, the longest fixation, and the total amount of time 
spent focusing on individual points of the test samples.   

In the subsequent phases, the results from the visual 
questionnaire were analysed, along with the statistical 
processing of the eye-tracking data. 

 

 

 
Figure 3 Test samples (visual templates) 

 
4 RESULTS AND DISCUSSION 
 

Fig. 4 shows the interface of the Gazepoint Analysis 
Professional Edition (v6.0.0.), the software used for testing 
the participants. Developed by the company Gazepoint, the 
programme works in conjunction with their eye-tracking 
device, which monitors eye movements and fixations. While 
the software is primarily designed for visual presentation of 
results and is not suitable for advanced statistical analysis or 
hypothesis testing, the data it collects is highly valuable and 
can be imported into professional statistical tools for further 
analysis. 

Before testing, each participant undergoes pupil 
calibration, ensuring that the eye-tracking system accurately 
follows the designated test points on the screen. The program 
includes a subprogramme for calibration, and testing cannot 
begin until all parameters are met.  

Participants were investigated with single point fixation 
thresholds of 30, 50, 70, 90, 110, 130, 150, 170, 190, 210, 
230, and 250. Fig. 5 illustrates the density threshold of 

fixations for 230 observations at a single point. The 
numerical data shows that 57 fixations were focused on the 
left organic shape, while 12 fixations were on the right 
polygonal shape. 

 

 
Figure 4 Presentation of fixations of Gazepoint Analysis Professional edition 

application for the first study sample 
 

 
Figure 5 Fixation density threshold for 230 observations at a single point of the first 

study sample 
 
The statistical analysis of the obtained data was 

conducted using MATLAB 2020a, with three scripts 
employed for the visual representation of the results. To test 
the hypotheses, the two-sample t-test for equal means and the 
Wilcoxon rank-sum test were applied, based on the results 
from 63 participants. 

 
Table 1 Results of the t-test with a fixation threshold of 230 observations at a single 

point of the first study sample 

 
 

Table 2 Results of Wilcoxon test with a fixation threshold of 230 observations at a 
single point of the first study sample 

 
 
Tabs. 1 and 2 demonstrate a statistically significant 

difference in favour of the organic shape, with a fixation 
threshold of 230 observations at a single point, as shown on 
the left side of Fig. 5. This is further reflected in the number 
of fixations on each specific shape. Participants were 
examined using fixation thresholds of 30, 50, 70, 90, 110, 
130, 150, 170, 190, 210, 230, and 250). Fig. 6 shows dot map 
of fixations for all participants for the first study sample. 
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Tab. 3 demonstrates a results of fixations for the first 
study sample, showing fixation thresholds from 30 to 250. 

 

 
Figure 6 Dot map of fixations for all participants for the first study sample 
 

Table 3 Results of fixations for the first study sample, showing fixation thresholds 
from 30 to 250

 
 

Fig. 7 shows a thermal map of fixations of all participants 
in the first study sample.  

 

 
Figure 7 Thermal map of fixations of all participants in the first study sample 

 

 
Figure 8 Percentage of fixations at different thresholds for all participants in the 

first study sample 

Based on the results, the t-test (which favours the null 
hypothesis) demonstrated that the data in vectors x and y 
come from independent random samples with normal 
distributions, having equal means and equal but unknown 
variances. The alternative hypothesis suggests that the data 
in vectors x and y come from populations with unequal 
means. The result of the hypothesis test is recorded as 1 if the 
null hypothesis is rejected at the 5% significance level, using 
a two-tailed test, and 0 otherwise. In other words, a result of 
1 indicates that the means are statistically different, while a 
result of 0 indicates no significant difference. 

Fig. 8 shows the percentage of fixations at different 
thresholds for all participants in the first study sample. 

The Wilcoxon rank-sum test, on the other hand, 
evaluates the null hypothesis that the data in vectors x and y 
are samples from continuous distributions with equal 
medians, against the alternative hypothesis that they are not. 
The test assumes that the vectors x and y are independent. 
The result of the hypothesis test is recorded as 1 if the null 
hypothesis is rejected at the 5% significance level (using a 
two-tailed test), and 0 otherwise. A result of 1 indicates that 
the medians of the two groups are statistically different, 
meaning there is a statistically significant difference in the 
fixations of subjects between the organic and polygonal 
forms, with the organic form showing a stronger effect. This 
outcome confirms hypothesis.  

An analogous method was applied to a second test 
sample, where the positions of the shapes were swapped.  
 

 
Figure 9 Presentation of fixations of Gazepoint Analysis Professional edition 

application for the second study sample 
 
Fig. 10 shows dot map of fixations for all participants for 

the second study sample. 
 

 
Figure 10 Dot map of fixations for all participants for the second study sample 
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Tab. 4 demonstrates a results of fixations for the second 
study sample, showing fixation thresholds from 30 to 250. 

Fig. 11 shows a thermal map of fixations of all 
participants in the second study sample. 

 
Table 4 Results of fixations for the second study sample, showing fixation 

thresholds from 30 to 250 

 
 

 
Figure 11 Thermal map of fixations of all participants in the second study sample 

 
Fig. 12 shows the percentage of fixations at different 

thresholds for all participants in the second study sample. 
 

 
Figure 12 Percentage of fixations at different thresholds for all participants in the 

second study sample 
 

It can be concluded that there is a statistically significant 
difference in the fixations of subjects between the organic 
and polygonal forms even with the replaced positions of 
shape observation, with the organic form showing a stronger 
effect. However, the fixation thresholds reveal that the right 
organic shape received more fixations at all measurement 
thresholds, except for the 50-fixation threshold at a single 
point. 
 

5 CONCLUSION 
 

This study paves the way for creating graphic and media 
communications tailored to the target audience, with 
scientifically validated parameters to select forms that 
minimize discomfort and instead evoke emotions such as 
happiness. Such messages are likely to be perceived more 
effectively by users. 

From the initial analysis of a physical questionnaire, 
which was designed flexibly to encourage creativity rather 
than rigid responses, we observed a clear preference for 
organic two-dimensional shapes (68 %) over polygonal 
shapes (32 %). Most respondents indicated that organic 
forms evoked emotions of happiness and calmness, with 
many adding that these shapes brought them feelings of 
relaxation and pleasure. In contrast, polygonal shapes were 
most often associated with emotions such as fear, threat, and 
discomfort. Interestingly, even among respondents who 
favoured polygonal shapes, the predominant response was 
that these shapes instilled a sense of fear. 

Statistical analysis of the experimental results confirmed 
the hypothesis that organic shapes have a stronger impact on 
visual perception than polygonal shapes in the context of 
graphic communications. Detailed visual analysis, supported 
by the fixation images from all respondents, further 
reinforces the conclusion that organic shapes are highly 
desirable in graphic and visual communication. These shapes 
tend to evoke emotions such as happiness and are likely to 
resonate innately with the target audience. This response may 
stem from our daily exposure to similar forms in nature, 
which are deeply embedded in our memory and thus more 
easily recognized and accepted. 

The shapes we use in communication play a vital role in 
distinguishing products within the mass production 
landscape. By selecting the right forms, attention can be 
significantly enhanced, thereby increasing the visual appeal 
and overall attractiveness of graphic or multimedia products. 

As communication becomes increasingly personalized, 
future research should explore shape preferences based on 
gender to identify differences in how men and women 
perceive organic and polygonal two-dimensional shapes. 
Expanding the scope, future studies could also examine the 
impact of colour on these shapes, exploring how individuals 
react to coloured organic and polygonal forms. Additionally, 
similar investigations should be conducted with 3D organic 
and polygonal shapes, focusing on their application in user 
interfaces and video game design. 
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Structure Formation as a Process of Mutual Adaptation of a Product and Material 
 

Valeriy Vyrovоу, Svitlana Semenova, Diana Zenchenko, Aleksej Aniskin* 
 

Abstract: The article analyzes the influence of the product geometry on the adaptation processes occurring during the structure formation of building composite materials. One of 
the main aspects determining the structure formation processes are the boundary conditions depending on the product geometry. It is shown that changing the product geometry 
significantly affects the distribution of stresses and strains, the formation of inner surfaces of partitions and cracks. Active structure elements, such as internal surfaces of partitions 
and microcracks, are key participants in the adaptation processes, providing stress redistribution. The applied graphoanalytical method demonstrates the possibility of visualizing 
and analyzing the distribution of deformations. The methods of image analysis and damage coefficient assessment allow us to quantitatively evaluate the adaptive capabilities of 
the material. Thus, the geometric parameters of the product determine the processes of structure formation in materials and its performance characteristics along with the 
formulation and technological factors. 
 
Keywords: adaptation; cracks; composite; deformations; product shape; structure formation; surfaces of partition 
 
 
1 INTRODUCTION  
 

Ensuring the functionality of products made of 
composite building materials, as well as maintaining their 
integrity, are determined by continuous dynamic processes of 
structure formation [1, 2]. The material undergoes adaptive 
changes due to dynamic changes in external conditions and 
internal states [3]. Active elements of the structure, which 
include internal inner surfaces of partition, cracks, as well as 
local and integral residual (initial, technological, genetic) 
deformations, selectively participate in the adaptation 
processes [4]. Active elements, representing a single system 
with other elements of the material structure, can be 
transformed against the background of a change in the 
distribution of residual deformations. The transformed 
elements adapt to each other, to their environment and to a 
change in the deformed state - unique adaptation processes 
are realized. Thus, a change in the parameters of some 
elements provokes a certain reaction of others, which ensures 
the non-stationarity of the processes of structure formation - 
unique adaptation phenomena as the ability of a system to 
develop according to the principle "from what has been 
achieved" in such a way as to preserve its basic properties 
through adaptive transformation. 

One of the ways to influence the organization of the 
material structure is to change the geometric shape of the 
product [5, 6]. To ensure one or more properties of products 
made of building composites, an unlimited number of 
structures can be selected. The properties of a material of the 
same composition under the same curing conditions change 
depending on the design features of the product. One of the 
reasons for such a change in properties is residual local and 
integral deformations.     

Residual deformations are present in products, in fiber-
reinforced composites, and are formed because of differences 
in the values of the coefficients of thermal expansion (or 
shrinkage) of the components of materials in the composite 
[7]. During the technological period of obtaining materials, 
the physicochemical processes of hydration of mineral 
binders, polymerization and polycondensation reactions of 
polymeric materials, curing of metals and other materials are 
accompanied by volumetric deformations [8]. Volumetric 

changes should be considered as summary processes with 
many components that arise and develop in materials of 
different nature and purpose during their processing into a 
product and during the action of operational loads. 

The places of occurrence and the nature of development 
of residual deformation gradients in magnitude and direction 
depend on the features of the geometry of the products, which 
can initiate the formation of process cracks and determine the 
conditions for the formation of the stress-strain state of the 
finished product [9, 10]. At the same time, the material 
implements processes of adaptation of the structure to the 
changes that have occurred to ensure the integrity and 
functionality of the product. Directed changes in the 
geometry of the product will reduce deformation gradients to 
a minimum, which, in turn, will make it possible to manage 
the technological damage of products and regulate their 
physical and technical indicators. 

The propose of the work is to research the influence of 
changes in the shape of products on the structure formation 
of materials as on an adaptation process, which will allow 
further improvement of the characteristics of products by 
selecting their geometric configurations. 
 
2 MATERIALS AND METHODS OF RESEARCH 
 

The analysis was carried out on cement samples with 
different geometric characteristics. The sizes and shapes of 
the samples are shown in Fig. 1. Fig. 2 shows rectangular 
samples with cracks sawn into the finished sample (Fig. 2a) 
and with cracks introduced during the sample molding 
process (Fig. 2b). 
 

 
Figure 1 Types and geometric parameters of models 

 
The distribution pattern of deformations was analyzed 

using a graphoanalytical method, which is used to study the 
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distribution of shrinkage deformations and shrinkage kinetics 
when changing the shape of a sample [11]. The use of the 
graphoanalytical method facilitates the analysis of the 
deformations that arise due to the visualization of their 
distribution pattern. In addition, the method is applicable to 
complex shapes and materials, which allows the design 
features to be taken into account.  

 

 
Figure 2 Types and geometric parameters of models: a - sample with a sawn 

crack; b - sample with a built-in crack 
 
Triangular and round cement samples were also used 

(Fig. 3), in which the inner surfaces of partition and cracks 
that arose during the formation of the structure and 
adaptation of the material to the shape of the product, were 
revealed using tannin. Then, using image-processing 
methods [12, 13] in the Scion Image software [14], the 
structural characteristics of the samples, including the 
damage coefficient, were determined. 
 
3 RESULTS OF THE RESEARCH 
 

Тhe distribution patterns of shrinkage deformations 
(Figs. 3 and 4) were obtained for samples of different shapes 
and sizesusing the graphoanalytical method as a result of the 
analysis of the sample models (Figs. 1 and 2).  Cracks formed 
in the already hardened sample in the sample in Fig. 4c, and 
cracks formed at the initial stage of product formation in the 
sample in Fig. 4d. 

To construct the deformation diagrams a section was 
selected passing through the axis of the model and 
perpendicular to its lateral face (Figs. 3 and 4) in each model. 

 

 
Figure 3 Formation of distribution of technological deformations in models in the 

process of structure formation: a – first stage; b – fragment of the model 
 
It should be noted that when analyzing using the 

graphoanalytical method, the material is considered as an 
isotropic and continuous medium. In this case, each point 
lying on the interface interacts with all points belonging to 
its own interface and with all "visible" points on the sample 
surface and at the interface with voids.  

By comparing the shrinkage deformation distribution 
diagrams in Figs. 3 and 4, it can be noted that the nature of 
the formation of residual (technological, initial, hereditary) 

deformations significantly depends on the geometric 
characteristics of samples and products. The introduction of 
a coordinate system made it possible to construct an absolute 
direction of movement of all points of the models, taking into 
account their geometric features. The movements of all 
points were brought to the same scale for a quantitative 
assessment of the obtained results. In each model, the value 
of the movement of the point related to the x-axis was taken 
as one. The adopted technique allows one to qualitatively 
assess the change in the nature of the distribution of residual 
deformations with the allocation of such parameters as the 
relative magnitude of deformations and the direction of their 
action through the angle φ. 

 

 
Figure 4 Formation of distribution of technological deformations in models in the 

process of structure formation 
 
Each model, depending on its shape, develops an 

individual distribution pattern of technological deformations 
as can be seen from Figs. 3 and 4, The configurations of the 
shape of the outer boundary of the models cause the 
emergence of deformation gradients (Figs. 3a and 4). The 
curvature of the interface creates conditions for the 
concentration of multidirectional deformations in places of 
maximum shape change. 

The analysis carried out using the graph-analytical 
method allows us to conclude that the formation of the 
distribution pattern of process deformations is a kinetic 
process that entails constant changes in the configuration of 
the inner surfaces of partition. Prerequisites for the formation 
of process cracks and internal inner surfaces of partition arise 
in areas of the greatest shape change, due to the 
concentration of multidirectional deformations.  

Cement samples (Fig. 5) with a manifested structure 
were used for visual observation of the process of structure 
organization. The geometric characteristics of the products 
were determined according to the models in of a given shape 
(Figs. 1 and 2). 

It is evident from Fig. 5 that the distribution pattern of 
the internal inner surfaces of partition and cracks 
significantly depends on the shape of the sample, which 
confirms the results of the analysis of the distribution of 
residual deformations in model samples using the graph-
analytical method.  

It should be noted that one of the aspects of the structure 
formation of composite materials is the formation of cracks, 
internal inner surfaces of partition and pores in samples and 
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products. Since the products are characterized, on the one 
hand, by the presence of an individual shape and, on the other 
hand, by the composition and structure of the composite, all 
these factors in interaction will determine the crack resistance 
and porosity of the products and, in the case under study, the 
distribution of internal inner surfaces of partition. The factor 
that largely predetermines their formation is, as shown above, 
shrinkage deformations. Thus, for samples of different 
shapes made of the same material and even for different 
sections of the same asymmetric sample, completely 
different geometric characteristics of the active elements of 
the structure are characteristic.  

 

 
Figure 5 Distribution of internal interfaces and cracks in samples of different 

shapes: a – triangular; b – round sample 
 
The considered facts can be confirmed by the method of 

computer processing of images of the studied samples, the 
first step of which is the "manifestation" of the pattern of 
internal inner surfaces of partition surrounding each discrete 
module. The image was transformed to a gray scale, the 
brightness level was equalized by the rolling sphere method, 
the boundaries were highlighted, and a median filter was 
used. As a result, images similar to those shown in Fig. 6 
were obtained. 

 

 
Figure 6 The manifested picture of the distribution of inner surfaces of partition and 

cracks in samples of different shapes: a – triangular; b – round sample 
 
After threshold division for the samples, the damage 

coefficients were determined in local geometrically 
inhomogeneous areas with significantly different shrinkage 
deformation patterns arising due to the geometric 

inhomogeneity of the studied areas. Thus, for the triangular 
sample (Fig. 6a), the parts containing the acute angle (Fig. 
7a) and the base (Fig. 7b) separately was studied, in the round 
sample (Fig. 6b) - the central (Fig. 7c) and peripheral parts 
(Fig. 7d). 

 

 
Figure 7 The studied images of local areas of the original samples with different 

distribution of cracks and inner surfaces of partition 
 
The damage coefficient was estimated using the 

cumulative polygons method. For the analyzed fragments on 
a black background (Fig. 7), histograms were constructed, 
and then, based on them, cumulative polygons were 
constructed, visually corresponding to some curves. An 
example of construction for the leftmost fragment (Fig. 7а) is 
shown in Fig. 8. 

 

 
Figure 8 Illustration of the image processing stage using the cumulative polygons 

method 
 

In the curve corresponding to the polygon, the point of 
greatest curvature was determined, as well as the maximum 
number of pixels corresponding to the projection area of the 
sample under study. In the work under consideration, the 
definition of inflection points was carried out visually, but if 
necessary, it can be carried out by constructing a curvature 
graph. It should be noted that the light lines correspond to the 
boundaries of the section. Then the damage coefficient can 
be estimated K~  using Eq. (1): 

 
max borders

max

N N
K

N
−

= ,                                                         (1) 

 
where  Nmax is the maximum number of pixels of the object 
under study; Nborders is the number of pixels at the point of 
maximum curvature. 

Because of applying the method under consideration, the 
following data were obtained (Tab. 1). 
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Table 1 Assessment of the damage coefficient for different sections of triangular 
and round-shaped samples 

Researchable sample Nmax Nborders K~  
Base of triangle (Fig. 6a) 336117 260867 0,22388 
Apex of triangle (Fig. 6b) 102091 60000 0,412289 
Center of round sample (Fig. 6c) 198901 136565 0,313402 
Periphery of round sample (Fig. 6d) 324858 165940 0,489192 

 
The data (Tab. 1) clearly shows that the damage 

coefficient differs in sections of products with different 
shapes. It is particularly high in sections where structure 
formation occurs under restricted conditions like wall effects 
and high curvature values. This highlights the importance of 
considering factors such as material structure, composition, 
and product geometry systematically. Shrinkage 
deformations, especially in the area of their unevenness, 
create a "canvas" for the formation of internal inner surfaces 
of partition and cracks.  

It should also be noted that the nature of the distribution 
of internal inner surfaces of partition and cracks in the 
samples in Fig. 5 shows that structural blocks are formed in 
the continuous medium of the material. Inner surfaces of 
partition initiate the appearance of discrete structures, and the 
material adapts to the changes occurring in the system 
through these surfaces. The shape and configuration of these 
structural blocks, determined by the network of inner 
surfaces of partition and cracks formed because of the 
structure formation processes, varies depending on the 
location of the material section in the sample. 
 
4 CONCLUSION 
 

The geometric shape of the product determines the 
distribution of deformation in the material, as well as the 
configuration of the network of internal inner surfaces of 
partition and the nature of crack propagation. Changing the 
geometry of the samples affects the nature of such a network, 
especially near lines and surfaces of significant curvature. 
Controlling the structure of this network through changing 
the geometric shapes of the product is one of the ways to 
redistribute internal stresses and deformations, and, 
consequently, reduce the probability of destruction. Since the 
geometric characteristics of the network under consideration 
are adapted to the boundary conditions expressed 
macroscopically in the form of the sample boundaries, the 
analyzed integral structure-forming process is an adaptive 
property of the product as a system. 
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Artificial Intelligence vs. Traditional Research Methods: An Empirical Study from Northern 
Croatia 

  
Katerina Fotova Čiković*, Antonija Mandić, Maja Hoić 

  
Abstract: Due to the emergence and increased development of Artificial Intelligence (AI), research in general has been significantly impacted, particularly in the field of scientific 
theories and models. The purpose of this study is to analyze the acceptance of both AI tools and traditional methodologies used in research. Moreover, conclusions about the 
respondents' perception and openness to using AI tools in research regarding gender, age and current academic position are discussed. Another goal is to compare the level of 
satisfaction from both the AI tools and the traditional research methods. A questionnaire-based survey was carried out between February and March 2024, and it included students 
and teaching staff at the University North in Croatia. The novelty of this research is mirrored in the scarcity of such empirical studies encompassing the academic community in 
Croatia. 
 
Keywords: artificial intelligence; Croatia; information retrieval; research methodology 
 
 
1 INTRODUCTION 
 

Artificial Intelligence (AI) plays an important role in 
every aspect of people’s lives and represents a transformative 
technology with significant potential for both risk and 
opportunity in various industries [1]. It is particularly crucial 
for maximizing the benefits of the Internet of Things and has 
already revolutionized many industries, including research, 
manufacturing, finance, and healthcare [2].  

The rise and development of AI were mostly influenced 
by the new media era, with AI technology being optimized 
and applied in the field of computers and intelligent 
terminals. AI has thus far revolutionized various, if not all 
industries. This unprecedented shift is mirrored in the 
increased integration and application of AI into everyday life, 
presenting both opportunities and challenges [3]. Generative 
AI models created "a disruptive impact on teaching and 
learning, due to their ability to create text, images, and sound, 
revolutionizing educational content creation and 
modification" [4]. 

Desjardins-Proulx discussed the paradigm shift in 
science and research brought about by AI, especially in the 
design of algorithms for model-building [5]. Moreover, AI is 
changing the way people search for information. According 
to Waly AI is already very much present in the scientific 
research process [6]. Some of the features and advantages of 
AI technology in scientific research include speeding up 
research work, especially literature search and selection, 
given the emergence of numerous tools that serve as 
alternatives to traditional search tools. In the last few years, 
the intensive use of AI tools in higher education is discussed 
[7]. The use of AI-powered language tools and their impact 
on the student population is evident. AI tools have been 
integrated into a wide range of platforms including browsers, 
social networks, games, and other applications that students 
and teachers have been using for a long time. However, they 
were not aware that these applications and tools were based 
on AI technology. Therefore, it can be established that AI 
technology has been used in education and science for many 

years, but the scale of the new tools opens a new niche for 
researchers to explore. AI tools should be viewed as aids in 
the information search process rather than as ready-made 
solutions. They are useful tools that can enhance the 
creativity of scientists and students and simplify the search 
process. A crucial aspect of utilizing AI tools to search 
scientific information is the use of reliable tools connected to 
pertinent databases. AI presents challenges for scientists and 
science in general. While AI may have a positive impact, the 
realisation of benefits relies on the actions and decisions of 
human users [8]. While using AI tools, one should not forget 
the importance of traditional information sources. 

The integration of AI in academic research tools has 
significantly increased, particularly following the release of 
OpenAI's ChatGPT. The proliferation of AI tools and 
research assistants for scientific publication retrieval over the 
past three years highlights a trend towards using advanced AI 
models to keep pace with the growing body of research. This 
trend is evident in the way these tools are marketed and 
promoted, emphasizing their ability to handle large volumes 
of data and provide more relevant search results [9]. AI tools 
significantly improve the precision and relevance of search 
results through advanced natural language processing (NLP) 
and semantic search techniques. By automating the literature 
review process and providing AI-generated summaries, these 
tools promise to save researchers considerable time, 
addressing the ongoing pressure scientists face to publish and 
manage a constant workload. However, many advanced 
features in AI tools require subscriptions, indicating a shift 
towards the commercialization of academic research tools. 
This trend highlights the increasing reliance on paid services 
to access advanced AI capabilities in academic research [10]. 
Globally renowned scientific databases such as Scopus and 
Web of Science rely on lexical and keyword-based search 
mechanisms. Their search engines use probabilistic 
approaches to match search terms with indexed documents, 
which are heavily dependent on term frequency. This 
method, while effective to an extent, often provides irrelevant 
results, necessitating manual filtering by researchers. 
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Additionally, access to these databases typically requires an 
institutional subscription, limiting availability to affiliated 
researchers and academics. In contrast, AI-powered tools like 
Semantic Scholar and Scispace employ NLP and semantic 
search techniques. These tools convert text into numerical 
vectors, enabling a deeper understanding of context and 
relationships between terms. This approach results in more 
accurate and relevant search outcomes, addressing the issue 
of information overload. 

Semantic Scholar is one of the oldest popular usages of 
AI in reference searching. It was used even before the big 
boom of the new online tools that came to be with the 
proliferation of the OpenAI AI model.  Semantic Scholar, 
launched by the Allen Institute for AI, utilizes the 
SPECTER2 model to process and generate word embeddings 
for document titles and abstracts. The tool's AI-generated 
summaries (TLDRs) and custom folder organization further 
enhance its utility. Semantic Scholar sources data from major 
publishers and databases such as PubMed, Springer Nature, 
and IEEE, providing comprehensive coverage of scientific 
literature. 

Elicit, developed by Ought in 2021, leverages AI to 
accelerate literature reviews by extracting key publications 
from Semantic Scholar [11]. Created in the years following 
the release of the OpenAI API, Elicit uses a fine-tuned 
version of the GPT-3 model to perform its tasks. Unlike 
traditional search tools, Elicit and Scite can identify relevant 
studies without perfect keyword matches, structuring queries 
in the form of specific research questions [12]. This 
capability is particularly beneficial for hypothesis-driven 
research, where precise data extraction and synthesis are 
critical. Scispace integrates semantic search with a vast 
corpus of over 280 million papers, utilizing GPT-3 to offer 
interactive literature reviews, PDF-based question 
answering, data extraction, and citation generation. This 
tool's AI assistant facilitates an in-depth exploration of 
scientific literature, though access to premium features 
requires a subscription, reflecting a growing trend towards 
the commercialization of AI-driven research tools. Sourcely 
and Minerva cater to specific aspects of reference 
management. Sourcely analyses longer texts to find relevant 
references, though it has limitations in language support and 
filtering options. Minerva focuses on the biomedical field, 
combining large language models (LLMs) with structured 
graphs to display interdisciplinary connections and generate 
summaries from PubMed articles. 

In this study, the main objective was to determine how 
AI tools are associated with various academic positions. For 
this purpose, an extensive empirical study on a sample of 69 
has been done in the period February–March 2024 at the 
University North in Croatia. The questionnaire was divided 
into 3 parts. The first part of the questionnaire covered the 
demographic characteristics of the respondents, the second 
part of the survey was related to the familiarity and use of AI 
tools, and the third related to the use of traditional databases 
in research. 

The main scientific contribution of this study is mirrored 
in the fact that it comprises the first-ever empirical study in 
the Republic of Croatia, and most probably among the first 

empirical studies on AI in research globally. The rest of this 
paper is structured as follows. After the introduction, in 
Section 2, an extensive literature review of relevant 
published papers on AI tools, their application in the 
academic community, their use by different age groups as 
well as the perception and use of AI versus the traditional 
research methods is provided. Section 3 includes the methods 
used and the used sample. Thereafter, in Section 4, the 
research results are revealed. Section 5 opens a discussion 
regarding the results and adds concluding remarks.  
  
2 LITERATURE REVIEW 
 

The integration of AI into various aspects of human life, 
including scientific research, is increasingly widespread. 
Today, AI tools are assisting scientists in overcoming 
obstacles related to the growing demand for publishing their 
work. Scientists face the primary challenge of effectively 
managing restricted time, limited resources and budget, and 
finite cognitive capacity. These factors are pivotal when 
utilizing AI tools to access scientific information. AI offers 
opportunities for enhanced productivity, enabling scientists 
to publish more work and fostering greater objectivity in their 
research endeavours. AI is a branch of computer science that 
focuses on creating intelligent programs (systems) that 
largely "imitate" human intelligence [6]. The definition of AI 
has evolved over the years to include tools that can perform 
cognitive tasks, particularly learning and problem-solving, 
with technological innovations such as machine learning and 
neural networks [13]. According to the citation database Web 
of Science, 157,947 papers are available on the topic of "AI." 
The oldest available paper dates to 1960 [14]. The numerical 
indicators of works show a slight growth in 1984, with 
increasing interest in the topic from 1990 to 1991. Since 
2018, AI has become a "hot" topic, as the number of 
published papers on this subject has reached high numbers. 
The countries showing the most interest in this topic are the 
USA and China. In the field of information librarian science, 
there are 2,019 available works, and the oldest work is from 
1972 by Reilly, KD, titled "Computers and AI." 

The scientific community's increasing interest is 
connected to using AI tools in the scientific information 
search process, providing a quicker alternative to traditional 
information search methods.  

Analysing the citation database of Web of Science, 
focusing on AI tools used for the literature search process, it 
was searched using the key term in the category all fields "AI 
tools and academic research". The number of papers on this 
topic is 2276. The oldest paper appears in the early nineties 
of the 20th century and includes topics dealing with hybrid 
learning and simulations in computer science. 

Most of the papers that are thematically based on AI 
tools and scientific research are in the field of Computer 
Science AI and Education Educational research.  Using 
selection criteria on these two fields, 325 papers were 
extracted. The thematic frameworks of the searched works 
cover different topics. The main topics are AI tools in 
academic writing, AI tools like teaching and learning 
assistants, and ethical components of using AI tools. 
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Different approaches are described like frameworks for the 
acceptable use of generative AI in student academic research 
and writing [15] or evaluating the efficacy of AI content 
detection tools in differentiating between human and AI-
generated text [16].  

AI in education can help students develop and improve 
personalized learning and enhance and improve learning 
skills [17]. AI-based tools have the potential to customize the 
learning experience, boost productivity, and increase student 
engagement [18]. The papers encompass a variety of tools 
designed to provide learning support. These tools are utilized 
by teachers to facilitate and enhance the overall learning 
experience for students. Studying the development of new 
methods that provide a personalized approach to teaching and 
learning, including integration of artificial intelligence (AI) 
tools that can revolutionize education [19]. 

The ethical aspect is not a new concept in scientific 
research; therefore, it is logical to maintain interest in this 
topic, especially regarding AI tools. AI tools can cause both 
positive and negative consequences. Ethical considerations 
include data security, safety risks associated with 
autonomous technologies, and fairness in decision-making 
processes [6]. In the context of researching the ethical 
dimensions of using AI tools for scientific purposes, the 
study focuses on tools that can detect plagiarism in scientific 
papers [20]. 
 

 
Figure 1 AI tools and academic research Articles from Web of Science Published 

by Year 
 

Information experts, especially librarians specializing in 
science, play a vital role in identifying the most effective 
tools and educating users, such as scientists and students, on 
how to recognize and utilize these tools correctly. The 
importance of AI literacy is growing, and this literacy needs 
to be seamlessly integrated into the information literacy 
framework. Being AI literate includes knowledge, 
understanding, use, evaluation, and ethical principles [21]. 
As information specialists, librarians have the task of 
familiarizing themselves with the tools that are offered, 
recognizing their values and shortcomings, and familiarizing 
their users with their applications. AI literacy has emerged as 
a new skill set in response to this new era of intelligence.  

Finally, as Sağın stated, the academic community is 
nowadays "polarized, with some embracing AI for its 
accessibility and efficiency thus advocating it as an 
indispensable tool, while others cautioning against risks to 
academic integrity and intellectual development" [4].  

3 METHODS AND SAMPLE 
 

To conduct this research, an online anonymous 
questionnaire was conducted in the period January – March 
2024 at the University North in Croatia and included all 
academic positions (i.e. students and academics).  The 
questionnaire was divided into 3 parts. The first part of the 
questionnaire covered the demographic characteristics of the 
respondents, the second part of the survey was related to the 
familiarity and use of AI tools, and the third related to the use 
of traditional databases in research. The analysis of data 
collected based on an anonymous questionnaire is based on 
statistical methods. 

The sample of respondents was described by distribution 
according to defined characteristics: gender, age groups and 
academic position at the University North. Selected 
descriptive statistical indicators were calculated and 
interpreted for quantitative variables. The distribution of 
quantitative variables was assessed using the Kolmogorov-
Smirnov test. It was found to significantly deviate from a 
normal distribution. Therefore, the non-parametric Mann-
Whitney U test (two-tailed) and the Kruskal-Wallis test were 
employed to evaluate the statistical significance of the 
differences among the defined groups of respondents. 
Differences confirmed at the p<0.05 level were considered 
statistically significant. 

The sample consisted of 69 respondents from the 
academic community of the University North, i.e. 
respondents who participated and confirmed their familiarity 
with and use of AI tools. Tab. 1 reveals the distribution of 
respondents according to gender, age groups and academic 
position. The sample consisted of 42% male respondents and 
58% female respondents. With regard to age, the respondents 
were divided into three age groups. The first age group 
consisted of respondents of Generation Z, i.e. respondents 
aged 18 to 27 years. The second group consisted of 
millennials, i.e. respondents aged 28 to 43, and the third 
group respondents aged 44 or older, i.e. Generation X. The 
first age group was the most numerous. Regarding the 
academic position at the University North, one-fourth 
respondents were teaching staff, and the rest were students. 
The most numerous were undergraduate students. 
 

Table 1 Distribution of respondents according to gender, age and academic 
position 

  Number of 
respondents Percentage 

Gender Male 29 42 
Female 40 58 

Age groups 
Generation Z 32 46 
Millennials 22 32 
Generation X 15 22 

Academic 
position 

Teaching staff 17 25 
Undergraduate students 32 46 
Graduate students 20 29 

 
In the second part of the survey, the level of familiarity, 

use and attitudes towards AI tools for searching and 
surveying scientific databases and their comparison with 
traditional databases among members of the academic 
community of the University North in Croatia. 
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4 RESULTS 
 

In Fig. 2, the frequency of use of traditional databases to 
which the University North has a subscription is presented. 
The results revealed new insights into the practical functions 
of AI tools in a small sample of the academic community in 
Croatia.  38% of the respondents answered they sometimes 
use traditional databases for research, 19% of them claimed 
they often use traditional databases and 4% very often. 
Interestingly, 20% of the respondents never use the 
traditional databases and 19% of them stated they rarely 
make use of the traditional databases for research. This issue 
calls for in-detail exploration in future work.  

Regarding the question related to the use of AI tools, 
multiple answers were available to the respondents. More 
than one-third of the respondents use the Semantic Scholar 
AI tool when searching scientific databases (Fig. 3). Open 
Read and Scite tools are used by 19% of them. Next in order 
of use are PapersGPT (under development), SciSpace, 
Connected Papers Elicit and Research Rabbi. Other tools 
were used in less than 10% of cases. 

 

 
Figure 2 Frequency of use of traditional databases for research 

 
When asked about the academic purpose of their 

employment of AI tools in research, most of the respondents 
(more than half of them) answered they use AI tools for initial 
literature review, whereas the rest of the answers were 
distributed between "for a more detailed search of relevant 
works", "for organization and management of references" 
and "for analysis and synthesis of scientific information". 
According to the data shown in Fig. 4, more than half of the 
respondents use AI tools for a more detailed search for 
relevant works. AI tools for the organization and 
management of references and the analysis and synthesis of 
scientific information are used in a slightly lower but similar 
percentage. 

The conducted survey sought to determine the attitudes 
towards the use and perception of AI tools for browsing 
scientific databases at the University North in Croatia. 
Respondents evaluated their views on a five-point Likert 
scale, ranging from 1 (insufficient rating) to 5 (excellent 
rating). 

Male respondents evaluated their satisfaction with the 
use of AI with a slightly higher average rating than female 
respondents (Tab. 2). The median value was the same for 
both groups of subjects. According to the results of the 
Mann-Whitney test, no statistically significant difference in 
attitudes about the use of AI tools was confirmed by gender. 
Gender does not influence on the use and perception of AI 
tools for searching scientific databases. 

 
Figure 3 Use of specific AI tools in research 

 

 
Figure 4 Academic purpose of using AI tools in research 

 
Table 2 Respondents' views on the use and perception of AI tools for searching 

scientific databases by gender 
Gender Mann-Whitney test Male Female 

Mean Median Mean Median Z p 
3.89 4 3.77 4 -0.480 0 .631 

 
Table 3 Respondents' views on the use and perception of AI tools for searching 

scientific databases by age group. 
Age groups Kruskal-Wallis 

test Generation Z Millennials Generation X 
Mean Median Mean Median Mean Median H p 
3.71 4 4.09 4 3.73 4 3.226 0.199 

 
Table 4 Respondents' views on the use and perception of AI tools for searching 

scientific databases by academic position. 
Academic position Kruskal-Wallis 

test Undergraduate 
studies Graduate studies Teaching staff 

Mean Median Mean Median Mean Median H p 
3.79 4 3.90 4 3.8 4 0.089 0.956 

 
Table 5 Respondents' satisfaction with search results obtained through AI tools 

and traditional databases 
Respondents' satisfaction Mann-Whitney test AI tools Traditional databases 

Mean Median Mean Median Z p 
3.83 4 3.52 4 2.253 0.024 
 
With regard to age groups, an average score greater than 

4 was calculated only for millennials, while the average 
scores for Generation Z and X were almost equal (Tab. 3). 
The median value for all 3 analyzed groups was 4. The results 
of the Kruskal-Wallis test indicate that there is no statistically 



Katerina Fotova Čiković et al.: Artificial Intelligence vs. Traditional Research Methods: An Empirical Study from Northern Croatia 

92                                                                                                                                                                                   TECHNICAL JOURNAL 19, 1(2025), 88-93 

significant difference in attitudes between respondents of the 
three analyzed age groups. 

According to the selected descriptive statistical 
indicators and the results of the Kruskal-Wallis test (Table 
4), it is clear that there is no statistically significant difference 
in the opinions of respondents with different academic 
positions about their views on the use and perception of AI 
tools for searching scientific databases. 

To examine whether there is a statistically significant 
difference in satisfaction with search results obtained through 
AI tools or obtained through traditional databases, the Mann-
Whitney test was applied. The test results are given in Table 
5. 

The respondents expressed slightly higher average 
satisfaction with search results obtained through AI tools 
than those obtained through traditional databases. The 
median in both groups was 4. The results of the Mann-
Whitney test indicate there is a statistically significant 
difference in the satisfaction of the search results obtained 
through AI tools and traditional databases among 
respondents at the 5% significance level. 
 
5  DISCUSSION AND CONCLUSION 
 

Due to its potential advantages over conventional 
research methodologies, AI is being applied in a growing 
number of study disciplines. By evaluating student data and 
suggesting activities, AI can tailor learning experiences in the 
classroom [22]. AI, in particular neural networks, has been 
shown to perform more accurately and flexibly than 
conventional forecasting techniques [23]. With an emphasis 
on efficacy and effectiveness, AI techniques are frequently 
employed to anticipate treatment results [24]. 

Furthermore, numerous studies have shown how much 
more accurate and versatile some AI techniques—like neural 
networks—are than more conventional predicting 
techniques. Recurrent neural networks (RNNs) surpassed 
conventional econometric techniques in the prediction of 
conditional volatility, according to Bucci [25]. Forecasting 
accuracy was increased by Khashei & Bijari's hybrid model, 
which combined auto-regressive integrated moving average 
(ARIMA) methods with artificial neural networks [26]. 
Ghiassi introduced a dynamic neural network model that 
outperformed traditional neural network and ARIMA models 
in forecasting time series events [27]. Rasp & Lerch 
demonstrated that neural networks could significantly 
outperform benchmark methods in post-processing ensemble 
weather forecasts [28]. All these papers demonstrate how 
powerful AI techniques may be to improve research 
methodologies in a variety of research disciplines. 
Considering these findings, the main objective of this study 
is to analyze the acceptance of both AI tools and traditional 
methodologies used in research. Moreover, the conclusions 
about the respondents' perception and openness to using AI 
tools in research regarding gender, age and current academic 
position were drawn. Another goal was to compare the level 
of satisfaction from both the AI tools and the traditional 
research methods. 

This empirical study revealed very interesting and a bit 
surprising result. Namely, the gender, age group and 
academic position do not influence the use, perception and 
attitudes toward AI tools for searching scientific databases. 
Moreover, the findings show that there is a statistically 
significant difference in respondents' satisfaction with using 
AI tools and traditional databases. The obtained results call 
for additional research and education of both students and 
teaching staff at Croatian universities, regarding the potential 
benefits of AI tools and their ethical application and use.  

The main limitation of this study is the relatively small 
sample. A bigger sample could contribute to drawing more 
precise conclusions and would tackle important trends and 
issues in this research area. In future work, these limitations 
will be addressed. Namely, the authors plan to investigate the 
use of AI among the overall Croatian academic community 
and include members of the other universities in Croatia. 
Moreover, a comparative study including the Western 
Balkans is planned for future study. Both the practical and 
scientific contributions of this paper are relevant. First and 
foremost, this is among the very few empirical studies 
conducted in the Republic of Croatia that encompass a 
fraction of the academic community and tackle the use of AI 
in research; second, this study is among the very few that 
incorporate a comparison between the traditional databases 
and tools and the AI tools in research among the academic 
members. 
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Investigation and Optimization of Adhesive Structure Formation on Shell Limestone Surfaces 
 

Andrii Kolesnykov, Mykola Khlytsov, Svitlana Semenova, Mario Šercer* 
 

Abstract: The article is devoted to the study of the adhesive interaction of restorative compositions with shell limestone as a highly porous material of complex structure. The key 
physicochemical and mechanical factors determining adhesion are analyzed, including molecular forces, hydrogen bonds, electrostatic interactions, acid-base interactions, as well 
as the effect of humidity on adhesion. Elements of fractal geometry are used to describe the processes of adaptation of compositions to porous surfaces, a criterion of ideal 
adhesive contact is introduced. Models of structure formation are considered, including the Smoluchowski equation, diffusion-limited and cluster-cluster aggregation. It is shown 
how optimization of the restorative composition due to the selection of the necessary fractal parameters can improve its adhesive characteristics. Recommendations are given for 
the use of various methods for optimizing adhesion processes in restoration. It is also possible to use the obtained results in modern additive technologies. 
 
Keywords: adhesion; fractal dimension; porous structure; restorative compositions; shell limestone; structure formation 
 
 
1 INTRODUCTION  
 

One of the important tasks of construction materials 
science, especially relevant in cities - centers of historical, 
cultural and architectural heritage, is the production of 
restoration compositions with an optimal set of performance 
characteristics. An important property of such materials is the 
ability to form strong adhesive contacts with the surface of 
the base stone [1, 2]. When forming a contact between the 
adhesive and the base material (substrate), adhesive 
structuring occurs − special case of structuring of the 
adhesive composite, which occurs under conditions of strong 
geometric constraints specified by the porous structure of the 
material being restored, for example, shell limestone. In 
addition, the adhesive processes occurring during the 
formation of the "adhesive-substrate" contact are of great 
importance in additive technologies, widely used today in 
modern construction and restoration [3]. In this case, the key 
role in such processes is played by the coordination of the 
geometric characteristics of the material and the adhesive [4]. 
Such coordination is especially important when applying 
restoration compounds to complex porous surfaces, for 
example, fragments of historical buildings made of shell 
limestone [1].  

Adhesion is a complex multifactorial phenomenon based 
on molecular, physicochemical and mechanical aspects [5, 
6]. The mechanical component has a pronounced geometric-
topological character associated with the complexity of the 
hierarchical structure of porous materials [7, 8]. Molecular 
forces caused by van der Waals interactions, hydrogen bonds, 
electrostatic and acid-base interactions determine the 
microscopic nature of adhesion and determine the 
physicochemical surface properties that form the overall 
picture of adhesion. At the same time, mechanical 
interaction, including penetration of the adhesive into the 
pores and microcracks of the material, forms a significant 
contribution to the adhesive forces, which determines the 
importance of studying the geometry and topology of the 
contact surface. 

Geometrical factors play a special role in adhesion 
optimization and can be described through fractal 
regularities. The porous structure of the material being 

restored and the adhesive composition forms a three-
dimensional structure of the adhesive contact, which in the 
ideal case completely fills the surface irregularities and 
pores. This imposes strict restrictions on the fractal properties 
of the adhesive material. The correspondence of the fractal 
dimension of the adhesive and the material being restored can 
be used as a criterion for the optimality of the contact. 

This work is devoted to the consideration of approaches 
to optimization of adhesive compositions based on 
geometric, molecular and physicochemical factors using 
modeling of the structure formation of adhesives and 
determining their optimal fractal characteristics. 
 
2 FACTORS AFFECTING ADHESION TO POROUS 

SURFACES 
 
Adhesion (bonding) is a set of intermolecular 

interactions between the surfaces of different materials, 
leading to their holding together. For composite materials 
used for the restoration and reconstruction of shell limestone   
buildings, adhesion depends on many factors, including the 
type of restorative composition (e.g., silicate-based) and the 
physicochemical properties of the shell limestone, especially 
in the presence of moisture. It should be noted that the factors 
determining adhesive activity relate primarily to the adhesive 
surfaces. They can be conditionally divided into molecular, 
related physicochemical, mechanical and geometric-
topological. 
 
2.1 Molecular Factors of Adhesion to the Surface of Shell 

Limestone   
  

 The molecular theory of adhesion explains cohesion 
through intermolecular interactions such as Van der Waals 
forces, hydrogen bonds, electrostatic and acid-base 
interactions. The intermolecular interaction potential V(r) 
between particles at a distance r is usually expressed as the 
sum of several contributions and is described by the Eq. (1) 
[9]: 

 
VdW e hidrogen acid-based( ) ( ) ( ) ( ) ( ),iV r V r V r V r V r= + + +         (1) 

 



Andrii Kolesnykov et al.: Investigation and Optimization of Adhesive Structure Formation on Shell Limestone Surfaces 
 

TEHNIČKI GLASNIK 19, 1(2025), 94-102                                           95 

where VVdW(r) − contribution of Van der Waals interactions; 
Vei(r) − electrostatic contribution; Vhidrogen(r) − contribution 
of hydrogen bonds; Vacid-based(r) − the contribution of acid-
base interactions. 

Let us consider in more detail the contribution of each 
type of interaction to the adhesion of restorative 
compositions that adhere to shell limestone. 

Van der Waals forces include dispersion forces, 
orientation and induction interactions. They are universal and 
act between all molecules. Dispersion forces play an 
important role in the adhesion of restorative compositions to 
inorganic surfaces. These forces depend on the polarizability 
of the molecules, which in the case of wet shell limestone   
can be increased due to the presence of water. The Lennard-
Jones potential (2) is the most often used to describe Van der 
Waals forces: 

 
12 6

vdW ( ) 4V r
r r
σ σε

    = −         
,                                         (2)                       

 
where ε − the depth of the potential well, which characterizes 
the strength of interaction; σ − effective diameter of the 
molecule. 

This potential describes the balance between attraction at 
large distances (dispersion forces) and repulsion at short 
distances (Pauli repulsion). In [10], a type of potential for 
silicates and aluminosilicates is proposed that describes the 
interaction between oxygen and silicon atoms in the structure 
of zeolite-like materials, as well as with a correction of the 
value taking into account ions such as sodium and calcium. 
For the materials under consideration, typical values are ε ≈ 
0.4 - 0.5 kcal/mol and σ  ≈ 3.0 Å for interactions between 
oxygen and silicon atoms. Similar parameters are used for 
calcite, the main mineral in shell limestone. According to 
[11], the Lennard-Jones potential for Ca-O interactions is 
used to model limestone bases, with constant values of ε ≈ 
0.32 kcal/mol and σ ≈ 3.9 Å. This potential allows us to 
consider the interactions of carbonates with silicate and 
aluminosilicate bonds in the presence of moisture. 

Electrostatic interactions can be significant for materials 
with opposite charges. Aluminosilicate materials can have a 
surface charge that contributes to their attraction to the 
carbonate matrix of the shell limestone, especially under high 
humidity conditions. The electrostatic interaction potential 
between two charged particles qi and qj at a distance r is 
expressed by the Eq. (3): 

 

ei
0

( ) ,
4π

i jq q
V r

rε
=                                                                  (3) 

 
where ε0 − dielectric constant. 

The electrostatic contribution is significant when taking 
into account the interaction with silicate restorative 
compositions, since such materials can have local charges 
that interact with charged or polarizable groups on the 
surface of the shell limestone. 

Hydrogen bonds are especially important for adhesion in 
the presence of physically bound water. Water molecules can 
form bridges between the surface groups of silicate and 
aluminosilicate composition and the surface of the shell 
limestone, strengthening the adhesion. This contribution 
increases under humid conditions, since water is capable of 
forming hydrogen bonds with –OH groups that may be 
present on the surface of the adhesive and substrate. Water 
molecules present in the porous structure create additional 
hydrogen bonds. Water acts as an intermediate agent that 
forms hydrogen bond bridges, increasing the adhesive force. 
In addition, the presence of water reduces the rigidity and 
increases the mobility of molecules on the surface of the 
aluminosilicate composition, facilitating their interaction 
with the shell limestone. Thus, in [12] it is shown that 
cooperative tridentate hydrogen-bonding interactions 
significantly enhance underwater adhesion, which can be 
relevant for understanding the role of water in the adhesion 
mechanisms of mineral materials. This is especially 
important when restoring wet shell limestone, since 
physically bound water not only increases adhesion, but also 
promotes the diffusion of the restorative composition into the 
pores of the shell limestone, improving its penetration and 
fixation. 

The hydrogen bond potential can be expressed in terms 
of empirical potentials, for example using Eq. (4): 
 

( )( ) ( )/20 0
hydrogen e( ) e 2ea r r a r rV r D − − − −= − ,                         (4) 

 
where De is the bond energy, usually about 5-10 kcal/mol; r0 
is the equilibrium bond distance; a  α − rigidity parameter. 
This potential is used to model water adsorption on the 
surface of carbonates, which is confirmed by a study of the 
effect of moisture on adhesive forces. 

Acid-base interaction is determined by the ability of 
surface groups to act as acids or bases. The surface of shell 
limestone   can exhibit weakly acidic properties, and some 
surface groups of lime-silicate material can be alkaline, 
which leads to additional adhesion at the level of surface 
layers [13].   

Acid-base interactions are often modeled using the 
donor-acceptor interaction approach, which can be expressed 
through the acid-base affinity parameter based on the Lewis 
donor-acceptor theory method. Acid-base interactions can be 
modeled using energy contributions to potential functions 
that account for the donor-acceptor behavior of particles. The 
Lewis potential is described through the interaction energy 
EAB (5): 

 

A B
AB 2E C

r
α β⋅

= ⋅ ,                                                             (5) 

 
where αA − acceptor capacity (acid strength); βB − donor 
capacity (main force); C − empirical constant depending on 
the specifics of the materials. 

Typical values of the constants depend on the nature of 
the materials: for aluminosilicates and calcite under humid 
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conditions, it is proposed to use the value αA = 0.6 - 0.8 and 
βB = 0.4 - 0.6 in approaches based on measurements of 
surface tension and Hamaker energy. 
 
2.2 Physicochemical Factors and Parameters of Adhesion to 

Shell Limestone   
 

The interaction potential (1) is the basis for the transition 
from adhesive molecular interactions to a comprehensive 
physicochemical description and thermodynamic theory of 
adhesion. The general expression of surface energy through 
intermolecular interactions (e.g., Van der Waals forces) can 
be represented by the integral of the intermolecular potential 
φ(r) over the entire space above the surface (6): 

 

 ( )d
h

r rγ ϕ
∞

= ∫ ,                                                                     (6) 

 
where h is the distance between molecules on the surface; r 
is the intermolecular distance. 

This formula shows that the surface energy depends on 
the attractive force of molecules at the phase boundary. 

Thermodynamic theory describes adhesion through 
changes in free energy at the interface between two phases 
[14]. According to this theory, adhesion is characterized by 
the work of adhesion Wadh, which is defined as the energy 
required to separate two surfaces in accordance with the Eq. 
(7): 

 
adh 1 2 12W γ γ γ= + − ,                                                          (7)  

 
The work of adhesion is positive for spontaneous 

adhesion of surfaces, and the higher the Wadh, the stronger the 
adhesion. 

Adhesive interactions are closely related to the contact 
angles formed at the contact of three phases, as well as to the 
flow and inflow angles. The contact angle θ describes the 
contact of a liquid with a solid surface and is determined by 
Young's Eq. (8): 

 
SV SL LV cosγ γ γ θ= + ,                                                       (8) 

 
where γSV, γSL and γLV − surface tension at the interface 
between a solid, liquid and air. 

Angles of runoff and wetting θA, θR describe the dynamic 
behavior of a liquid on an inclined surface. The angle of 
runoff θA − this is the maximum angle of inclination at which 
the drop begins to flow down, and the angle of wetting θR − 
the angle at which the drop stops on the surface. The 
difference Δθ = θA – θR is called contact hysteresis and is 
related to adhesion: a large hysteresis indicates high adhesion 
of the liquid to the surface. A significant hysteresis indicates 
strong cohesive forces holding the liquid and preventing its 
movement. 

The work of adhesion can also be expressed in terms of 
the runoff and wetting angles using the relation [15] (9): 

adh LV avg(1 )W cosγ θ= + ,                                                    (9) 

 
where θavg − average contact angle, defined as (10): 
 

A R
avg 2

θ θ
θ

+
= ,                                                               (10) 

 
Thus, the work of adhesion depends on the average value 

of the runoff and wetting angles, as well as on the surface 
tension of the liquid γLV. Changing the runoff and wetting 
angles, for example, by chemically modifying the surface, 
allows one to regulate the adhesive properties of the system, 
which is important for practical applications in hydrophobic 
and hydrophilic coatings. 
 
2.3 Effect of Surface Geometry on Adhesive Interaction. 

Fractal Analysis of Geometric Parameters 
 
The mechanical theory of adhesion [16] is based on the 

fact that adhesion is achieved by the penetration of the 
material into the microroughness and pores of the base 
surface. For shell rock, with its high porosity and 
microcracks, the lime-silicate composition penetrates the 
structure, providing reliable adhesion. The adhesion force 
can be described by the Eq. (11) [17]: 

 

( )adh 1 PF kA E βγ −= − ,                                                  (11) 

 
where Fadh is the adhesion force; k is the coefficient of 
adhesion strength; A is the contact area; γ - surface tension at 
the interface between the adhesive and the base; β - 
penetration coefficient; P - pressure when applying the 
composition. 

It is important to note that A is the "real" area of adhesive 
contact, the accounting of which is complicated by the 
complex relief of the base surface. 

A powerful tool for describing complex surfaces such as 
shell limestone   and other porous materials that are often 
encountered in adhesive joints is fractal geometry. 
Traditional models based on Euclidean geometry are often 
insufficient to adequately describe such structures. The 
fractal approach allows one to take into account the 
hierarchical structure and partial ordering characteristic of 
many natural and artificial surfaces. The main concepts of the 
fractal theory of adhesion are the fractal dimension D and 
lacunarity Λ [18, 19]. The fractal dimension characterizes the 
degree to which the space is filled by the fractal object. For 
surfaces, D ranges from 2 (smooth surface) to 3 (completely 
filled space). The higher D, the more developed the surface. 
Lacunarity Λ describes the "emptiness" or "perforation" of 
the fractal object. High lacunarity corresponds to a large 
number of voids or pores. Lacunarity is often associated with 
the distribution of pore sizes and shape. 

One of the most significant in the mechanical theory of 
adhesion, which is geometric in nature, is the relationship 
between the fractal dimensions of the base material and the 
adhesive restorative composition. Let the first surface (shell 
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limestone) be characterized by fractal dimension D1, the 
second surface (adhesive restorative composition) by fractal 
dimension D2. Fractal dimension D1 characterizes the 
complexity of the shell limestone   surface. The greater D1, 
the more "rugged" the surface. Fractal dimension D2 
characterizes the complexity of the cluster structure of the 
adhesive. The greater D2, the more branched the cluster. 
Contact occurs in three-dimensional Euclidean space (the 
embedding dimension DE = 3). Ideal adhesive contact is 
achieved when the adhesive completely fills all the 
irregularities and pores on the shell limestone   surface. In 
this case, from the geometric point of view, one can imagine 
that the adhesive surface is "superimposed" on the shell 
limestone   surface, completely repeating its structure as its 
negative imprint. In the ideal case, one can assume that the 
"sum" of their fractal dimensions should be related to the 
dimension of the space in which the contact occurs. 

Let us consider the mutual dimension of two fractal sets. 
The Minkowski-Buligand dimension [18-20] (or box-
counting dimension) is defined by the following Eq. (12): 

 

0

log ( )
log(1 )

ND lim
/ε

ε
ε→

= ,                                                          (12) 

 
where NA(ε) - the minimum number of cubes (or "boxes") of 
size ε, required to cover the set. 

Next, we will consider two fractal sets A and B with 
dimensions D1 and D2 respectively. Let NA(ε) аnd NB(ε) - 
number of boxes of size ε, required to cover the sets A and B 
respectively. Then the Eqs. (13) and (14) are fulfilled: 

 
1( )  D

AN ~ε ε − ,                                                               (13) 
2( ) D

BN ~ε ε − ,                                                                (14) 

 
To describe the "mutual arrangement" of sets A and B 

Let's introduce the concept of Minkowski product A⊕B (15): 
 

{ }A B a b a A,b B⊕ = + ∈ ∈ ,                                           (15) 
 

Dimension of the Minkowski product D(A⊕B) related to 
dimensions D1 and D2 the following inequality (16): 

 
1 2 1 2max( , ) ( )D D D A B D D≤ ⊕ ≤ + ,                                (16)

     
In the case of ideal contact, when the adhesive 

completely fills all the irregularities of the shell limestone, it 
can be assumed that the Minkowski product A B⊕  "fills" all 
the space near the surface of the shell limestone. In the 
limiting case, when the adhesive perfectly repeats the 
structure of the shell limestone, the dimension of the 
Minkowski product should be related to the dimension of the 
space DE. In the case of ideal contact, the dimension of the 
Minkowski product is approximately equal to 2DE ‒ 1. Thus, 
in the three-dimensional case, if one of the sets is a "plane" 
(D1 = 2), and the other - a "ragged" surface (D2 > 2), then 
when they are "superimposed" one can expect that the 

dimension of the Minkowski product will approach 2DE ‒ 1 
= 5. This assumption is based on heuristic considerations, 
acknowledging that when fully filled, the 'interaction' of two 
fractal sets effectively results in an increase in 
dimensionality. Thus, for an ideal contact we obtain the 
approximate relation (17): 
 

1 2 E2 1D D D+ ≈ − ,                                                           (17) 

 
In three-dimensional space (DE = 3) is performed (18): 
 

1 2 2 3 1 5D D+ ≈ ⋅ − = ,                                                      (18) 
 

Expression 5 – D1 – D2 ≈ 0 is a criterion for the ideality 
of adhesive contact within the framework of this theory. The 
obtained criterion is key for this work. 
 
3 MODEL REPRESENTATIONS OF ADHESIVE STRUCTURE 

FORMATION IN RESTORATIVE COMPOSITIONS 
 

The structural and geometric properties of the restorative 
composition are formed in the process of spatially limited 
structure formation. The process of pore filling and 
subsequent hardening can be described as aggregation of 
particles of the restorative composition. In the simplest case, 
the diffusion-limited aggregation (DLA) model can be used 
[21]. The cluster-cluster aggregation (CCA) model [21] 
describes the aggregation of already formed clusters. It leads 
to the formation of looser and more branched structures than 
DLA. The fractal dimension of CCA clusters is lower than 
that of DLA clusters. This model may be relevant if the 
adhesive consists of already aggregated particles or if the 
process of its application and hardening promotes 
aggregation. 

To describe more general processes of structure 
formation, the Smoluchowski equation [22] is applicable, 
which describes the change in the concentration of clusters 
of different sizes over time in accordance with Eq. (19): 

 

1

d 1 ( , ) ( , )
d 2

k
i j k j

i j k j

c
K i j c c c K k j c

t

∞

+ = =
= −∑ ∑ ,                      (19)                                                     

 
where is ck - concentration of clusters of size k; K(i, j) - kinetic 
coefficient describing the rate of adhesion of clusters of sizes 
i and j. 

Eq. (19) allows us to determine how the particle size 
distribution changes over time as a result of their collisions 
and associations. The first term of Eq. (19) 
1 ( , )
2 i j

i j k
K i j c c

+ =
∑ describes the formation of clusters of size 

k because of collisions and mergers of clusters of sizes i and 

j, where i + j = k. The coefficient 1
2

 takes into account that 

each collision is counted twice in the sum (for example, the 
collision of cluster i with cluster j and the collision of cluster 
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j with cluster i). The second term 
1

( , )k j
j

c K k j c
∞

=
− ∑  describes 

the loss of clusters of size k as a result of their collisions and 
mergers with other clusters of any size j. The coagulation 
coefficient for diffusion-limited aggregation (DLA): In this 
case, the coefficient depends on the diffusion coefficients of 
clusters i and j (20): 

 
( , ) ( )( )i j i jK i j ~ D D R R+ + ,                                           (20) 

 
where Di and Dj – diffusion coefficients; Ri and Rj  – radii of 
gyration of clusters i and j, respectively. 

The kinetic coefficient K(i, j) in the general case depends 
on the physicochemical factors discussed above, such as the 
forces of intermolecular Van der Waals interaction, 
electrostatic forces, hydrogen bond forces and acid-base 
interactions, as well as on the temperature and viscosity of 
the medium. 
 The processes of structure formation in a limited pore 
space can be considered from several other positions, 
according to which in the considered material, as a result of 
a number of physical and chemical processes occurring at the 
micro level, the fractal dimension changes. For cluster 
systems, to which the considered composition also belongs, 
the fractal dimension Df connects the number of particles N 
in the cluster with its characteristic size R based on the 
relation (21): 
 

fDN ~ R ,                                                                         (21) 

    
For clusters formed in the DLA process in 2D – Df  ≈ 1.7, 

in 3D – Df  ≈ 2.5 the kinetics of fractal dimension growth is 
complicated (it involves solving the Smoluchowski 
equations). However, approximations can be made, for 
example, by assuming that the average cluster size grows in 
a power-law manner with time (22): 

 
( ) ~ zR t t ,                                                                          (22)                            

   
where z is a dynamic indicator. 

Then, if we assume that the number of particles in a 
cluster is proportional to time, then the fractal dimension 
does not change (23): 

 

f
ln( ) ln( ) 1( )

ln( ( )) ln( )
t tD t ~

R t z t z
≈ = ,                                            (23) 

    
This is a very simplified argument, but it shows that the 
growth of fractal dimension is related to the dynamics of 
cluster growth. 
 In an idealized case, if the adhesive simply fills the 
existing pores without changing its internal structure or 
forming new fractal elements, its fractal dimension does not 
change. It "copies" the fractal structure of the pore space. 
However, this is a rather theoretical case. In most real 
situations, the hardening of the adhesive is accompanied by 

a change in its structure, which leads to a change in the fractal 
dimension. Let's consider several possible scenarios: 
1) Polymerization and gelation. During the solidification 

process, polymerization may occur, leading to the 
formation of a three-dimensional network, for example, 
of an aluminosilicate nature. This network may have a 
fractal structure. At the initial moment, when the 
polymer is still liquid, its fractal dimension is close to 3 
(volume filling). As polymerization and network 
formation proceed, the fractal dimension may decrease, 
approaching values characteristic of percolation clusters 
(about 2.5) or even lower, depending on the degree of 
network branching. 

2) Crystallization. If crystallization of new formations is 
possible in the adhesive and the resulting crystals can 
have different shapes and orientations, then the 
formation of a fractal structure is also possible. The 
fractal dimension will depend on the crystallization 
conditions (temperature, cooling rate, presence of 
impurities). 

3) Particle aggregation. Since the adhesive is a dispersed 
system, the particles can aggregate during the hardening 
process, forming clusters. The considered DLA and 
CCA models describe this process and lead to the 
formation of fractal structures with dimensions of about 
2.5 (DLA) and lower (CCA). During the hardening 
process, the mobility of the particles decreases, which 
can "fix" the formed structure. 

4) Capillary forces and wetting. Capillary forces and 
wetting play an important role in the process of filling 
the pores. If the adhesive wets the surface of the material 
well, it will tend to fill all the smallest pores and cracks, 
which can lead to an increase in fractal dimension. On 
the contrary, poor wetting can lead to the formation of 
voids and a decrease in fractal dimension. 
 
The fractal dimension of the cured adhesive also depends 

on the initial pore structure of the material. If the pores are 
small and numerous, the adhesive will be forced to form a 
more branched structure to fill them all. This may lead to an 
increase in the fractal dimension. If the pores are large and 
few in number, the adhesive can fill them without forming 
complex fractal structures. In this case, the fractal dimension 
may be lower. The connectivity of the pores also plays an 
important role. If the pores are interconnected, the adhesive 
can move freely and fill them, which contributes to the 
formation of a more uniform structure. If the pores are 
isolated, the adhesive will fill them independently, which 
may lead to the formation of a more heterogeneous and 
possibly more branched structure. 
 
4 METHODS OF OPTIMIZING GEOMETRICAL 

PARAMETERS TO IMPROVE THE ADHESION 
PROPERTIES OF RESTORATION COMPOSITIONS 
 
Based on the above analysis, several methods for 

optimizing adhesive compositions can be proposed. Due to 
the multifactorial nature of the structure formation process, 
determining the fractal dimension of the clusters formed in 
the adhesive restorative composition requires empirical 
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methods. Therefore, the initial selection of the composition 
can be guided by the structural-geometric criterion. 

The main optimization problem is characterized by the 
objective function Eq. (24): 
 

1 2 1 1 2( , ,…, ) ( , ,…, ) 5 min,n A nF w w w D D w w w= + − → (24)
     
where D1 - fractal dimension of the shell limestone surface 
(known); DA(w1, w2,…, wn) - fractal dimension of adhesive 
clusters, depending on both the granulometric composition 
(w1, w2,…, wn, wi – volume fraction of fraction i) and its 
structure formation processes occurring inside the pore 
space. Limitations are represented by the conditions (25, 26): 
 

1
1

n

i
i

w
=

=∑ ,                                                                         (25)

0iw ≥ ,                                                                             (26) 
  

This task is aimed at minimizing the deviation from the 
ideal contact criterion. D1 + D2 – 5 = 0. Additional criteria 
may include minimizing lacunarity in the contact zone (27): 

 
1 2 1 2( , ,…, ) ( , ,…, ) minn nF w w w w w wΛ= → ,                (27)        

       
It should be noted that minimization |D1 + D2 – 5| already 
indirectly contributes to the minimization of lacunarity, since 
complete filling implies a reduction in voids. The Richardson 
curve fit criterion (a plot of log(N(ε) versus log(1/ε)), where 
ε defines the "scale" of the measurement, [19]) can also be 
useful, especially if the behavior of the contact at different 
scales needs to be considered (28): 
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,       (28)

   
However, this criterion is also partially accounted for by the 
main criterion, as the fractal dimension is linked to the 
behavior of the Richardson curves. 
 
4.1 Determination of Geometric Characteristics of the 

Material and Composition of the Restoration Using 
Image Processing 

 
The initial data for optimization according to criterion 

(18) is the fractal dimension of the base material (shell 
limestone), which can be realized by processing images of 
the material surface using the box counting method. When 
implementing it, a grayscale image can be represented as a 
three-dimensional surface, where x and y are the pixel 
coordinates, and z is the gray intensity (from 0 to 255), each 
pixel becomes a point in three-dimensional space. The space 
in which this surface is located is covered with a grid of cubes 
of size ε (epsilon). The size ε determines the "scale" of the 
measurement. The number of cubes N(ε) that intersect or 
contain at least one point (pixel) of the surface is counted. 

The size of the cubes ε is reduced (for example, by 2 times), 
and the procedure for counting filled cubes is repeated, a new 
pair of values (ε, N(ε)) is constructed. A graph of the 
dependence of log(N(ε) on log(1/ε) is plotted. The slope of 
the resulting line is the fractal dimension D. 

The method was implemented using the FDim software 
tool [23] for different shell limestone samples. The 
measurement results are given in Tab. 1. 
 

Table 1 Fractal characteristics of typical shell limestone samples 

Number Samples Fractal 
dimension Df 

Lacunarity 
Λ 

1 

 

2.557 0.259 

2 

 

2.454 0.210 

3 

 

2.357 0.282 

 
It should be noted that the shell limestone   structure is 

variable, which is reflected in the fractal characteristics of the 
corresponding images. As a result, it is proposed to perform 
the corresponding measurements separately for each 
restoration project. 

Let us calculate fractal dimension of the adhesive 
composition surface (Tab. 1) according to the relation (18) 
for ideal adhesive contact. The results are shown in Tab. 2. 

The obtained data (fractal dimension D2 ≈ 2.5) indicate 
that the DLA mechanism (and even more so CCA) can ensure 
the formation of a non-ideal cluster system, and the 
composition must be designed taking into account the 
formation of fine-crystalline products in contact with the pore 
material. 
 

Table 2 Determination of the required fractal dimension of the adhesive 
composition 

Number 1 2 3 
Fractal dimension D1 

shell limestone   2.557 2.454 2.357 

Required fractal dimension D2 
of the adhesive composition 

surface 
2.443 2.546 2.643 
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Often the granulometric distribution of dispersed 
materials is described by a power law, which is an indication 
of its fractal structure. A special case of a power distribution 
is the Richardson-Kolmogorov distribution, which is often 
observed in crushing and grinding processes. The general 
form of a power distribution (cumulative) (29): 

 
2( ) DN r ~ r− ,                                               (29) 

 
where d - particle size (diameter, linear size, etc.); N(d) - 
number of particles with size greater than d; D2 - exponent, 
which can be interpreted as fractal dimension (Tab. 2). 

This ratio allows a rough estimate of the required particle 
distribution in the adhesive restorative composition. To 
obtain the size distribution, it is necessary to differentiate 
expression (29) and obtain the Eq. (30): 
 

1d ( )
d

DN r Dr
r

− −− ,                                                              (30) 

 
To obtain a normalized distribution describing the 

probability of finding a particle of size r, it is necessary to 
integrate expression (29) within the range from rmin  up to rmax 

 and divide by the obtained result (31): 

1

min max

( 1)( )
D

D D
D rP r
r r

− −

− −
+

=
−

,                                        (31) 

where P(r) is the probability density of the particle size 

distribution (P(r) is normalized, max

min
( )d 1

r

r
P r r =∫ ; rmin - 

minimum particle size; rmax - maximum particle size; D - 
fractal dimension.  

Let us consider the problem of selecting particle sizes, 
assuming that there are several fractions with known particle 
size distributions Pi(r) (e.g., unimodal, such as normal or 
lognormal distribution) and weighted fractions wi. Then the 
overall distribution of the mixture will be (32): 
 

mix
1

( ) ( )
n

i i
i

P r w P r
=

= ∑ ,                                 (32) 

 

where n is the number of fractions, 
1

1.
n

i
i

w
=

=∑  

To solve the problem of selecting a composition, one can 
use methods known in mathematical statistics [24, 25]: 

1) Kolmogorov-Smirnov criterion. This criterion is 
based on the comparison of the maximum discrepancy 
between the cumulative distribution functions (33): 
 

KS mix target( ) ( )
r

D sup F r F r= − ,                                       (33) 

 
where is fmix(r) and Ftarget(r) - cumulative distribution 
functions for the mixture and target distribution, respectively 

min
( ( ) ( )d ).

r

r
F r P r r′ ′= ∫  Minimizing DKS is a useful way to 

ensure good distribution fit. 
2) The chi-square test is represented by Eq. (34): 

 
2

2

1

( )m
j j

jj

O E
E

χ
=

−
= ∑ ,                                                         (34)

     
where Oj – observed frequency in the jth interval; Ej - 
expected frequency in the jth interval, m - number of intervals. 

Minimizing χ2 also allows one to achieve a good fit, 
especially when the amount of data is large. 

3) Minimizing Kullback-Leibler entropy (Relative 
Entropy): This criterion, also known as the Kullback-Leibler 
divergence, measures the "distance" between two probability 
distributions according to Eq. (35). 
 

targetmax
KL target

min mix

( )
( )log d

( )
r

r

P r
D P r r

P r
= ∫ .                              (35)

    
Minimizing DKL is aimed at making Pmix(r) 

approximated Ptarget as accurately as possible, especially in 
areas where Ptarget(r) large. 

Let's consider an example of calculations. Let's assume 
that we need to select a granulometric composition with a 
fractal dimension D = 2.5 in the size range from rmin = 1 µm 
to rmax = 100 µm. We have two fractions with normal 
distributions: fraction 1 – average size μ1 = 1.5739 µm, 
standard deviation σ1 = 0.6653 µm; fraction 2 – average size 
µ2 = 20 µm, standard deviation σ2 = 14.6942 µm.  

The target distribution is given by Eq. (36): 
 

3 5

target 2 5 2 5
3 5( )

1 100

.

. .
. rP r

−

− −
=

−
,                                               (36)  

 
The probability density of the normal distribution for 

fractions is given by the Eqs. (37)-(38): 
 

2( )1
22 1

1
1

1( ) e
2π

r

P r

µ

σ

σ

−
−

= ,                                                 (37) 

2( )2
22 2

2
2

1( ) e
2π

r

P r

µ

σ

σ

−
−

= ,                                                (38) 

 
Now we need to find weight fractions w1 and w2 such that the 
equality (39): 
 

mix 1 1 2 2( ) ( ) ( )P r w P r w P r= + ,                                            (39)
       
best matched Ptarget(r). For example, we use the Kullback-
Leibler divergence DKL. Minimum value f  Kullback-Leibler 
divergence: DKL= 4.0644. The corresponding weights are w1 
= 0.8789, w2 = 0.1211. The degree of correspondence 
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between the mixture and target distributions is shown in Fig. 
1.  
 

 
Figure 1 The result of selecting the distribution that best matches the target 

  
Based on the above analysis of adhesion processes and 

optimization of adhesive interactions using fractal geometry 
methods, it is possible to evaluate the substrate surface for 
further selection of the optimal adhesive composition, taking 
into account the adaptive nature of the ongoing structure 
formation processes. The restorative material must be able to 
take the "shape" of pores and the fractal dimension dictated 
by the relationship (18) for the porous structure during the 
structure formation process. The adhesive material system 
adapts to the substrate system, which ensures the integrity 
and functionality of the resulting adhesive contact system. 

Thus, one of the effective concepts for optimizing 
restorative compositions is the use of fractal patterns that link 
adhesive interaction with the geometric structure of 
materials. Fractal dimension Df is a parameter characterizing 
the complexity of a surface. In restoration work, she 
describes how "rugged" the surface of a material, such as 
stone or limestone, is used in historic buildings. In the case 
of additive technologies, ideal adhesive contact assumes that 
the applied composition (adhesive) repeats the surface 
structure of the restored material as a negative imprint, 
minimizing voids and improving adhesion. This is only 
possible by matching the fractal dimension of the adhesive 
D2 with a base surface dimension of D1. The adhesive 
composition must have the required fluidity and rheological 
characteristics to ensure uniform distribution over the surface 
and filling of all voids. Fractal optimization is especially 
important when using 3D-printing with restoration 
compositions. Printing allows you to control the micro- and 
macrostructure of the material, adapting it to complex 
surfaces. This technology guarantees accurate reproduction 
of the structural features of a historical building, minimizing 
the risk of destruction. Moreover, the use of fractal 
optimization improves the durability of adhesion, reduces the 
likelihood of delamination and increases resistance to 
changes in humidity and temperature fluctuations. 

 
5 CONCLUSIONS 

 
The presented work examines theoretical and applied 

aspects of adhesive structuring of restorative compositions 
intended for interaction with porous materials such as shell 

limestone. It is shown that adhesion is a multifactorial 
phenomenon, including molecular, physicochemical and 
mechanical components, and the mechanical component has 
a pronounced geometric-topological character and can be 
described through fractal parameters. The main approaches 
to improving adhesive properties are proposed: fractal 
matching of the surface dimensions of the material and 
adhesive to achieve ideal contact, optimization of the 
physicochemical characteristics of the composition by 
adding nanoparticles and chemical surface treatment. The 
results of the study showed that successful adhesion is 
achieved with a comprehensive consideration of molecular, 
physicochemical and geometric factors. The use of fractal 
geometry made it possible to quantitatively describe the 
porosity and texture of the material, as well as to propose 
criteria for optimizing the composition, including 
minimizing lacunarity and designing the granulometric 
distribution of adhesive particles. The practical significance 
lies in the application of these approaches in additive 
technologies for restoring historical buildings, where the 
precise application of compositions, considering the local 
fractal parameters of the surface, ensures improved adhesion 
and durability of restoration work. Further research in this 
area may focus on developing methods to control the 
structure of adhesives during application and hardening, 
refining models of structure formation by accounting for 
temperature and humidity conditions, and utilizing fractal 
approaches to describe the dynamic properties of adhesive 
contacts under external influences. Thus, the obtained results 
emphasize the importance of an integrated approach to the 
design of adhesive materials based on the coordination of 
their physicochemical and geometric characteristics with the 
restored material, which opens up prospects for creating 
more sustainable and durable technologies in construction 
and restoration. 
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Deformation of the Cooling Vessel's Shell 
 

Katarina Pisačić*, Mario Pintarić 
 
Abstract: This paper will present the procedure for calculating the internal volume obtained by deforming the outer shell of the cooling vessel. A nonlinear finite element analysis 
was conducted using the Ansys software. The material behavior when it transitions into the plastic deformation region was defined, and the deformed shape resulting from the 
plastic deformation of the outer shell of the cooling vessel was obtained. The volume of the deformed shape was determined with several simplifications: the profile of the outer 
shell was simplified into a circular arc, and the parameters of the circle were calculated. The formula for the volume of a rotational body was used to calculate the volume. 
 
Keywords: Ansys software; cooling vessel; deformation; shell; volume 
 
 
1 INTRODUCTION 
 

The Finite Element Method is a technique based on the 
discretization of a continuum [1]. The continuous domain is 
divided into a finite number of subdomains called finite 
elements. The state within each element, such as 
displacement, deformation, stress, temperature, and other 
field variables, is described using interpolation functions. 
These functions must satisfy appropriate conditions to make 
the discretized model closely approximate the behavior of the 
continuous system. With the proper formulation of finite 
elements, the accuracy of the approximation to the exact 
solution increases as the number of elements increases. 
During the derivation of equations, we distinguish between 
the following procedures: 
• the process of deriving the finite element equation based 

on solving a differential equation, i.e., the method of 
weighted residuals, 

• Derivation of the finite element equation based on 
variational formulations (the principle of virtual 
displacements, the principle of minimum total potential 
energy, the principle of virtual forces, and the principle 
of minimum complementary energy). 

 
If the independent variables are forces or stresses, the 

Finite Element Method is referred to as the force method. The 
other method is the displacement method, where the 
unknowns are the displacements at the nodes of finite 
elements. If the independent variables are displacements, 
stresses, and strains, it is a mixed formulation of finite 
elements. Due to the large number of equations and 
unknowns, the Finite Element Method uses computers to 
solve problems. Various software packages are based on the 
Finite Element Method, and in this work, Ansys software is 
used for finite element analysis. 

We calculate the volume of the cooling vessel so that the 
vessel does not come under the state inspection. Previous 
research has not addressed this issue, so due to the lack of 
prior experience and for the sake of simplicity, this method 
of volume calculation has been chosen. 
 
 

2 COOLING VESSEL 
 

For the purpose of cooling food products and alcoholic 
beverages, vessels with double or triple shells are 
manufactured, known as duplicators in food technology [2]. 
Water or glycol flows through the double shell, cooling the 
contents of the vessel through the wall. In some designs, there 
is additional thermal insulation on the outside, along with the 
outer shell of the vessel that protects the insulation and the 
vessel's fittings. An example of such a vessel for beer is 
shown in Fig. 1. 
 

 
Figure 1 An example of a cooling vessel for beer [3] 

 
One way to implement a double shell is to weld the 

thinner shell, and a pressure cleaner is connected through the 
provided opening to create pressure, causing the stretching of 
the outer, thinner shell. An example of simulating the outer 
shell of such a vessel is presented in this paper. 

The material of such vessels is most commonly stainless 
steel, such as SS304 or AISI 304 (X5CrNi18-10 acc. to EN 
10027-1). The typical behavior of SS304 stainless steel is 
shown in Fig. 2. The figure depicts the stress-strain 
relationship in a tensile test. This diagram is obtained from 
the manufacturer, and a similar characteristic is obtained 
depending on the production technology and parameters. If 
the manufacturer does not guarantee the properties, the 
mechanical properties of samples from a particular batch of 
material can be tested on a tensile testing machine to obtain 
the accurate characteristic. 
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Figure 2 The deformation diagram for stainless steel SS304 [4] 

 
Table 1 Material properties for SS304 

Mechanical Properties 
Density (kg/m3) 7930 
Young’s Modulus (GPa) 190-200 
Poison’ Ratio 0,29 
Tensile Strength, Ultimate (MPa) 505 
Tensile Strength, Yield (MPa) 215 
Strain Hardening Coefficient, n 0,10-0,50 

Chemical Composition 
Carbon, C  ≤0,080 % 
Chromium, Cr  18-20 % 
Iron, Fe  66,345-74 % 
Manganese, Mn  ≤2,0 % 
Nickel, Ni  8,0-10,5 % 
Phosphorus, P  ≤0,045 % 
Silicon, Si  ≤1,0 % 
Sulfur, S  ≤0,030 % 

 
For the purposes of this analysis, and in the absence of 

an exact model for stainless steel, structural steel and material 
characteristics from the Ansys material database were used 
(Fig. 3). Material properties were used for nonlinear analysis, 
and the values are approximate. The work represents a 
calculation method rather than an exact solution. 

 
Table 2 Material properties for Structural Steel 

 

 
Figure 3 Material characteristics 

 
2.1 The Outer Shell of the Cooling Vessel 
 

The outer shell of the cooling vessel has dimensions: 
height 300 mm, diameter 1000 mm, and wall thickness of 1 
mm (Fig. 4). 

It is necessary to calculate the volume between the outer 
and inner walls of the vessel obtained through the plastic 

deformation of the outer shell. The shell is subjected to a 
pressure of 7 MPa and then relieved. 

 

 
Figure 4 The appearance of the outer shell of the vessel 

 
3 ANALYSIS USING SHELL ELEMENTS 
 

In the first case, we are considering a model designed as 
a thin-walled structure. We defined a finite element mesh, 
using SHELL281 elements [5]. The geometry of this element 
is shown in Fig. 5. The SHELL281 element is suitable for 
analyzing thin to moderately thin structures. The element has 
8 nodes, and each node has 6 degrees of freedom: translation 
in the x, y, and z directions, and rotation around the x, y, and 
z axes. When the membrane option is used, the element only 
has translational degrees of freedom. This element is suitable 
for linear problems, large rotations, and changes in shell 
thickness for nonlinear analysis. SHELL281 can be used for 
layered constructions to model composites or sandwich 
structures. The element's formulation is based on logarithmic 
strain and true stress. The element's kinematics allows for 
finite membrane deformation (stretching). 
 

 
Figure 5 The geometry of the SHELL281 element [5] 

 
The vessel is modeled as a thin-walled structure, and 

SHELL281 elements have been used. A finite element mesh 
has been generated (meshing performed), as shown in Fig. 6. 

After applying boundary conditions, the outer edge and 
lower edge are defined as a fixed support, with zero 
displacements in all axes and zero rotations around all axes 
(Fig. 7).  

The vessel is subjected to a compressive load (Fig. 8), 
and the load is defined as a time-dependent table (Fig. 9). 
 

Mechanical Properties 
Density (kg/m3) 7850 
Young’s Modulus (GPa) 0,3 
Poison’ Ratio 200  
Tensile Strength, Ultimate (MPa) 460 
Tensile Strength, Yield (MPa) 250 
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Figure 6 The finite element mesh 

 

 
Figure 7 Restraint of the upper and lower edges 

 

 
Figure 8 The load on the vessel 

 

 
Figure 9 Defined load 

 
Table 3 Defined load in Fig. 9 

Steps Time, s Pressure, MPa 
2 2 ‒4 
3 3 ‒7 
4 4 ‒3 
5 5 0 

 
After all parameters were defined, a finite element 

analysis was conducted, and results were obtained. Initially, 

data for the overall deformation throughout the vessel's 
volume were obtained. 

 

 
Figure 10 The deformed shape after unloading 

 
From Tab. 1, it is evident that the maximum deflection 

increases as time increases, corresponding to the increasing 
pressure. In 3 seconds, the maximum pressure is 7 MPa, after 
which the pressure decreases, along with the deflection, until 
it comes to a stop. After unloading, the maximum 
deformation in the center is 30.134 mm. Deformation at the 
edges is zero, so the minimum deflection is 0. Tab. 3 displays 
the results for total deformation over time. 
 
Table 4 Results of maximum total deformation over time for the thin-walled model 

 Time, s Maximum deformation, mm 
1 0.2 2.21 
2 0.4 4.31 
3 0.7 7.17 
4 1 9.70 
5 1.2 11.26 
6 1.4 13.17 
7 1.7 15.94 
8 2 18.50 
9 2.2 21.07 
10 2.4 23.86 
11 2.7 28.16 
12 3 33.11 
13 3.2 32.76 
14 3.4 32.41 
15 3.7 31.87 
16 4 31.34 
17 4.2 31.08 
18 4.4 30.82 
19 4.7 30.46 
20 5 30.13 

 

 
Figure 11 The profile of the deformed shape of the thin-walled shell 

 
To determine the characteristics of the resulting vessel, 

it is necessary to calculate the internal volume of the vessel 
obtained in this way. To calculate the desired volume, a path 
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is defined in the software, and the Finite Element Analysis 
results are analyzed along that path of cross-section. 

Tab. 4 shows displacements in the z-axis direction, 
which in this case represents the horizontal axis. These 
displacements will be used to determine the profile function 
for calculating the volume of the rotational body. 
 

Table 5 Results of deformation in the z-axis direction for the thin-walled model 
 Length, mm Deformation in the direction of the axis z, mm 
1 0 0 
2 6.25 2.16 
3 12.5 4.63 
4 18.75 6.81 
5 25 8.83 
6 31.25 10.81 
7 37.5 12.70 
8 43.75 14.50 
9 50 16.22 
10 56.25 17.86 
11 62.5 19.40 
12 68.75 20.85 
13 75 22.19 
14 81.25 23.43 
15 87.5 24.56 
16 93.75 25.58 
17 100 26.49 
18 106.25 27.30 
19 112.5 28.00 
20 118.75 28.60 
21 125 29.08 
22 131.25 29.47 
23 137.5 29.75 
24 143.75 29.91 
25 150 29.97 
26 156.25 29.91 
27 162.5 29.74 
28 168.75 29.47 
29 175 29.08 
30 181.25 28.59 
31 187.5 27.99 
32 193.75 27.29 
33 200 26.49 
34 206.25 25.57 
35 212.5 24.55 
36 218.75 23.43 
37 225 22.19 
38 231.25 20.84 
39 237.5 19.40 
40 243.75 17.86 
41 250 16.22 
42 256.25 14.50 
43 262.5 12.70 
44 268.75 10.81 
45 275 8.83 
46 281.25 6.80 
47 287.5 4.63 
48 293.75 2.16 
49 300 0 

 
The maximum deformation of the shell is on the central 

cross-sectional line at a height of 150 mm from the bottom. 
The difference between the total deformation and directed 
deformation occurs due to material stretching. 
 
 
 

4 ANALYSIS USING SOLID ELEMENTS 
 

In the second case, we are considering a model designed 
as a three-dimensional model. We defined a finite element 
mesh, using SOLID187 elements [6], as shown in Fig. 12. 
 

 
Figure 12 The geometry of the SOLID187 element [6] 

 
The SOLID187 element is a higher-order element with 

ten nodes. It behaves according to quadratic displacement 
and is suitable for irregular meshes. Each node on the 
element has three degrees of freedom: displacement along the 
x, y, and z axes. The element has the capability to model 
plasticity, hyperelasticity, creep, strain-hardening, large 
deflections, and large deformations. It can handle mixed 
formulations for simulating deformations in nearly 
incompressible elastoplastic and fully incompressible 
hyperelastic materials. 

The appearance of the finite element mesh is shown in 
Fig. 13. In the area where the path for the profile is defined, 
a finer mesh of elements was used. A function was applied to 
reduce the element size in a specific region, resulting in more 
accurate results with a smaller step. 

 

 
Figure 13 The finite element mesh of the three-dimensional model 

 
Fig. 14 shows the total deformation throughout the 

volume of the body. The results are very similar to those 
shown in Fig. 10. 

The maximum total deformation is calculated depending 
on the changing applied pressure. The results of total 
deformation over time are shown in Tab. 5. 

In order to compare the analysis results using SHELL281 
elements and SOLID187 elements, data was extracted for the 
unloaded state at the same cross-section, and a new profile 
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for calculating the volume of the rotational body was 
obtained. The results are shown in Fig. 15 and Tab. 6. 
 

 
Figure 14 Total deformation of the three-dimensional model 

 
Table 6 The total deformation over time for the three-dimensional model 

 Time, s Maximum deformation, mm 
1 0.2 2.59 
2 0.4 4.84 
3 0.7 7.73 
4 1 10.20 
5 1.2 11.69 
6 1.4 13.34 
7 1.7 15.84 
8 2 18.23 
9 2.2 20.59 
10 2.4 23.15 
11 2.7 27.12 
12 3 31.74 
13 3.2 31.39 
14 3.4 31.02 
15 3.7 30.47 
16 4 29.91 
17 4.2 29.63 
18 4.4 29.35 
19 4.7 28.94 
20 5 28.53 

 
Table 7 Results of deformation in the z-axis direction for the three-dimensional 

model 
 Length, mm Deformation in the direction of the axis z, mm 
1 0 ‒1.91E-14 
2 6.25 1.82 
3 12.5 3.73 
4 18.75 5.60 
5 25 7.43 
6 31.25 9.22 
7 37.5 10.98 
8 43.75 12.71 
9 50 14.40 
10 56.25 16.03 
11 62.5 17.61 
12 68.75 19.15 
13 75 20.63 
14 81.25 21.85 
15 87.5 22.96 
16 93.75 23.96 
17 100 24.84 
18 106.25 25.62 
19 112.5 26.30 
20 118.75 26.86 
21 125 27.32 
22 131.25 27.68 
23 137.5 27.93 
24 143.75 28.08 
25 150 28.14 
26 156.25 28.09 

27 162.5 27.94 
28 168.75 27.70 
29 175 27.34 
30 181.25 26.90 
31 187.5 26.33 
32 193.75 25.68 
33 200 24.92 
34 206.25 24.06 
35 212.5 23.08 
36 218.75 21.99 
37 225 20.79 
38 231.25 19.42 
39 237.5 17.97 
40 243.75 16.44 
41 250 14.83 
42 256.25 13.14 
43 262.5 11.37 
44 268.75 9.52 
45 275 7.63 
46 281.25 5.72 
47 287.5 3.79 
48 293.75 1.85 
49 300 0 

 

 
Figure 15 The directed deformation in the z-axis direction and the profile of the 3D 

model 
 
5 THE CALCULATION OF THE VOLUME OF ROTATIONAL 

BODIES 
 

The volumes of rotational bodies are calculated by taking 
into account that their cross-section at each level is a known 
circle, and its area is known [7]. 
 

 
Figure 16 The volume of rotational bodies [7] 

 
The volume of a rotational body when we have a known 

function f(x): 
 

( )2π ( ) d
b

a

f x x∫      (1) 

 
The volume of a rotational body between two known 

functions f(x) and g(x): 
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( ) ( )( )2 2π ( ) ( ) d
b

a

f x g x x−∫   (2) 

 

 
Figure 17 The volume of a rotational body between two given functions [6] 

 
For simplicity, we will assume that the profile line of the 

deformed shape is a segment of a circle. From the equation 
of a circle: 

 

( ) ( )2 2 2
0 0x x y y R− + − =   (3) 

 
A system of equations is set up to obtain the equation of 

a circle passing through three points, by which we 
approximate the deformed profile: 
 

( ) ( )2 2 2
1 0 1 0x x y y R− + − =   (4) 

( ) ( )2 2 2
2 0 2 0x x y y R− + − =   (5) 

( ) ( )2 2 2
3 0 3 0x x y y R− + − =   (6) 

 
5.1 The Volume of the Thin-Walled Model 

 
The coordinates of three points on the deformed shell of 

the vessel have been obtained. It is known: 
 

1 0x = , 1 500y =  

2 150x = , 2 530y =  

3 300x = , 3 500y =  
 

From the system of Eqs. (4), (5), (6), we obtain the 
parameters of the circle function: 

 
0 150x = , 0 140y =  

390 mmR =  
 
In this case, the first function describing the upper 

boundary of the rotational body f(x) is: 
 

( ) ( )22
0 0f x y R x x= + − −   

( ) ( )2152100 150 140f x x= − − +   (7) 
 
The second function describing the lower boundary of 

the rotational body g(x) is: 
 

( ) 500g x =  
 

The volume of the rotating body follows: 
 

( ) ( )( )
300

2 2 3

0

π ( ) ( ) d 19457027 49 mmV f x g x x ,= − =∫   (8) 

319 457 dmV ,=  
 

The volume of the space inside the vessel obtained by 
deforming the outer shell calculated using SHELL281 
elements amounts to 19,457 dm3. 

 
6 VOLUME OF THE THREE-DIMENSIONAL MODEL 

 
The coordinates of three points on the deformed shell of 

the vessel have been obtained. It is known: 
 

1 0x = , 1 500y =  

2 150x = , 2 528y =  

3 300x = , 3 500y =  
 

From the system of Eqs. (4), (5), (6), we obtain the 
parameters of the circle function: 

 
0 150,x =  0 112 214y ,=  

415 786 mmR ,=  
 
In this case, the first function describing the upper 

boundary of the rotational body f(x) is: 
 

( ) ( )22
0 0f x y R x x= + − −   

( ) ( )2172877 760204 150 112 214286f x , x ,= − − +   (9) 
 
The second function describing the lower boundary of 

the rotational body g(x) is: 
 

( ) 500g x =  
 

The volume of the three-dimensional model body 
follows: 

 

( )( ) ( )( )( )
300

2 2 3

0

18406357 997 mmV f x g x dx ,π= − =∫   (10) 

318 406 dmV ,=  
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The volume of the space inside the vessel obtained by 
deforming the outer shell calculated using SOLID187 
elements amounts to 18,113 dm3. 

 
7 CONCLUSION  
 

Using the finite element method, it is easy to calculate an 
approximate volume that encloses the deformed shell of a 
welded cooling vessel. In this study, the deformed profile is 
approximated by a segment of a circle, and a more detailed 
analysis and nonlinear regression of cross-sectional point 
results could provide a more precise approximation. In that 
case, it would not be enough to only know the maximum 
deflection in the central part but also the exact arrangement 
of elements and the displacement of each element 
individually. This dependency would be represented as a 
function of the distance from the coordinate axis, yielding 
different results. 

In this study, two analyses were performed using 
SHELL281 elements and SOLID187 elements, and the 
calculation results of the volume are similar, showing 
discrepancies at the level of 5 %. The results should be 
confirmed by theoretical calculations and volume 
measurements after the vessel is manufactured under the 
same loading conditions as in the simulation. 

In the subsequent stages of the research, it will be 
necessary to create a physical model to validate the 
theoretical numerical simulation. 
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Design and Analysis of Nuclear Transportation Cask Using Phase Changing Material 
 

Girish Venkatesh Gudi*, R. G. Nagraj, Abhijit Dandavate 
 

Abstract: In the nuclear sector, secure transportation of radioactive materials is crucial in the nuclear sector, and cask design and analysis are crucial for maintaining fuel integrity. 
Peak cladding temperature (PCT) is a significant factor in fuel failure likelihood. This research provides a thorough approach to designing and analysing nuclear transportation 
casks, focusing on PCT. Advanced computer techniques are used in the study, which includes a number of variables including the thermal properties of the cask and external 
heat sources. In this work, a composite PCM made of polyethylene glycol (PEG) and octadecanol is employed to provide equal heat transfer. The proposed composite PCM is 
reinforced by (Carbon Nano Tubes) CNTs to ensure homogeneous heat conduction within the PCM particles. The thermal behaviour of the cask is simulated using ANSYS, which 
takes into consideration conduction, convection, and radiation heat transfer among other aspects. The PCT for spent fuel assemblies for light water reactors operating in helium 
settings with varying decay heat loads and temperature boundary circumstances was calculated using these simulations. Finally yet importantly, the outcome has been validated 
by comparison with related studies.  
 
Keywords: ANSYS; Peak Cladding Temperature (PCT); Phase Changing Material (PCM); transportation cask 
 
 
1 INTRODUCTION 
 

At the conclusion of the nuclear fuel cycle, a conveyance 
task will be needed to transport spent nuclear fuel (SNF) from 
temporary containers in utilizing crops (reactors of nuclear 
power plants or scientific sites) to reprocess along with 
permanently stored sites [1]. Radioactive compounds are 
normally transported in a specially constructed large 
container known as a transportation cask. The container 
might transported through a number of modes, namely road, 
rail, sea, and potentially air [2]. The procedure for shipping 
must fulfill a number of duties to assure the security of 
people, citizens, along with the environment during all 
situations, namely nuclear material confinement, mechanical 
security, thermal safeguarding, along with radiologic 
shielding. It additionally has to allow for simple loading, 
drying, tightening up, & handling as a way to maintain 
operational time as well as expenses [3]. 

SNF gatherings for simple water reactors are typically 
composed of fuel rods that are joined in square arrays by 
headers, footings, and periodical spacer plates. Every rod is 
a Zircaloy-coated tube filled with highly radioactive fuel 
pellets with fission gases [4].  Spent components are carried 
far from nuclear power plant zones in thick-walled vessels. 
Before the US Nuclear Regulatory Commission (NRC) 
issuing a Certificate of Compliance for a shipment, Federal 
Regulations (10CFR71) need the supplier to produce a safety 
analysis report (SAR) showing that the package will continue 
to provide its containment, shielding, along with criticality 
handling abilities under normal transport conditions (NCT) 
afterwards following a series of complicated cases [5].  
Amongst the situations was a 9-meter drop onto an 
unyielding work layer, a 1-meter drop onto a steel piercing 
rod, full engulfment in an 800 °C fire for 30 minutes, and 
water submersion. The fuel cladding contains the extremely 
radioactive fuel pellets along with fission gases, but its 
integrity needs to be preserved with the goal to keep the 
components in the expected configuration throughout 
regulatory review. Radial hydrides can form within the fuel 

cladding under NCT, making it brittle if the temperature rises 
beyond 400 °C. If the cladding temperature rises over 570 °C 
or 750 °C after a fire, it may undergo creep deformation or 
burst rupture [6]. 

A transportation cask's body consists of a hollow 
cylinder with a minimum of three concentric levels: an outer 
steel shell that interacts with the outside atmosphere, a thick 
shielding material coating providing thermal insulation along 
with neutron absorption operations, along with an interior 
steel shell that lines the cavity where hazardous substances 
are maintained [7]. These may include vitrified trash 
packaged in steel canisters or used fuel rods wrapped in metal 
and grid-stacked into a basket housing the fuel assembly. The 
container is kept secure by a tight-fitting lid. Shock absorbers 
are mounted to both ends of the cask to maintain mechanical 
integrity in the event of a significant accident [8]. 

PCMs have generated curiosity regarding their use in 
thermal security, storing power, thermal regulation, and 
conserving electricity because of their high quantities of 
enthalpy and of their transitions from liquid to solid [9]. 
Since they collect heating/cooling thermal energy in the 
thermal circuit in addition to safeguarding the back-end 
equipment/materials from thermal runaway/overcooling, 
PCMs are frequently used as heat capacitors in thermal 
shielding. Organic PCMs are suitable for thermal barrier 
operations due to their poor thermal conductivity along with 
elevated latent heat [10]. However, organic PCM leakage 
through the solid-liquid phase transition procedure shows a 
significant impact on their application effectiveness. To 
address this problem, stable composite PCMs could be made 
by mixing PCMs with a variety of porous supporting 
substances [11]. Because of their significant heat 
conductivity, porous based on carbon supports including 
extended graphite, carbon nanotube sponge, along with 
graphene aerogels are not conducive to increasing thermal 
safeguarding efficacy [12]. 

The design of casks is crucial in the field of nuclear 
transportation for assuring the secure and safe transfer of 
radioactive materials. Our addition, which builds on the 
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current cask design, attempts to improve its characteristics 
for increased security and effectiveness. We may further 
enhance the current cask to meet changing industry 
requirements by concentrating on important factors like 
structural integrity, thermal management, real-time 
monitoring, modular design, and regulatory compliance. 
Primarily, it is crucial to reinforce the cask's structural 
integrity. We can increase its resistance to impact, corrosion, 
and environmental factors by utilizing cutting-edge materials 
like high-strength metals or composites. This improvement 
will reduce the risk of radioactive material escape by 
strengthening the cask's ability to withstand mishaps or 
occurrences during transit. Furthermore, the integrity of the 
radioactive elements depends on efficient thermal control 
inside the cask. The cask will be able to maintain constant 
inside temperatures by including better insulation materials 
and cooling technologies, notably for high-level radioactive 
waste. We can increase the overall reliability of the cask 
design by introducing passive cooling techniques that lessen 
the need for active cooling systems. 

Therefore, the present paper does a thermal study of dry 
storage facilities for spent nuclear fuel at various conditions, 
relying on designing foundation estimates and inputs to 
ensure that the peak cladding temperatures do not go over an 
established limit. Therefore, a distinctive substance for 
thermal shielding is determined depending on the thermal 
characteristics of the entire system. 
 
2 LITERATURE SURVEY 
 

Csontos et al. [13] provided the results of a double-blind 
benchmark created to estimate the accuracy of simulations of 
dry storage structures and obtain knowledge of the main 
causes of modelling inaccuracy. The DOE/EPRI High Burn 
up (HBU) project's experimental results are contrasted with 
the four entrants from this round robin. The temperature 
within the fuel is being monitored by thermocouples while it 
is kept in a bolted cask together with 32 HBU pressurized 
water reactor components. The results highlighted the need 
of improving essential uncertainty component assessments in 
modelling solutions, especially those pertaining to internal 
gap size changes. 

Zinet et al. [14] used finite element modelling to examine 
the secondary impacts of the vapour transfer mechanisms 
unique to these endothermic shielding materials. The 
framework was developed to study heat transport within a 
standard cask's wall. The framework considers mechanisms 
including evaporation, diffusion, and re-condensation of the 
water content that induce a transfer of latent heat within the 
medium. The materials under consideration include plaster, 
phenolic foam, and polyester resin compound. This 
sophisticated model's forecasts are contrasted with the results 
of a framework that just includes conduction heat transfer. It 
has been established that heating kinetics are significantly 
influenced by gas transport phenomena. Following that, the 
effects of modelling components such as material porosity 
and condensation coefficient are addressed. 

Two thermal simulations of the SNF storing casks 
CASTOR 440/84 and CASTOR 440/84M were created 

utilizing the COBRA-SFS code, an internationally 
recognized and tested code used for dry storage cask 
licensing and safety evaluation, according to Seveceka et al. 
[15].  At the Nuclear Power Plant Dukovany, the WWER-
440 SNF is being dry stored in the casks.  The SUJB 
examined and utilized both versions for assessing multiple 
problems in different configurations, primarily for licensing 
reasons.  The Czech Republic's State Office for Nuclear 
Safety is the regulatory agency in charge of awarding 
licenses for spent nuclear fuel storage and transportation 
containers (SCs) (SNF). 

Schwartz [16], According to research, the buffer's 
auxiliary minerals have a big influence on how quickly the 
copper shield corrodes. According to groundwater chemistry, 
a buffer containing calcium sulphates (gypsum or anhydrite) 
produces a Cu° corrosion depth three to eight times bigger 
than one without calcium sulphates. The existence or absence 
of iron oxides (including hematite, goethite, or lepidocrocite) 
has no influence on reactive-transport models.  Iron oxides, 
however, drastically reduce corrosion depth when present, 
according to mineral equilibrium thermodynamics. 

Dong-Won Lim et al. [17] to prevent the intrusion of an 
inert sodium area into the air-cooling space built a double-
cylinder cask. When both the weight and the shielding 
thickness were considered, the PSO technique produced a 
shielding thickness of 26 cm. We were able to assess the 
effectiveness of the shielding by calculating the radiation 
dosage of wasted fuel retrieved before and after a year of 
cooling.  Two distinct fuel locations discovered throughout 
transportation are being studied in order to address a 
functional issue in a cask drive system. As a result of the 
analysis, it is determined that the current cask design satisfies 
legal criteria when used ordinarily. 

Alsmadi et al. [18] studied the shielding capabilities of 
the majority of prevalent structurally amorphous metals 
(SAMs) for potential usage as coating barriers for radiation 
shielding and corrosion on spent fuel dry cask canister uses. 
SAM1651 possessed the greatest attenuation coefficients 
along with smallest rates of exposure at low photon 
frequencies owing to its substantial density (7.6 g/cm3) along 
with elemental content in molybdenum (Mo) and yttrium 
(Y), whereas SAM2X5 possessed the opposite property at 
elevated photon energies owing to its high density (7.6 
g/cm3) and elemental content in manganese (Mn) and 
tungsten (Si). 

Hyungjin Kim et al. [19] says that depending on the 
environment they are in, spent fuel assemblies in nuclear 
power plants may reach different peak cladding 
temperatures. Manteufel and Todreas calculate peak cladding 
temperature using three models: the Wooton-Epstein 
correlation, the current thermal conductivity approach by 
Bahney Lotz, and the two-region model. Using a two-
dimensional CFD simulation, the study measured the peak 
cladding temperatures of a Babcock and Wilcox (15 × 15 
PWR) reactor. The simulation is helpful for determining peak 
cladding temperature since it overestimates the measured 
peak cladding temperature in a used fuel dry storage cask. 
The 17 × 17 array has a more aggressive effective thermal 
conductivity than the 16 × 16 PWR spent fuel arrangement. 
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Jie Li et al. [20] says that for spent nuclear fuel 
assemblies in commercial light water reactors, the peak 
cladding temperature (PCT) is a significant metric. An 
effective thermal conductivity model, a computational fluid 
dynamics model, and a linked active thermal conductivity as 
well as edge conductance model were utilized to determine 
the PCT for spent fuel assemblies in storage or transit casks. 
The outcomes showed that the vacuum environment is more 
interesting than other gas atmospheres, as the PCT limit is 
exceeded at lower boundary temperatures for a specified 
decay heat load. This essay illustrates the PCT computations 
and contrasts the outcomes produced by various models. 

Several issues have been observed regarding the PCT in 
previous studies: 
1) Inadequate Thermal Insulation: Higher temperatures 

within the barrel during shipment may result from 
inadequate thermal insulation in the cask design. This 
may lead to higher PCT values that may exceed the 
safety thresholds established for the fuel rod cladding. 
Inadequate insulation materials or subpar insulation 
design may exacerbate this issue. 

2) Insufficient Cooling Mechanisms: To reduce the heat 
that the radioactive materials produce while being 
transported, suitable cooling systems are required. 
Temperatures may rise and PCT values may increase if 
the cooling systems inside the cask are improperly 
constructed or do not operate as intended. Poor design, 
broken equipment, or shoddy maintenance can all 
contribute to insufficient cooling. 

3) Inaccurate Temperature Predictions: For constructing 
and assessing the performance of nuclear transportation 
casks, accurate temperature distribution and PCT 
prediction is essential. However, prior study has 
demonstrated cases in which the temperature forecasts 
were wrong, resulting in an underestimating of the PCT. 
This might jeopardize the fuel rod cladding's 
transportation safety. 

4) External Environmental Factors: The external 
environment may affect the PCT during transit, 
including the temperature and sunlight exposure. Higher 
temperatures and higher PCT values can occur because 
of inadequate consideration of these parameters during 
barrel design or inadequate preventive measures. 

 
Consequently, it is evident from the study that it is 

important to construct a nuclear transportation cask with a 
high temperature resistant capacity. 
 
3 RESEARCH METHODOLOY 
 

This study suggested a unique thermal shielding for the 
secure transportation of Spent Nuclear Fuel (SNF) and tests 
its effectiveness at various temperatures using a 3D of a 
vertical dry cask built for computer simulation utilizing 
ANSYS/FLUENT. Based on suggested cask, the SNF is 
initially covered with steel, and next to that is a lead-based 
radiation shielding. The role of thermal shielding, which is 
essential for cask safety, is next discussed. The thermal 
shielding must be strong enough to prevent both the 

transmission of inside heat and the transmission of outside 
heat outdoors. Many low thermal conductive materials are in 
use, but recently PCM materials have seen significant 
application for greater SNF applicability. Uneven heat 
transmission caused by large volumetric change is one of the 
main issues with PCM. In order to provide uniform heat 
transmission, a composite PCM made of polyethylene glycol 
(PEG) and octadecanol is utilized. The suggested composite 
PCM is strengthened with CNTs to provide uniform heat 
conduction inside the PCM molecules. The CNT aids in the 
quick and equal transfer of heat energy; as a result, the 
volumetric change is uniform throughout the body of the 
cask, extending life. 

The next step is to provide a low thermal conductivity 
encapsulation in order to bind the thermal energy from a free 
flow convection process. Thus, the suggested system used 
60% of Silica aero gel together with 20% fibre glass and 20% 
TiO2 to greatly reduce convection. Low thermal conductivity 
silica aerogels are utilized to encapsulate PCMs in 
polyethylene glycol (PEG) and octadecanol with reinforced 
CNT to create composite PCMs. The suggested aerogel may 
exhibit low thermal conductivity, high latent heat, big 
compressive strength, good hydrophobicity, and higher 
thermal cycle stability when compared to traditional aerogel. 
Due to the synergistic effect between the composite PCMs' 
high latent heat also the low thermal conductivity, the 
proposed silica aerogel mix-based CNT reinforced 
composite PCMs have the potential to directly apply to the 
thermal insulation and protection device. Monolithic 
mechanically reinforced glass fibre TiO2-silica aerogel 
composites have been successfully made using two-step sol-
gel system. The main silica precursor used was methyl-tri-
meth-oxy-silane, which was joint with an environmentally 
friendly ethanol/water mixture as the solvent and dried at 
ambient pressure. In this method, the two phases are 
chemically bound together, and the silica particles take on the 
elongated shape of fibers, improves the mechanical 
properties and Young's modulus when compared to the 
traditional thermal shielding, thereby supplying an impact 
shield. 
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Figure 1 Dimensional parameter of proposed nuclear cask (all the dimension are in 

mm) 
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3.1 Modelling of Peak Cladding Temperature 
 

BWR assembly geometries: In Fig. 2, a transverse cross-
section of a B&W 9 × 9 fuel assembly, or one-fourth of an 
assembly, is shown. There are 81 wasted fuel rods in all. 
Their sheathing has an outside diameter and thickness of 
10.77 mm and 0.76 mm, correspondingly. The fuel pellet 
measures 9.06 mm in diameter. The wasted fuel assembly's 
active fuel length is 3810 mm. Tab. 1 lists the assembly 
dimensions that were utilized. 
 

Table 1 Parameter used for modelling spent nuclear cask 
Parameter 

Number of rods 79 
Rod Pitch 14.53 mm (0.572 in) 
UO2 Pellet Diameter 9.06 mm (0.3565 in) 
Cladding Outer Diameter 10.77 mm (0.424 in) 
Cladding thickness  0.76 mm (0.030 in) 
Number of water Rods 2 
Water Rod Outer Diameter 10.82 mm (0.426 in) 
Water Rod Thickness  0.81 mm (0.032 in) 
Channel Inside Width 134.06 mm (5.278 in) 

Channel thickness 2.03, 2.54, or 3.05 mm 
(0.080, 0.100, or 0.120 in) 

Channel Corner Radius  9.65 mm (0.380 in) 
Active Fuel Length  3810.0 mm (150 in ) 

 

14.53

9.65

3.0

134.06

8.91

 
Figure 2 9 × 9 Fuel cell Assemblies (all the dimension are in mm) 

 
3.2 ANSYS Thermal Model 
 

The B&W 9 × 9 BWR assembly's two-dimensional 
Thermal mesh model is shown in Fig. 4. Using symmetry, 
this model represents one quarter of an assembly. The 
method comprises the basket wall with the space between 
fuel cladding and fuel rods, supposing two planes of 
symmetry. 

A steady-state energy equation was solved consuming a 
finite volume approach and a second-order upwind 
discretization methodology, yielding the conduction and 
radiation temperature findings. The differential equations of 
the mathematical model are discretized consuming the finite 
volume technique (FVM), and the resulting algebraic 

equation system is solved by means of a segregated implicit 
solver. In order to speed up Gauss-Seidel procedure, 
calculations are first linearized and then sequentially solved 
(Hutchinson and Raithby, 1986). Using the Semi-Implicit 
Method for Pressure-Linked Equations (SIMPLE) technique, 
the pressure velocity coupling is accomplished (Patankar, 
1980). 

 

3810 

10.77

10.01

0.76

 
Figure 3 Single fuel rod parameters (all the dimension are in mm) 

 

 
Figure 4 Geometry 

 
The mass and momentum residuals must be 10‒3 and the 

energy equation must be 10‒14 for the convergence criterion 
to be met. The number 10‒14 for the energy formula was 
chosen since the net heat transfer error must be very tiny, 
signifying that a complete heat balance has been reached. 
Helium, fuel cladding, and fuel rod's thermal characteristics 
(specific heat and thermal conductivity) were believed to 
have a temperature-dependent value (KHNP, 2008). 

Radiation model: The radiation of the spent fuel 
assembly was solved using the discrete ordinates (DO) 
radiation model. For a finite number of discrete solid angles, 
each associated with a vector direction fixed in the global 
Cartesian system (x, y, and z), the discrete ordinates (DO) 
radiation model solves the radioactive transfer equation 
(RTE). The user controls the degree of angular discretization 
that is comparable to selecting the amount of rays in the 
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discrete transfer radiation model (DTRM). Ray tracing is 
absent from the DO model. The DO algorithm using a 
transport calculation instead represents the radiation intensity 
in the spatial coordinates (x, y, and z). Similar to how the 
energy and fluid flow equations were solved, so was this one.  

The DO model has the benefit of being able to be used 
for modelling non-gray banded radiation, radiation in semi-
transparent material, and all types of optical thickness. It 
remains computationally expensive and has a restricted 
amount of radiation directions, resulting in numerical 
smearing. The discrete ordinates radiation model's angular 
discretization and pixilation values have a big impact on how 
temperature behaves. Therefore, it is critical to select an 
appropriate pixilation and discretization value. In ANSYS 
(2013) and US NRC (2013), the impact of these values in 
relation to a pixilation or discretization constant is noted.  

 
3.2.1 Model Creation 
 

The ANSYS models are built for the spent fuel shown in 
Fig. 4. The PCTs were calculated using the fluent code. The 
steady-state energy formula was determined by employing 
the finite volume method and a second-order discretization 
technique, producing values for radiation as well as 
conduction temperatures. For obtaining the pressure and 
velocity fields, the steady-state conservation of momentum 
formulas was addressed utilizing a second-order upwind 
technique for natural convection/radiation computations. All 
conduction/radiation and radiation/natural convection 
scenarios were conducted to determine the impacts of natural 
convection on the BWR (9 × 9) spent fuel assembly with 
helium backfill. 

 

 
Figure 5 Meshing 

 
3.2.2 Meshing of Geometry 
 

In ANSYS, meshing is the process of turning a geometry 
into a network of nodes and elements called a finite element 
mesh. The discretization of the geometry into manageable, 
small components during the meshing process is a critical 
stage in the finite element analysis (FEA). A variety of 
meshing tools and methods are offered by ANSYS to 

produce high-quality meshes for precise and effective 
simulations. 
 

Table 2 Meshing size 
Meshing size 

Nodes 413971 
Elements 76196 

 
3.2.3 Boundary Condition 
 

Boundary conditions in ANSYS are used to specify how 
a finite element model behaves at its edges. They are 
necessary for correctly replicating real-world settings and 
producing insightful findings. You may simulate a variety of 
physical circumstances by using boundary conditions, which 
define the limits and loads that are applied to the model. 

 
Table 3 Boundary condition for material 

Steel 
Density 7850 kg/m3 
Thermal conductivity 45 W/mK 
 Specific heat 0.49 kJ/kgK 

PCM with CNT (0.5% 
of grapheme with 

erythritol) 

Density 1480 kg/m3 
Thermal conductivity 1.095 W/mK 
Specific heat 1.35 kJ/kgK 

Silica Aerogel (Silica 
+ Glassfibre + TiO2) 

Density 0.12 kg/m3 
Thermal conductivity 0.12 W/mK 
Specific heat 0.023 kJ/kgm3 

Spent Nuclear Fuel 
(SNF) 

Density 2000 kg/m3 
Thermal conductivity 0.135 W/m3 
Specific heat 2.640 kJ/kgK 

Helium 
Density 69.7 kg/m3 
Thermal conductivity 0.151 W/m3 
Specific heat 5.1926 kJ/kgK 

 
ANSYS has the tools and capabilities necessary to model 

time-dependent behaviour and heat generation. Let's examine 
transient analysis and heat production modelling, two crucial 
ANSYS concepts relating to time and heat generation. 
1) Transient Analysis: To examine a system's time-

dependent behaviour, transient analysis is performed. It 
is appropriate for simulations of dynamic events, 
transient thermal phenomena, or time-varying loads 
when the model's reaction varies over time. You may 
carry out transient analysis in ANSYS by taking into 
account the following: 

2) Time Steps: The time intervals at which the analysis will 
be conducted must be specified. You may choose the 
time step size, overall analysis time, and a number of 
other time-dependent options using ANSYS. 

3) Loads and Boundary Conditions: Changing forces or 
temperature profiles are examples of time-varying loads 
that may be imposed at various time increments. Similar 
boundary conditions that rely on time include 
temperature changes and specified displacements. 

4) Solution Method: The transient equations are solved 
numerically by ANSYS. Up until the analysis time is 
reached, the program use iterative algorithms to calculate 
the response of the model at each time step. 

 
Modelling of heat generation: Thermal analysis 

frequently involves heat generation when there are heat 
sources present, such as electrical components, chemical 
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processes, or frictional heat. ANSYS offers numerous ways 
to mimic the production of heat: 
1) Heat Sources: At particular points in the model, the 

power density or rate of heat generation can be specified. 
To do this, either provide the heat generation value or 
take into consideration internal heat generation by 
employing the right material attributes. 

2) Joule Heating: The resistance of conductive materials to 
electrical current causes joule heating in electrical 
systems. By defining electrical current and resistive 
qualities, ANSYS enables you to add the impacts of joule 
heating. 

3) Radiation and Convection: Heat transmission by 
radiation and convection may be modelled using 
ANSYS. Boundary conditions that take radiation or 
convective heat transfer coefficients into account for heat 
exchange with the surroundings can be defined. 

4) Thermal Material Properties: For a realistic 
representation of material thermal behaviours, ANSYS 
offers a wide variety of material models and attributes. 
These characteristics, including thermal conductivity, 
specific heat, and thermal expansion, are very important 
in models of heat generation and transport. 

 
ANSYS enables you to simulate and evaluate time-

dependent thermal phenomena, including heat sources, 
temperature changes, and transient behaviours in diverse 
engineering applications. This is done by integrating 
transient analysis with suitable heat generating modelling 
approaches. 
 

3.2.4 Setup 
 

Configure the thermal solver settings, such as selecting 
the appropriate solver (e.g., steady-state or transient), 
specifying convergence criteria, and defining solution 
methods. 

Transient Thermal: Transient thermal analysis in 
ANSYS Thermal is a powerful tool for studying temperature 
changes over time in a system. It allows engineers and 
researchers to simulate and analyse transient heat transfer 
phenomena, such as how a system responds to sudden 
temperature changes or how long it takes a system to reach 
thermal equilibrium. The process begins with creating or 
importing the system's geometry into ANSYS and generating 
an appropriate mesh. Next, thermal properties like 
conductivity, specific heat, and density are defined for the 
materials involved. Boundary conditions are then specified, 
including initial temperature distribution, prescribed 
temperature changes, heat fluxes, and radiation effects. 
Solver settings are configured, such as the time step size and 
convergence criteria. The transient analysis is then solved, 
with ANSYS iterating through time steps to solve the heat 
transfer equations and update the temperature distribution. 
Finally, post-processing tools in ANSYS allow for in-depth 
analysis and visualization of the results, including 
temperature distribution, heat fluxes, and other relevant 
quantities at different time points. By following these steps, 
engineers can gain valuable insights into the transient thermal 
behaviour of their systems and make informed decisions for 
design improvements or optimization. 

 

 
Figure 6 Time step with heat generation 

 
4 RESULT AND DISCUSSIO 
 

Peak cladding temperature (PCT) is the highest 
temperature that the protective covering of a nuclear fuel rod 
can reach under regular or unusual operational 
circumstances. Inside a nuclear reactor, the fuel rods house 
fuel pellets that produce heat through fission. This protective 
covering, often crafted from materials such as zirconium 

alloy, envelops the fuel pellets, acting as a shield to keep 
them in place and prevent the dispersion of radioactive 
substances. 

 
4.1 For 25 °C and 100 W Heat Generation 
 

In Fig. 7, the output of the nuclear cask is presented 
under conditions of a 25 °C ambient temperature and an 
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internal heat production of 100 W. The graph indicates that 
the highest temperature reached by the cladding is 23 °C. 
 

 
Figure 7 Analysis for 25 °C and 100 W heat generation 

 
4.2  For 25 °C and 800 W Heat Generation 
 

The graph in Fig. 8 displays the performance of the 
nuclear cask under specific conditions: an ambient 
temperature of 25°C and an internal heat generation of 800 
W. It reveals that the Peak cladding temperature reached 
24°C. 
 

 
Figure 8 Analysis for 25 °C and 800 W heat generation 

 
4.3 For 25 °C and 2000 W Heat Generation 
 

In Fig. 9, the graph illustrates the output of a nuclear cask 
when subjected to an ambient temperature of 25 °C and an 
internal heat production of 2000 W. As indicated by the 
graph, the highest temperature reached by the cladding is 28 
°C. 
 

 
Figure 9 Analysis for 25 °C and 2000 W heat generation 

 
4.4 For 400 °C and 100W Heat Generation 
 

In Fig. 10, the nuclear cask's performance is depicted, 
indicating an internal heat generation rate of 100 W and an 
ambient temperature of 400 °C. The graph exhibits a 
maximum cladding temperature of 253 °C. 

 
Figure 10 Analysis for 400 °C and 100 W heat generation 

 
4.5 For 400 °C and 800 W Heat Generation 
 

In Fig. 11, the graph illustrates the output of the nuclear 
cask when subjected to a 400 °C ambient temperature and an 
internal heat production of 800 watts. Specifically, it shows 
a high cladding temperature of 320 °C as depicted on the 
graph. 
 

 
Figure 11 Analysis for 400 °C and 800 W heat generation 

 
4.6 For 400 °C and 2000 W Heat Generation 
 

In Fig. 12, the output of the nuclear cask is depicted 
under specific conditions: an internal heat generation of 2000 
W and an ambient temperature of 400 °C. The graph 
indicates that the cladding temperature reaches a high of 356 
°C. 
 

 
Figure 12 Analysis for 400 °C and 2000 W heat generation 

 
4.7 For 800 °C and 100 W Heat Generation 
 

 
Figure 13 Analysis for 800 °C and 100 W heat generation 

 
In Fig. 13, the graph illustrates the output of the nuclear 

cask under specific conditions: an ambient temperature of 
800 °C and an internal heat production of 100 W. The graph 
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highlights a notable high cladding temperature, reaching 497 
°C. 
 
4.8 For 800 °C and 800 W Heat Generation 
 

In Fig. 14, the data illustrates the output of a nuclear cask 
under specific conditions. With an internal heat generation of 
800 W and an ambient temperature of 800 °C, the graph 
indicates a peak cladding temperature of 636 °C. 
 

 
Figure 14 Analysis for 800 °C and 800 W heat generation 

 
4.9 For 800 °C and 2000 W Heat Generation 
 

 
Figure 15 Analysis for 800 °C and 2000 W heat generation 

Fig. 15 illustrates the performance of the nuclear barrel, 
showing an internal heat generation of 2000 W and an 
ambient temperature of 800 °C. The graph displays a 
maximum cladding temperature of 708 °C. 

The Peak Cladding Temperature (PCT) for a BWR (9 × 
9) spent fuel assembly in each environment are shown in Tab. 
4 based on the ETC correlations. Again, the vacuum 
environment produces the greatest PCTs, whereas the helium 
atmosphere produces the lowest PCTs. 
 

Table 4 Calculated PCTs for a BWR spent fuel assembly 
Temperature 

(°C)/Internal heat 
(W) 

100 200 400 600 800 1000 1250 1500 2000 

25 23 24 24 24 24 25 26 27 28 
100 69 74 78 81 83 85 87 89 91 
200 130 141 150 157 163 168 172 176 179 
300 192 210 222 233 242 250 257 263 268 
400 253 277 294 308 320 331 340 349 356 
500 314 343 365 384 400 413 425 435 444 
600 375 411 438 460 478 495 509 522 532 
700 436 478 509 535 557 576 593 608 620 
800 497 545 581 611 636 658 677 694 708 

 
5 COMPARATIVE ANALYSIS 

 
The suggested study has been evaluated against prior 

research, as displayed in the Tab. 5. We can conclude from 
this work that PCM is a suitable material for use in nuclear 
transportation casks because the table clearly shows that our 
proposed cask with PCM has higher thermal shielding than 
other materials like zirconium, which has higher thermal 
resistance and corrosion resistance but was a bit unstable for 
higher and longer use. 

 
Table 5 Comparative analysis 

Research work Temperature (oC)/Internal heat (W) 200 400 800 1000 1250 1500 
Hyungjin Kim et al. [19] 300 315.7 330.6 344.8 358.5 371.5 384.1 
Jie Li et al. [20] 300 303 305 310 313 319 325 
Bahney et al. [21] 300 303 306 309 313 316 319 

Proposed work 300 210 222 242 250 257 263 
 
6 CONCLUSION 
 

In a 2D ANSYS simulation based on the FLUENT code, 
the suggested framework was used to estimate the peak 
cladding temperature along with the efficient thermal 
conductivity for up to 9 × 9 BWR spent fuel assemblies under 
helium backfill gas. They were evaluated using a range of 
assembly heat loads with basket wall temperatures. The 
ANSYS simulation's peak cladding temperatures were 
compared to the traditional technique's cladding 
temperatures. 

 The peak cladding temperatures as well as the efficient 
thermal conductivity of spent fuel assemblies utilized in 
Koodankulam NPPs are being investigated utilizing ANSY 
Thermal modeling. They were calculated using the 9 × 9 
PWR spent fuel assemblies. For this simulation, the assembly 
heat load ranged from 100 to 2000 W. The simulation 
findings for peak cladding temperatures are identical, but the 
temperature drop variance among the three arrays happens 
very minimally at all basket wall temperatures. The efficient 

thermal conductivity computed from the 9 × 9 BWR spent 
fuel assembly data is more conservative than typical 
shielding found in the literature at a normal operating 
temperature for spent fuel transportation/storage casks. In the 
future, we would like to concentrate on the development of 
improved thermal management technologies, such as passive 
or active cooling approaches, to effectively disperse heat 
created during travel. 
 
Acknowledgements 
 

The authors would like to thank the Deanship of 
Universiti Teknologi Malaysia for supporting this work. 
 
7 REFERENCES 
 
[1]  Kurniawan, T. A., Othman, M. H. D., Singh, D., Avtar, R., 

Hwang, G. H., Setiadi, T. & Lo, W. H. (2022). Technological 
solutions for long-term storage of partially used nuclear waste: 
A critical review. Annals of Nuclear Energy, 166, 108736. 



Girish Venkatesh Gudi et al.: Design and Analysis of Nuclear Transportation Cask Using Phase Changing Material 

118                                                                                                                                                                               TECHNICAL JOURNAL 19, 1(2025), 110-118 

 https://doi.org/10.1016/j.anucene.2021.108736 
[2]  Alyokhina, S. (2018). Thermal analysis of certain accident 

conditions of dry spent nuclear fuel storage. Nuclear 
Engineering and Technology, 50(5), 717-723. 

 https://doi.org/10.1016/j.net.2018.03.002 
[3]  Kim, T., Kim, K., Lee, D., Na, T., Chung, S. & Kim, Y. (2022). 

Conceptual Design, Development, and Preliminary Safety 
Evaluation of a PWR Dry Storage Module for Spent Nuclear 
Fuel. Applied Sciences, 12(9), 4587. 

 https://doi.org/10.3390/app12094587 
[4]  Burns, J. R., Hernandez, R., Terrani, K. A., Nelson, A. T. & 

Brown, N. R. (2020). Reactor and fuel cycle performance of 
light water reactor fuel with 235U enrichments above 5%. 
Annals of Nuclear Energy, 142, 107423. 

 https://doi.org/10.1016/j.anucene.2020.107423 
[5]  Shama, A., Rochman, D., Caruso, S. & Pautz, A. (2022). 

Validation of spent nuclear fuel decay heat calculations using 
Polaris, ORIGEN and CASMO5. Annals of Nuclear Energy, 
165, 108758. https://doi.org/10.1016/j.anucene.2021.108758 

[6]  Lee, D. & Diaconeasa, M. A. (2022). Preliminary Siting, 
Operations, and Transportation Considerations for Licensing 
Fission Batteries in the United States. Eng., 3(3), 373-386. 

[7]  Jeong, G., Kim, S. & Lee, S. (2022). Development of Model to 
Evaluate Thermal Fluid Flow around a Submerged 
Transportation Cask of Spent Nuclear Fuel in the Deep Sea. 
Journal of Nuclear Fuel Cycle and Waste Technology, Corpus 
ID: 256163523.  
https://doi.org/ https://doi.org/10.7733/jnfcwt.2022.043 

[8]  Rodríguez-Penalonga, L. & Moratilla Soria, B. Y. (2017). A 
review of the nuclear fuel cycle strategies and the spent nuclear 
fuel management technologies. Energies, 10(8), 1235. 

 https://doi.org/10.3390/en10081235 
[9]  Abdelgaied, M., Attia, M. E. H., Kabeel, A. E. & Zayed, M. E. 

(2022). Improving the thermo-economic performance of 
hemispherical solar distiller using copper oxide nanofluids and 
phase change materials: Experimental and theoretical 
investigation. Solar Energy Materials and Solar Cells, 238, 
111596. https://doi.org/10.1016/j.solmat.2022.111596 

[10] Yousefi, E., Nejad, A. A., & Rezania, A. (2022). Higher power 
output in thermoelectric generator integrated with phase 
change material and metal foams under transient boundary 
condition. Energy, 256, 124644. 

 https://doi.org/10.1016/j.energy.2022.124644 
[11] Zhang, J., Cao, Z., Huang, S., Huang, X., Liang, K., Yang, Y. 

& Wen, C. (2022). Improving the melting performance of 
phase change materials using novel fins and nanoparticles in 
tubular energy storage systems. Applied Energy, 322, 119416. 

 https://doi.org/10.1016/j.apenergy.2022.119416 
[12] Li, Y., Huang, X., Wang, J., Lv, F., Jiang, S. & Wang, G. 

(2022). Enzymolysis-treated wood-derived hierarchical porous 
carbon for fluorescence-functionalized phase change materials. 
Composites Part B: Engineering, 234, 109735. 

 https://doi.org/10.1016/j.compositesb.2022.109735 
[13] Csontos, A. A., Waldrop, K., Durbin, S., Hanson, B. D., 

Broussard, J. E. & Lenci, G. (2018). Spent Fuel Dry Storage 
Cask Thermal Modelling Round Robin.  
https://api.semanticscholar.org/CorpusID:211483369. 

[14] Zinet, M., Ghazal, R., Issard, H. & Bardon, O. (2019). Spent 
fuel transportation cask under accidental fire conditions: 
Numerical analysis of gas transport phenomena affecting heat 
transfer in shielding materials. Progress in Nuclear Energy, 
117, 103045. https://doi.org/10.1016/j.pnucene.2019.103045 

[15] Ševečeka, M., Valacha, M. & Leeb, C. H. (2020). Thermal 
analysis of dry storage and transportation casks castor using 
COBRA-SFS. Acta Polytechnica CTU Proceedings, 28, 32-41. 

 https://doi.org/10.14311/APP.2020.28.0032 
[16] Schwartz, M. O. (2021). Corrosion-Enhancing and Corrosion-

Reducing Accessories in Bentonite Surrounding Copper-
Shielded Containers for Nuclear Waste. Journal of Hazardous, 
Toxic, and Radioactive Waste, 25(4), 04021024. 

 https://doi.org/10.1061/(ASCE)HZ.2153-5515.0000628 
[17] Lim, D. W., Lee, C. W., Lim, J. Y. & Hartanto, D. (2019). On 

the Particle Swarm Optimization of cask shielding design for a 
prototype Sodium-cooled Fast Reactor. Nuclear Engineering 
and Technology, 51(1), 284-292. 

 https://doi.org/10.1016/j.net.2018.09.007 
[18] Alsmadi, Z. Y. & Bourham, M. A. (2022). An assessment of 

protective coating dry cask canisters with structurally 
amorphous metals (SAMs) for enhanced radiation shielding. 
Nuclear Engineering and Design, 388, 111647. 

 https://doi.org/10.1016/j.nucengdes.2022.111647 
[19] Kim, H., Kwon, O. J., Kang, G. U. & Lee, D. G. (2014). 

Comparisons of prediction methods for peak cladding 
temperature and effective thermal conductivity in spent fuel 
assemblies of transportation/storage casks. Annals of Nuclear 
Energy, 71, 427-435. 

 https://doi.org/10.1016/j.anucene.2014.04.004 
[20] Li, J., Murakami, H., Liu, Y., Gomez, P. E. A., Gudipati, M. & 

Greiner, M. (2007). Peak cladding temperature in a spent fuel 
storage or transportation cask. Proceedings of the 15th 
International Symposium on the Packaging and Transportation 
of Radioactive Materials, 21-26. 

[21] Bahney, R. H. & Lotz, T. L. (1996). Spent nuclear fuel effective 
thermal conductivity report. Prepared for the US DOE, Yucca 
Mountain Site Characterization Project Office by TRW 
Environmental Safety Systems, Inc. 

 
 
Authors’ contacts: 
 
Girish Venkatesh Gudi, Research Scholar 
(Corresponding author) 
Department of Mechanical Engineering, 
Guru Nanak Dev Engineering College, 
Mailur Rd, Mailoor, Karnataka, Bidar 585403, India 
E-mail: scholar.girishvenkateshgudi@gmail.com 
girishgudi@gmail.com 
 
R. G. Nagraj, Dr. 
Guru Nanak Dev Engineering College, 
Mailur Rd, Mailoor, Karnataka, Bidar 585403, India 
dr.abhijitd@dpcoepune.edu.in 
 
Abhijit Dandavate, Dr. Research Scholar 
Department of Automobile Engineering,  
Dhole Patil College of Engineering,  
1284, Near Kharadi EON IT Prak,  
Dhole Patil College Road, Wagholi, Pune 412207, India 
nagugr@gndecb.ac.in 
 



TEHNIČKI GLASNIK 19, 1(2025), 119-126                                            119 

ISSN 1846-6168 (Print), ISSN 1848-5588 (Online) Preliminary communication 
https://doi.org/10.31803/tg-20231220092909 Received: 2023-12-20, Accepted: 2024-01-23 

 
 

Safety Work as a Factor in Reducing the Number of Injuries of Tractor Operators 
 

Tomislav Jurić, Mislav Jurić, Ivan Vidaković, Željko Barač* 
 

Abstract: Modern agricultural production requires the use of agricultural machinery. Among all agricultural machines, the tractor is one of the most frequently used agricultural 
machines. In this paper, we perform a literature review and explore various safety hazards a tractor operator is exposed to. Next, we present the results of a work safety related 
survey we conducted in Osijek-Baranja and Vukovar-Srijem counties. We conclude the paper with a list of safety related observations we derived from our research.  
 
Keywords: ergonomics; health; operators; safe; tractor 
 
 
1 INTRODUCTION 
 

Modern agricultural production must ensure the 
production of quality, quantitatively sufficient and market 
competitive food. For the most part, manufacturing processes 
in agricultural production are mechanized, which implies the 
use of sophisticated machines. By increasing the level of 
mechanization of a certain process, we reduce the percentage 
of human labor within them, which contributes to lower 
injury occurrences in workers who take part in the process. 

Agricultural production is specific in that: 
- production takes place in the open, 
- technological processes are conducted mostly by driving 

an agricultural aggregate over the production area, 
- doing certain technical operations is time constrained 

due to optimal agrotechnical deadlines, 
- agricultural machinery is applied on multitude of terrains 

(plain, gentle slopes, big slopes), 
- the machines used have seasonal character (except 

tractors), so they remain out of use for a while, 
- work is usually done on surfaces which are significantly 

dislocated from urban environments, and frequently, to 
reach the production surfaces, the worker must traverse 
roads that were created by the movement of agricultural 
machines and are not suitable for the movement of most 
road vehicles (weighers) 

- most frequently the work is being done by only one 
person (agricultural tractor operator), 

- the work is conducted in spite of unfavourable weather 
conditions (fog, snow) when the visibility is lowered, 

- in production they use protective agents and mineral 
fertilizers that are aggressive and harmful to human 
health and, 

- children participate in agricultural work. 
 
On the production surface usually, there is only the 

tractor operator who operates the aggregate (common in 
family farms). Therefore, the problem of the tractor operator 
injuring themselves is complicated by the fact that the 
operator has no other choice, but to give themselves first aid, 
call for medical assistance and wait for their arrival. 
Furthermore, very often the tractor is being operated by 
persons who are not acquainted with potential dangers that 

could occur to the operator (they were not trained to operate 
the tractor safely). 

Agricultural tractor, as a fundamental agricultural 
machine, is used in nearly all branches of agricultural 
production (farming, animal husbandry, fruit growing and 
viticulture, and vegetable growing). It is intended for towing, 
powering attached machines, carrying attached tools and 
devices, and for transport. Modern agricultural tractors, 
technologically perfected, in addition to an educated 
operator, require well-organized servicing and preventive 
maintenance, which, if conducted regularly, will avoid the 
occurrence of breakdowns, ensure high operational reliability 
of the tractor, extend the service life and reduce the 
possibility of injury to the operator during operation. 
Employee injuries while performing certain production 
processes certainly have economic, health, social and 
organizational consequences. 

The aim of this paper is to provide an overview of the 
dangers and harms to which agricultural tractor operators and 
persons working in agriculture are exposed, and to present 
the results of research into the safe operation of agricultural 
tractor operators. 
 
1.1 Literature Review 
 

During work, the operator of the agricultural tractor is 
exposed to the negative influence of numerous factors, which 
results in a decrease in the performance and quality of the 
work performed, the appearance of fatigue of the operator, 
which, along with a decrease in concentration, very often 
ends in their injury at the workplace. 

In parts of the production process where we still have a 
significant share of human labor (auxiliary workers who fill 
the containers of mineral fertilizer spreaders with fertilizer, 
that is, the containers of seed drills with seeds, etc.), there is 
a risk of injury to participants in the production process 
during work. 

Very often, injuries are the result of the carelessness of 
the operator (who does not notice another person in the 
working area around the tractor and thus the tractor runs into 
people or the tractor passes over certain extremities) or the 
person who performs the work of an auxiliary worker. 
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One of the specifics of agricultural production (on family 
farms) is the participation of children in production processes 
and their injury during work. 

Investigating children's injuries while doing agricultural 
work in Požega-Slavonia County, authors [1] are found that 
as many as 30.6 % of respondents (out of 188 children) 
suffered minor or serious injuries. A special problem 
regarding the safety of children and adult members of 
agricultural households is manifested in the fact that 
monitoring measures (application of regulations, measures 
and protection rules) of the existing laws cannot be 
implemented over them, since they are not employed, and in 
order to reduce the number of injuries to children, it would 
be beneficial to educate the parents about working in a safe 
way, note the same authors. 

Injuries of persons working in agriculture can occur: 
-  While coming to work, 
-  While working with a tractor and other self-propelled 

machines, 
-  During work on the supply of agricultural machinery 

(auxiliary workers), 
-  During troubleshooting of tractors, self-propelled and 

attachment machines, 
-  While participating in road traffic, 
-  While going to the production area and returning from it, 
-  During work with protective equipment, 
-  Due to fatigue, 
-  Due to recklessness, 
-  Due to inexperience, 
-  Due to alcohol and intoxicants, 
-  While returning from work, 
-  Inappropriate work speed, 
-  Bad weather conditions during work, 
-  Difficult working conditions (working on sloping 

ground, movement on soil with high humidity, etc.) and 
-  Lack of expertise (the tractor is driven by people who 

don't have a driver’s license). 
 
Authors [2] are citing similar causes of injuries, indicate 

the need for continuous education of tractor operators 
through courses, regarding the proper use and maintenance 
of machines. Courses should be organized with the 
participation of all relevant institutions and associations. 

Authors [3] are determine the factors that increase the 
risk of accidents with a tragic outcome in agriculture (tractor 
without a safety cabin, older age, people working alone, road, 
slope of roads and paths, canals and obstacles, tractor 
manoeuvres, traffic, single-axle tractors, trailer, repairs, too 
much load, falls, excessive amount of alcohol in the blood). 
The most dominant factors are the lack of a safety cabin in 
the event of a rollover, driving on roads and paths, and older 
age. 

Operators and people working in agriculture are mainly 
exposed to mechanical hazards while working with tractors 
and other agricultural machines by authors [4]. The high 
incidence of injuries while working with machines is 
influenced by their age and correctness, the operator's work 
experience, fatigue and possible alcohol consumption during 
work. Therefore, it is necessary to educate all household 

members regarding the dangers they are exposed to during 
work, the consequences of their actions, as well as the correct 
use of machines and pesticides, note the same authors. 

The largest number of injuries that occur during work in 
agricultural households are the result of mechanical hazards 
when working with agricultural machines and tools, and the 
main factors for the occurrence of these are the technical 
malfunction of the machines and the ability and condition of 
the operator (fatigue, alcoholism, etc.) by author [5]. 

Investigating injuries in agriculture in the United 
Kingdom (UK), author [6] are notes that injuries with a tragic 
outcome most often occur when working with machines, due 
to falls from a height and due to electric shock. The highest 
number of accidents during the year occur in the months of 
July, August and September, and the number of accidents in 
agriculture is significantly higher than in most other 
industries, notes the same author. 

Analyzing a multi-year period (2004-2013) in which 
2.892 traffic accidents involving tractors occurred, by 
authors [7] are state that the biggest cause of accidents with 
a tragic outcome was a tractor without a safety cab. Most of 
the accidents happened on intercity roads. The age of the 
operator over 45 is a factor that increases the probability of 
an accident, the authors warn. 

Authors [8] are analyzing tractor accidents in agriculture 
and forestry in the Czech Republic with serious injuries and 
fatal outcomes, state that in the interval from 2009 to 2018, 
89 accidents occurred, of which 72 accidents were with 
severe (serious injuries) and 17 accidents with tragic 
consequences. In all accidents, the tractors were driven by 
men, and the most common cause of accidents was non-
compliance with the rules. 

Authors [9] are analyzed agricultural accidents in the 
Republic of Austria (2008-2010) caused by tractors, self-
propelled harvesting machines and transport machines and 
found that 1/3 of the accidents occurred due to overturning of 
the vehicle, and more than 10 % of the accidents that 
occurred is due to technical problems, slippery or muddy 
surfaces or poor vehicle handling. 

Investigating the consequences of accidents that 
occurred while working with a tractor, authors [10] in the 
period from 1999 to 2003 in the Republic of Macedonia, 
found that out of a total of 101 tragically injured persons, 
56.44 % were killed in traffic, and 43.56 % during work. The 
older age of the operator results in reduced sensory and 
psychomotor abilities, which leads to a higher number of 
injuries with a tragic outcome, according to the same authors. 

Regular maintenance measures ensure the technical 
correctness of the tractor and the machine that is aggregated 
with the tractor, and since they are performed before the start 
of work, they should reduce the possibility of injury. 
Furthermore, these measures ensure the technical correctness 
of the tractor as a participant in road traffic. The number of 
traffic accidents involving tractors, the number of fatalities 
and injured persons are presented in Tab. 1. 

The number of traffic accidents involving tractors has a 
decreasing trend from 360 accidents (2015) to 334 accidents 
(2019). The number of people killed compared to 2015 (5 
people) managed to decrease to 3 people killed in 2017, but, 
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unfortunately, during 2018 and 2019, it increased to 9 people 
killed. The number of severely injured and slightly injured 
persons increased in 2018 and 2019 compared to 2015. 

 
Table 1 Number of traffic accidents involving tractors, number of fatalities, seriously 

injured and slightly injured persons for the period 2015-2019 [11] 

Year 
Number of traffic 

accidents 
involving tractors 

Number of 
people killed 
in an accident 

Number of 
seriously 
injured 
persons 

Number of 
persons who 

suffered minor 
injuries 

2019 334 9 28 56 
2018 337 9 31 51 
2017 334 3 21 48 
2016 362 5 29 51 
2015 360 5 18 40 

 
Investigating the implementation of maintenance 

measures on family farms, Authors [12] are indicate that they 
are not performed well, which will certainly increase the 
possibility of tractor breakdowns, as well as traffic accidents, 
since tractors participate in road traffic. 

In order to determine the agricultural tractor as a traffic 
safety factor, authors [13] are conducted research by 
surveying 107 family farms, where they found a high average 
age of tractors (17.7 years) and a high percentage of 
unregistered tractors (52.79 %) on family farms. The fact that 
even 23.33 % of technically defective tractors participated in 
public traffic is also worrying, according to the same authors. 

By fulfilling the ergonomic requirements, to the greatest 
extent, the modern constructions of agricultural tractors 
enable comfortable, health-safe work, reducing the 
possibility of injury of the operator to a minimum. 
Unobstructed entry and exit to the workplace (minimizing the 
possibility of injury) is ensured by the installation of 
handrails and steps and ladders on tractors and self-propelled 
agricultural machines. In order to reduce the possibility of 
injury, the steps must have a high coefficient of friction with 
the sole of the shoe, the distance between the steps should be 
uniform, and the first step should be easily visible (even at 
night) to avoid the possibility of missing it when leaving the 
cabin [14]. 

Authors [15] are defined the minimum size of the 
workspace (Fig. 1) of the operator of the agricultural tractor, 
which must provide him with unhindered movements of his 
hands and feet, and at the same time be spacious enough so 
that the tractor driver is not injured. 
 

 
Figure 1 Minimum values of the size of the workspace 

 
Mechanical vibrations at the operator's workplace are the 

result of the tractor's movement, the operation of individual 
tractor assemblies (engine, transmission), the operation of the 

attached machine, etc. The negative impact of mechanical 
vibrations on the operator is manifested in their traumatic 
injuries at the place of their impact (direct impact) and 
indirect impact on nerves and nerve endings, which often 
results in disorders of the circulatory system, bones, nervous 
system, bones, joints, muscles, stomach, balance and others 
by authors [16]. 

The problem of mechanical vibrations is being solved by 
active and passive protection measures by author [17]. Active 
protection measures include: suspension of the front axle of 
the tractor, suspension of the entire tractor, an increase in the 
weight of the tractor and newer tire designs. In contrast to 
active measures, passive protection measures include the 
suspension of the tractor seat and the tractor cabin. 

The limit and warning values of daily exposure during 
the operator's eight-hour working time to the hand-fist 
system are 5 ms‒2 and 2.5 ms‒2, respectively, and to the 
operator's trunk 1.15 ms‒2 and 0.5 ms‒2, [18, 19]. 
Investigating the level of vibrations of the hull that affects the 
operator when moving the tractor on different agrotechnical 
surfaces, seat materials and movement speeds, it was 
determined that not a single measured value exceeded the 
permissible limit value of 1.15 ms-2 by authors [20]. The level 
of vibrations that affect the hand-arm system of the operator, 
when moving the tractor on different agrotechnical surfaces 
and at different speeds of movement, increases with the 
greater number of working hours of the tractor by authors 
[21]. The same authors indicate that all measured values did 
not exceed the permissible limit value of 5 ms‒2. 

Noise is any unwanted sound that causes operator 
fatigue, reduced concentration, orientation problems, 
reduced ability to receive sound notifications and safety at 
work by authors [22]. Noise at the operator's workplace is a 
consequence of the operation of the engine, the operation of 
the transmission elements, the operation of the air intake 
system and the exhaust system, the operation of the hydraulic 
system, and vibrations due to the movement of the tractor on 
the production surfaces and vibrations of individual parts of 
the tractor [17]. The noise level at the tractor operator's 
workplace should not exceed 85 dB, otherwise the operator's 
hearing may be damaged. 

Tractor cabs should be lined with material that absorbs 
sound well, and if the noise level is still above 85 dB at the 
operator's place, the operator should use personal protection 
against noise (ear plugs, ear protectors, etc.). Noise 
generation is certainly affected by the age of the tractor and 
the quality of its maintenance. 

By measuring the noise inside and outside the operator's 
cabin at different engine revolutions (1100, 1800 and 2200 
rpm‒1) and when standing and moving in relation to the 
number of working hours, it was determined that with the 
increase in the number of working hours’ noise increases, 
except for external noise at 2200 min‒1 when standing and 
moving. None of the measured values exceeded 80 dB, which 
is favourable in terms of operator protection and safety by 
authors [23]. 

Agricultural machines work in an environment where 
there is a significant amount of dust. Dust in agriculture is 



Tomislav Jurić et al.: Safety Work as a Factor in Reducing the Number of Injuries of Tractor Operators 

122                                                                                                                                                                               TECHNICAL JOURNAL 19, 1(2025), 119-126 

generated during tillage and harvesting by author [24]. In 
order to prevent dust from entering the tractor cabin 
(operator's workspace), filters are installed in it, through 
which the surrounding air passes before entering. If this 
protection is not sufficient, the operator must use a protective 
mask or a protective visor. 

During work, the operator must be provided with 
favourable microclimatic conditions. Ensuring these 
conditions is complicated by the limited volume of the tractor 
cabin, large glass surfaces (windows and doors), working 
under a clear sky (exposure to solar radiation), heat radiation 
from the engine, etc. 

If the operator is exposed to high temperatures at the 
workplace, this may result in heat stroke, and low 
temperatures may result in the freezing of certain parts of the 
body. In order for the operator to feel comfortable at the 
workplace, the air temperature must be 18-20 °C in the winter 
or 24-27 °C in the summer, the air flow speed 0.1 - 0.5 ms‒1, 
and the relative humidity 30 - 65 %, by author [25]. 

Modern constructions of tractors are equipped with 
cooling devices, cabins are lined with thermal insulation 
materials, which, along with the use of tinted and bevelled 
glass, as well as blinds and shades, provides the operator with 
favourable working conditions due to the microclimate. 

When applying pesticides and other protective agents 
and mineral fertilizers, the operator may come into contact 
with dangerous substances. In addition to harmful 
substances, there is a risk of exhaust gasses entering the 
cabin, which contains carbon monoxide among other 
dangerous and harmful gasses. 

During the application of protective agents (spraying, 
spraying), aerosol droplets are formed, which must never 
reach the operator's workplace. Therefore, the surrounding 
air will pass through a filter before entering the cabin. To 
prevent the entry of dangerous particles into the cabin 
through the openings through which the control levers, 
hydraulic hoses, etc. pass, seals must be correct, and there 
must be a certain overpressure in the cabin. Unfortunately, in 
practice, operators sometimes know how to perform 
treatments with the cabin door open and without applying 
personal protective equipment, which leads to damage to 
their health. Regular and high-quality measures of service 
and preventive maintenance are important factors for 
ensuring favourable working conditions regarding the 
protection of operators from dangerous substances by authors 
[15]. 

During operation, the operator must monitor the 
measuring and control instruments on the control panel in the 
tractor, the space in front, on the side and behind the tractor, 
and control the operation of the attachment device (with 
which the tractor is aggregated). On modern tractors, the 
glazed surfaces of the tractor cabin have been increased to 
the maximum in order to reduce the possibility of injuries 
during operation and to increase the visibility of the space in 
front, on the side and behind the tractor. The tractor is 
equipped with internal and external mirrors, lights and a 
device for washing and defrosting the windshield in order to 
work safely in the day and in the night. These structural 
solutions have reduced the invisible surfaces from the 

operator's workplace. Further development of agricultural 
tractor structures with the aim of improving visibility is 
focused on the application of cameras and sensors for the part 
of the space that is outside the operator's field of vision (blind 
spot). These systems detect a person who is in the tractor's 
trajectory, stop the tractor and thus prevent accidents by 
authors [26]. 

During operation, the tractor aggregates (tractor units) 
move on production surfaces on different reliefs (plains, 
smaller slopes and larger slopes). The best results of the 
operation of the tractor unit are achieved during operation on 
flat terrain, where we have good stability of the unit, less load 
on the tractor operator, lower fuel consumption, good 
efficiency of the unit, etc. Working on gentle inclines results 
in a decrease in the stability of the unit, an increased load on 
the operator, higher fuel consumption, a decrease in 
efficiency, etc. The worst results are achieved during the 
operation of the unit on higher slopes. 

During rest and movement of tractor aggregates, the 
reaction values of the ground on the front and rear axles of 
the tractor also change, and their values are certainly affected 
by the ground on which the aggregate moves (flat surface, 
rise or slope), attachment tool or machine aggregated with 
the tractor. Although the tractor manufacturers have defined 
in their instructions the permitted slopes and climbs on which 
the tractors may move during operation, very often the tractor 
overturns and injures the operator. The most common reason 
for this is the neglect of this data due to the self-confidence 
of the operator ("I can do it, nothing will happen to me"), 
inexperience, the work of a minor or a person who 
occasionally drives the tractor, etc. 

Due to their construction, tractors have a high center of 
gravity, which makes them unstable, and tractor overturning 
is the main factor in accidents by author [27]. 

In the Republic of Croatia, a safety cabin or safety frame 
is mandatory on all tractors registered for the first time after 
January 1, 1983 [28]. 

Very often, injuries during tractor operation occur: 
• Due to the side overturning of the tractor or 
• Longitudinal overturning of the tractor (ascent or slope). 

 
The stability of the tractor is influenced by the following 

factors [15]: 
• Linear tractor scale 
• Magnitude, direction and direction of the forces acting 

on the tractor 
• The slope of the ground and the direction of movement 

of the tractor (uphill or downhill). 
 
Lateral overturning of a tractor moving on a slope, Fig. 

2, will occur at the moment when the normal reaction of the 
ground at the point of the wheel that is in a higher position 
(the right wheel during the slope of the ground to the left side) 
is equal to zero (N1 = 0). Therefore, the beginning of the 
tractor overturning with regard to point 2 is at the moment 
when: 
 
Ghc sinα = 0,5G (B+b) cosα                                                (1) 
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Figure 2 Movement of the tractor on a side-sloping surface 

 
Where: G – tractor weight, N; B – wheel spacing, m; b – 

pneumatics width, m; hc – the height of the tractor's center of 
gravity, m; α – angle of inclination of the surface, °. 

The tractor's side tipping can sometimes be preceded by 
the tractor's side drift. The values that influence the increase 
or decrease of the risk of lateral overturning are: the height 
of the tractor's center of gravity (hc) and the sum (b+b) of the 
distance between the wheel spacing (B) and the wheel width 
(b). Smaller values of the height of the center of gravity 
ensure better stability of the tractor, as a larger sum (B+b). 

When analyzing the longitudinal overturning of the 
tractor during operation, we distinguish between the 
overturning of the tractor around the axis of the rear wheels 
(during work on a climb), Fig. 3, and the overturning of the 
tractor around the axis of the front wheels (during work on a 
slope). The condition for overturning the tractor in the first 
case is the complete unloading of the front wheels (Np =0), 
that is, for the overturning of the tractor on the slope, the 
unloading of the rear wheels (Nz = 0). 
 

 
Figure 3 Tractor on a slope 

 
Where: G – tractor weight, N; hc – the height of the 

tractor's center of gravity, m; αup – angle of inclination of the 
surface, °; l – distance between axles; lz – distance of the 
center of gravity from the axis of the rear wheel. 

The stability of the tractor during standstill depends on 
the angle of inclination of the ascent or slope. Considering 
the position of the tractor's center of gravity, the limit angle 

when the tractor is at rest on the slope (αp) is greater than the 
limit angle of ascent (αup). For tractors with wheels, αup = 
35-400, and αp = 600 (it can be higher), according to the 
authors [15, 29]. Along with overturning, the longitudinal 
stability can also be hindered by the tractor sliding on the 
ground. 

The loss of longitudinal stability can be the result of the 
tractor's drive wheels getting stuck, where they do not turn, 
which will result in the front part of the tractor being lifted 
off the ground and the tractor rotating around the rear (drive 
wheels). 

Furthermore, the loss of longitudinal stability can occur 
due to an inadequate coupling height of the trailer and the 
tractor. 

 
2 MATERIALS AND METHODS 
 

Research regarding the safe work of agricultural tractor 
operators was carried out 2023 by surveying agricultural 
tractor operators in Osijek-Baranja and Vukovar-Srijem 
counties. The questionnaire contained eleven questions (Tab. 
2). The results of the research have an indicative character 
since the answers were obtained by the subjective judgment 
of the respondents. The research carried out is part of the 
research that will be carried out in the counties of Eastern 
Croatia with regard to the safe work of operators.  

 
Table 2 Example of research survey 

No Questions Answers 
1. Are you familiar with working 

procedures that are considered 
safe? 

Yes No 

2. Do you have technical 
documentation for all the 
machines you own? 

Yes No 

3. Do you have a valid first aid kit 
in the tractor? Yes No 

4. Do you follow the instructions 
for safe operation prescribed by 
the machine manufacturer? 

Yes No 

5. I perform agrotechnical 
operations 

Mostly alone 
(yes). 

With another 
person (no). 

6. In the event of an accident 
during work, are you able to 
provide professional first aid to 
the injured person? 

Yes No 

7. During work I wear: Work clothes 
and work 
footwear (yes). 

Everyday 
clothes and 
everyday 
footwear (no). 

8. Do you have the correct 
protection of all PTO shafts? Yes No 

9. In the case of removal of plant 
residues and soil when the 
attachment machine becomes 
clogged: 

I turn off the 
drive to the 
connecting 
machine (yes). 

Turn off the 
drive machine 
(no). 

10. Do you have a mobile device 
with you during work? Yes No 

11. When carrying out repairs on 
carried machines that have been 
raised by a hydraulic lifting 
device: 

Turn off the 
tractor and 
eliminate the 
fault (yes). 

Turn off the 
tractor and 
place mats 
under the 
machine (no). 
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The obtained results were processed using the Chi-
Square Tests. 
 
3 RESULTS AND DISCUSSION 
 

The obtained results were analyzed and presented in two 
graphs. 

Fig. 4 shows that most of the answers to the questions 
are positive, except for the answer to question 11 from the 
survey, where "no" indicates a good answer by looking at the 
survey. Furthermore, the analysis of the results found that 
operators in Osijek-Baranja County adhere to the measures 
necessary for safe work. 

The analysis of the results of the Vukovar-Srijem County 
found that the answers to the questions were mostly positive, 
except for questions 3, 7 and 8 where the answer was "no" in 
the range of 55 % to 70 %. Furthermore, by looking at the 
survey, it was determined that the operators in the mentioned 
investigated county mostly do not have valid first aid in the 
tractor, do not wear work clothes and work footwear, and do 
not have proper protection of all PTO shafts (Fig. 5). 

 

 
Figure 4 Results of the safe work survey of the investigated Osijek-Baranja County 

 

 
Figure 5 Results of the safe work survey of the investigated Vukovar-Srijem 

County 
 

By not complying with these measures, they put 
themselves at risk of minor injuries and serious life-

threatening injuries, which is what the authors warn and refer 
to [1]. 

Operators should take a course or training on safe work 
in order to become aware and begin to comply with all 
measures until it is too late, as stated by the authors [2]. 
 

Table 3 County and safety crosstabulation 

 Safety Total Positive Negative 

County 
OB Count 529 208 737 

Expected Count 509 228 737 

VS Count 132 88 220 
Expected Count 152 68 220 

Total Count 661 296 957 
Expected Count 661 296 957 

OB - Osijek-Baranja County; VS - Vukovar-Srijem County 
 

Tab. 3 shows that in Osijek-Baranja County were 529 
positive answers regarding safety, with the corresponding 
theoretical frequency being 509, while for positive answers 
in Vukovar-Srijem County, the theoretical value (152) was 
higher than the actual value (132). Of the total number (957), 
there were over 69 % positive safety responses. 
 

Table 4 Chi-Square Tests 

 Value df Asymp. Sig. 
(2-sided) 

Exact Sig. 
(2-sided) 

Exact Sig. 
(1-sided) 

Pearson Chi-
Square 11.001a 1 0.001   

Continuity 
Correctionb 10.456 1 0.001   

Likelihood Ratio 10.666 1 0.001   
Fisher's Exact 

Test    0.001 0.001 

N of Valid Cases 957     
a. 0 cells (0,0 %) have expected count less than 5. The minimum expected 
count is 68.05. 
b. Computed only for a 2×2 table 

 
Value of the Chi-square test is 11.001 and shows high 

statistical significance (Tab. 4). 
 

Table 5 Symmetric Measures 
 Value Approx. Sig. 

Nominal by Nominal 
Phi 0.107 0.001 
Cramer's V 0.107 0.001 
Contingency Coefficient 0.107 0.001 

N of Valid Cases 957  
 

Considering the values of coefficients in Tab. 5, it was 
concluded that the correlation of the variables is relatively 
low (0.107), but highly significant. It is possible to observe a 
trend of a lower number of safety-conscious operators in 
Vukovar-Srijem County, i.e. more safety-conscious 
operators in Osijek-Baranja County compared to the 
expected frequencies. 
 
5 CONCLUSIONS 
 

The specificity of agricultural production is manifested, 
among other things, by the movement of agricultural 
aggregates by production bases. Very often, operators of 
agricultural machinery perform their work alone in locations 
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far from populated areas. During work, the operator is 
exposed to numerous factors that negatively affect his safety 
and health, while the ergonomic solutions of modern 
agricultural machines strive to ensure the most favourable 
working conditions. 

The conducted research indicates: 
• That there is a difference between the investigated

counties in terms of not having valid first aid, not
wearing work clothes and work footwear, and the
absence of PTO shaft protection;

• That not having a valid first aid kit reduces the quality of
self-help provided by the operator in the event of an
injury;

• That not wearing work clothes and work footwear
reduces operator safety during work and increases the
possibility of a negative impact on health;

• Due to the lack of protection of the cardan shaft, there is
a great risk of minor, serious and life-threatening
injuries;

• On the need for continuous education regarding safe
work;

• Osijek-Baranja County operators are significantly aware
of safety at work. In addition, there is a highly
statistically significant relationship between the
operators of a Particular County and safety at work.
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Carbon Footprint Principles and Challenges in Transport Logistics 
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Abstract: Logistic operators are under pressure from consumers and governments to reduce the carbon footprint impact. Operators need increased focus on reducing the carbon 
impact and calculating their actual carbon emissions. EU's Emissions Trading System comes into force from 2027 and works on the 'cap and trade' principle. A cap is a limit set 
on the total amount of greenhouse gases that logistic operators may emit. Therefore, there is a need to develop a roadmap and action plans to reduce emissions, which will 
drastically impact the logistic operators. The paper brings forward current standards, frameworks and principles as well as examples of carbon footprint calculations in last-mile 
transportation. 
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1 INTRODUCTION 

 
Order management and transport planning of last-mile 

transportation is critical since it is expensive and can account 
for as much as 75% of the total transportation cost [1]. 
Freight distribution companies are focusing on improving 
routing efficiency and reducing the cost of their deliveries. 
The improvement today also needs to be reductions in 
externalities such as congestion [2], air pollution [3], and 
greenhouse gas emissions as well as noise and accidents [4, 
5]. 

The costs of fuel consumption represent over 50% of the 
total operating costs in last-mile transportation [6], especially 
when taking load, distance, speed, and time dependencies 
into consideration [7]. 

According to a recent literature review on last-mile 
deliveries [8] there is a growing interest in studying last-mile 
delivery operations from both academia and industry to 
identify the underlying challenges and possible solutions. In 
a recent literature review on last-mile strategies for urban 
freight delivery [9], 22 last-mile delivery strategies are 
identified. This is reflected by an increase in the number of 
publications related to last-mile deliveries [10]. Even though 
there is a growing body of literature addressing last-mile 
delivery operations, the authors found a lack of principles and 
methods for transport planning and calculating CO2 
emissions concerning transportation in last-mile deliveries. 

The challenge is that freight distribution companies are 
faced with new and stronger requirements for document-
tation and reporting. These new requirements drive a 
growing need for innovation and efficiency at freight 
distribution companies, which has not been seen before. 
Transportation companies must from 2027 be part of the EU's 
emissions trading system (ETS). The current EU 
requirements for the fulfilment and reporting of Greenhouse 
Gas (GHG), which follows ISO14083 will also be expanded 
with the new EU requirements (see section 2), which together 
with the EU's emissions trading system (ETS), will result in 
freight distribution companies being put in a very difficult 
situation. 

The principle of the ETS is that there is a CO2 quota 
allocated to companies in general, which will be 
continuously reduced to reach the climate targets that have 
been set. 

GHG distinguishes between Scope 1, Scope 2 and Scope, 
where Scope 3 is the emission of CO2 (e) from activities 
carried out by subcontractors. This is where freight 
distribution companies come into play when transporting 
goods to or from a company. 

Customers who purchase transport services will focus on 
only "paying" carbon emissions for their share of the 
transport. This means that freight distribution companies are 
squeezed on their competitive edge partly because they have 
to buy CO2 from the continuously reduced CO2 quota in the 
ETS and partly because customers have to document and 
report on their GHG in scope 3. Transport companies will 
aim to reduce overall emissions by minimizing idle time and 
optimizing the utilization of payload as well as consolidating 
goods on different modes of transport. 

The EU is currently working on introducing a digital 
product passport (DPP), which will help reduce 
environmental impact and support development towards a 
circular and sustainable future. The purpose of the DPP is 
also to help the customer make better decisions when buying, 
which is why it is expected that the DPP will also contain 
information about CO2. DPP not only requires freight 
distribution companies to provide this data, but the product 
owner or the financially responsible company (e.g. 
distributor or retailer) is responsible for this data. A challenge 
for freight distribution companies is that both their own and 
the customer's calculation must be reported for the planned 
DPP. 

Overall, there is a need for more data to document and 
report the calculations used. This includes principles and 
methods to be able to meet requirements from the EU as well 
as requirements from customers and for transport companies' 
own GHG reporting. To our knowledge, no previous studies 
have investigated this issue, as it is a quite new but 
challenging planning area, and there is a lack of guidelines to 
overcome these challenges. 
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The purpose of this article is to shed light on the 
challenges of order management and transport planning with 
a focus on calculating CO2 emissions regarding transport 
services. We particularly focus on the differences between 
pre-calculations, which are often based on offers as well as 
form the basis for agreements with customers, and the 
subsequent follow-up on the actual work carried out for the 
customer, also called post-calculation. 

A variation and difference between pre-calculation and 
post-calculation have always existed, but the question is 
which of the parties will be exposed to this difference in 
terms of emissions and what significance it will have 
concerning the aforementioned documentation and reporting 
requirements in the future in the area of sustainability. A 
possible difference between the pre-calculation and post-
calculation is expected to become the new and decisive 
competitive parameter for both the goods owner/customer 
but also transport companies in the future, which is why 
planning and optimization of transportation is expected to be 
an even more important factor in transport companies. 

The authors hypothesise that, depending on which 
planning principles and methods transport in the last-mile is 
carried out, there will be differences in the amount of 
environmental pollution. This difference between the offer to 
the customer and the actual consumption of emissions and 
thus also the price will be the future challenge that needs to 
be clarified. 

This environmental burden must be expected to be seen 
by the end customer, customs, public authorities, etc. via the 
new EU digital product passport. This may result in 
additional GHG costs for the product and not just the GHG 
reporting of the customer's business. 

We search for answers to the following research 
questions: 
• How will transport planning principles and methods 

affect the amount of greenhouse gases? 
• How will this difference be handled by the supplier of 

transport services? and whom of the partners (customer 
vs. supplier) should bear this difference? 

• How will competitiveness be affected by current and 
future reporting and documentation of emissions? 

 
The paper is organized as follows: Section 2 covers the 

main emission frameworks (Greenhouse Gass Protocol, 
Global Logistics Emission Council Framework) and ISO’s 
14083 standard as well as EU’s Digital Product Passports and 
EU’s Emissions Trading System. Section 3 covers the 
elements of Transport Planning and Carbon Footprint and 
section 4 covers four different principles and methods of 
calculating the transport work and emission of 3 deliveries. 
Section 5 is a discussion and finally, section 6 is a conclusion. 

 
2 FRAMEWORKS SUPPORTING EMISSION REDUCTION  

 
In this section, we discuss frameworks supporting 

emission-reducing frameworks such as the Greenhouse Gass 
Protocol, Global Logistics Emission Council Framework and 

ISO’s 14083 standard as well as EU’s Digital Product 
Passports and EU’s Emissions Trading System 

 
2.1 Emission Frameworks and Standards, EU’s Digital 

Product Passports and EU’s Emissions Trading System. 
 
The Greenhouse Gas Protocol (GHG) [11] is the global 

standard for corporate climate reporting. It distinguishes 
between scope 1, scope 2 and scope 3. Scope 3 is the 
emission of CO2 (e) from activities carried out by 
subcontractors. For example, when transport of goods to or 
from the company is carried out by subcontractors for the 
company. 

When it comes to the calculation and declaration of CO2 
(e) emissions for transport, a European standard, EN16258, 
was adopted in 2011. This standard has today been upgraded 
to an ISO standard, ISO14083 [12].  

An industry initiative, the Global Logistics Emission 
Council Framework, also called the GLEC framework [13] 
(GLEC Version 3), is based on the principles described in 
ISO14083. In some areas, the GLEC framework differs from 
ISO14083. For example, GLEC only concerns CO2 (e), i.e. 
reporting of energy consumption is not included.  

The GLEC also contains minimum requirements for the 
content of the company's GHG reporting to external 
stakeholders (CSR reporting and ESG data). Here, it is 
important that a new EU requirement, the Corporate 
Sustainability Reporting Directive (CSRD), has been 
introduced. The new standard is called the European 
Sustainability Reporting Standards (ESRS) and contains all 
the requirements that must be followed when reporting to 
CSRD. 

ISO14083 is primarily a standard for calculating energy 
consumption and CO2 emissions. The standard follows the 
principles of the GHG protocol. A calculation/declaration 
according to ISO14083 will thus be following the GHG 
protocol. However, it is important to know, that reporting 
CO2 (e) emissions following the GLEC framework will meet 
the requirements of ISO14083, whereas reporting according 
to ISO14083 will not necessarily meet the additional 
requirements of the GLEC framework. 

Science Based Target Initiative, SBTi was established at 
the initiative of the UN, the Carbon Disclosure Project, the 
World Resources Institute and the WWF (World Wildlife 
Fund). The aim was to give companies common guidelines 
for how they should determine their targets for reducing CO2 
emissions in line with the objectives of the Paris Agreement. 
SBTi recommends that the GLEC framework forms the basis 
for the calculation of CO2 emissions for transport chains. 

 
2.2 Digital Product Passport 

 
The European Digital Product Passport is an important 

initiative by the European Union towards sustainability and 
circular economy [14]. Introduced by the European 
Commission, this passport aims to provide valuable 
information about the environmental sustainability of 
products [15]. It is part of the broader efforts to promote 
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sustainability and achieve the goals of the European Green 
Deal [5]. The objective of the European Digital Product 
Passport is to enhance the traceability of products and their 
components, thereby contributing to a climate-neutral and 
circular European economy [16]. 

The passport will enable easy access to information 
about a product's environmental attributes, such as durability, 
reparability, recycled content, and availability of spare parts 
[15]. By providing this information, consumers will be 
empowered to make more informed purchasing decisions 
[14]. Additionally, the European Digital Product Passport 
also supports the goal of reducing CO2 emissions by 55% by 
2030, as part of the Ecodesign for Sustainable Products 
Regulation [16] 

This initiative is part of a comprehensive plan laid out by 
the European Commission in March 2022 to improve product 
sustainability within the European Union [11]. The Circular 
Economy Package released by the European Commission 
identified the Digital Product Passport as a key solution to 
enhance product traceability [14]. This passport will not only 
benefit consumers but also contribute to a more sustainable 
and circular economy by promoting the design of products 
with longer lifetimes and better recyclability [11]. 

By implementing the European Digital Product Passport, 
the European Union is taking significant steps towards 
achieving its sustainability goals and promoting a more 
transparent and eco-friendly marketplace [16]. The passport 
is expected to play a crucial role in the European Union's 
transition to a sustainable and circular economy [16, 17]. 

Additionally, DPPs could be relevant to industries as 
digital-based supply chain compliance tools for reporting 
duties such as GHG emissions, life cycle assessments or 
corporate social responsibility reporting. For example, they 
could provide detailed and recent information along the value 
chain to create the conditions for Scope 3 GHG reporting. 
Scope 3 emissions cover all indirect emissions, both 
upstream and downstream, that occur in the value chain of a 
reporting company [11]. 

At the moment the establishment of the data 
requirements for the EU digital product passports for each 
specific product category will depend on a process of 
industry-wide stakeholder consultation. The entire supply 
chain has to work together to specify the vital information 
that could stop a product from going to waste. Some of the 
data specifications have already been established. 

 
2.3 Emissions Trading System 

 
The Emissions Trading System (ETS) is a central 

element of the European Union's efforts to combat climate 
change and reduce greenhouse gas emissions. Implemented 
in 2005, the EU ETS is the largest carbon market in the 
world, covering various sectors such as power generation, 
industry, and aviation [18]. The EU ETS operates on the cap-
and-trade principle, wherein a cap is set on the total amount 
of greenhouse gas emissions allowed by participating entities 
[19]. These entities are then allocated a certain number of 
emission allowances, which they can use, either for their 
internal emissions or trade with other participants [19]. This 

market-based approach creates incentives for companies to 
reduce their emissions, as those that exceed their allowances 
must purchase additional permits, while those with lower 
emissions can sell their excess permits [19]. 

Over the years, the EU ETS has demonstrated 
effectiveness in reducing emissions. According to the 
European Environment Agency, between 2005 and 2020, the 
ETS sectors achieved a 42% reduction in emissions, far 
surpassing the initial reduction target of 21%. [20]. This 
success has been attributed to the economic incentives 
created by the carbon market, encouraging innovation and 
emissions abatement measures within covered industries 
[21]. 

Key features of the EU ETS include its flexibility and 
gradual reduction of allowances over time. The system 
employs a linear reduction factor, which decreases the 
number of available allowances year by year, thereby 
progressively tightening the emission cap [20]. This 
approach ensures a steady decline in emissions while 
allowing for adjustments to economic circumstances and 
policy developments [18]. 

The environmental integrity of the EU ETS is maintained 
through strict monitoring, reporting, and verification 
requirements for participating entities [19]. The European 
Union's emissions registry, as well as independent third-party 
verifiers, ensure accurate accounting and transparency within 
the system [21]. 

The EU ETS has also taken steps to address potential 
carbon leakage, where companies may shift production to 
regions with lax emissions regulations. To prevent this, the 
EU has introduced the Carbon Leakage List, which identifies 
sectors at risk and provides additional allowances to mitigate 
the risk of carbon leakage [22]. 

It addressed the fact that EU industries had been facing 
carbon costs from the European Emissions Trading System 
(ETS), unlike those in non-EU countries. This created a 
disadvantage for domestic producers. Although not currently 
expected to be in the current version, an EU CBAM could be 
used in the future to mandate that importers of regulated 
products pay a price based on the carbon footprint of their 
product before it is sold on the EU Single Market.  

Going forward, the EU will therefore deploy an 
alternative policy instrument to avert emissions leakage: the 
Carbon Border Adjustment Mechanism, CBAM [23]. 
Supporting the EU ETS, this instrument will apply the carbon 
price faced by foreign producers to the emissions embedded 
in imports of some categories of products.  

In the future, a DPP could be an important tool to 
disclose the carbon footprint of products. The need for 
reliable information throughout the whole product value 
chain is a key factor in calculating the carbon price through a 
CBAM  

Furthermore, the EU ETS has evolved through time to 
address emerging challenges and align with the EU's climate 
ambitions. The system was revised in 2018 to strengthen its 
functioning and align with the goals of the Paris Agreement, 
including the introduction of the Market Stability Reserve to 
address potential surpluses or deficits in allowances [24]. The 
EU has also proposed expanding the scope of the ETS to 
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include new sectors such as shipping, bringing further 
emissions under its jurisdiction. In 2027, the EU ETS will be 
further extended to cover CO2 emissions from road transport 
[25]. 

 
3 TRANSPORT PLANNING AND CARBON FOOTPRINT 

 
According to the Eurostat [26], empty backhauls 

represent about 20% of road transportation activities in 
Europe. This is 5% lower than reported in 2014 [27] 
alongside the average use of loaded trucks of 57% of their 
capacity. In light of the strong focus on reducing CO2 
emissions, improved filling rates of trucks is an area worth 
researching. Potential benefits of horizontal collaboration for 
logistics services providers are found in the literature, which 
reports cost savings from less than 10% up to 50% [28-32]. 
The cost savings are based on increased efficiency and 
productivity [33] and are further leading to decreased 
environmental impact [34]. 

The transport companies investigated in this paper, all 
plan transports manually, although domain-specific systems 
are used for decision-making such as moving transports from 

one route (truck) to another. Most order requests come from 
primary or secondary customers but the load are not known 
until a few hours before the truck starts its route, which 
makes efficient planning complicated. To utilize the capacity 
best possible, they make use of “buying or selling” casual 
transports from/to other transporters to fully utilize their 
trucks. This is, however, very time-consuming and is mainly 
based on a huge number of phone calls and, to some degree, 
emails. As a last option to level capacity, they make use of 
transport brokers such as Teleroute and Timocom. This is, 
however, not a preferred option due to limited control of the 
transport and the limited financial outcome  [35-37].  

In a previous study [38], we presented a concept to 
enable a dynamic plan to be used “on route” based on an 
agent-based approach aiming at supporting selling and 
buying transports to and from other transport companies. 
This includes a large number of constraints, as illustrated in 
Figure 1, to evaluate whether a request qualifies for manual 
decision-making. The main aim was to increase the truckload 
while at the same time smoothening the communication and 
admin processes. 

 

 
Figure 1 Conceptual illustration of tenders, requests, constraints and business model [38] 

 
In the next section, we will delve into the methods and 

factors used to determine carbon emissions in the context of 
last-mile goods transport. 
 
3.1 Carbon Footprint 

 
Due to the increased focus on reducing the Carbon 

Footprint impact, transport companies experience that more 
and more customers ask for a declaration of the carbon 
footprint on the invoice. Further, some customers are asking 

for a carbon footprint estimate in their request alongside the 
cost. In the near future, caps on carbon footprint usage will 
be introduced. This leads to a situation where most or all 
customers will ask for a carbon footprint quotation and not 
just an estimate. By then, the carbon footprint will be just as 
important as the cost quotation. 

The challenge for many transporters is, that costs and 
carbon footprint are difficult to estimate before you have a 
full truckload, as well as a full picture of which types of 
energy the customers are willing to pay for such as traditional 
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fuel, bio-fuel, electro-fuel, electricity etc. A truckload with a 
variety of customer-specific fuel "conditions" will either be a 
nightmare or require flexible customers accepting that goods 
on average are transported according to the fuel customers 
pay for, meaning that their specific goods may not be 
transported as environmentally friendly as they pay for. This 
will also depend on the future rules for calculating the carbon 
footprint as input for the digital product passport as discussed 
in section 2. 

The starting point for calculating the emissions is the 
distance, the weight, the road conditions and the mode of 
transport: 
1) Distance: The total distance covered during the transport 

operation is a fundamental factor. This includes each leg 
of distance travelled by different modes of transport—
road, rail, water, or air—including detours or 
intermediate stops. 

2) Weight: The weight of the goods being transported 
significantly impacts the energy required titled payload. 
The total weight, including the cargo and packaging, 
should be considered when calculating the transport 
work. Heavier loads require more energy for 
transportation. 

3) Road Conditions: The terrain and road conditions, 
including inclines or declines, affect the energy needed 
for transport. The additional work required to overcome 
slopes or rough surfaces should be factored into the 
calculations. 

4) Mode of Transport: Different modes of transport have 
varying energy efficiencies and associated work 
requirements. Road transport, for example, may have 
higher energy demands compared to rail or water 
transport. Considering the specific mode of transport 
involved in each leg of the journey is crucial. 

 
By considering these factors, transport work can be 

calculated using established formulas by estimating 
emissions associated with last-mile goods transport. Carbon 
dioxide equivalents, CO2 (e), are commonly used as a unit of 
measurement. Calculating emissions involves several extra 
factors: 
1) Fuel Consumption: The type and quantity of fuel 

consumed by each mode of transport play a significant 
role in emission calculations. Different fuels, such as 
diesel, gasoline, or aviation fuel, have different carbon 
intensity values that need to be accounted for when 
estimating emissions. 

2) Emission Factors: Emission factors represent the 
amount of emissions produced per unit of fuel burned. 
These factors are specific to different modes of transport 
and fuel types and are usually available from 
standardized emission databases. 

3) Mode-specific Considerations: Each mode of transport 
has specific CO2 emission factors (as well as methane, 
nitrous oxide, etc). 

 
By multiplying the transport work with the CO2 emission 

factor, emissions for the last-mile transport can be estimated. 
Carbon footprint calculators and emission inventory 

methodologies provided by organizations like the 
International Panel on Climate Change (IPCC) and emission 
databases by governmental bodies can assist in these 
calculations as well as companies like EcoTransIT [39] 
which has specialised in not only developing emission 
models but also collecting information on types of fuel used 
globally on ships and trucks. 
 
4 TRANSPORT WORK AND EMISSIONS 

 
In this section, we present 4 ways of calculating 

emissions for 3 deliveries from a distribution centre (DC) to 
customers.  
• Delivery 1 consists of 8 tonnes and the distance from the 

DC is 5 km (10 km in total).  
• Delivery 2 consists of 4 tonnes and the distance from the 

DC is 7 km (14 km in total).  
• Delivery 3 consists of 6 tonnes and the distance from the 

DC is 9 km (18 km in total).  
 

The calculations follow current guidelines by the 
organisation "Danish Freight Forwarders" [40] based on two 
factors. 
• The total driving distance forms the basis for 

determining energy consumption and emissions. 
• The payload is used to calculate transport work for 

distributing emissions among customers.  
 
Quotations to the transport customer are for one trip at a 

time. Emissions can be differentiated into 2 types: well-to-
tank and tank-to-wheel. Well-to-tank (WTT) emissions; 
referred to as energy provision GHG emissions and tank-to-
wheel emissions (TTW), are referred to as operational GHG 
emissions. Jointly, these two add up to the well-to-wheel 
(WTW) emissions and they build the emissions of an entire 
transport chain element (TCE). In the following calculations, 
WTW emissions are used in the case examples. 

The values for the emission factors used must be 
calculated following EU guidelines [19] and guidelines by 
GLEC [3] and ISO14083 [6]. The trucks drive on average 3.8 
km. per litre of diesel (5% biodiesel) and the WTW emission 
is 3.17 kg CO2 (e) per litre. The WTW emission is therefore 
3.17/3.8 = 0,834 CO2 (e) per km. The payload is not included 
in the emission calculations [40]. 

In the following, a pre-calculation and 3 different ways 
of conducting post-calculations are presented.  

 
4.1 Pre-Calculation 

 
Each customer inquiry is based on a pre-calculation. At 

the time of the quotation, it is unknown whether you will 
manage to get a return trip. Therefore, the pre-calculation is 
based on an empty return trip and orders are processed one 
by one. As the calculations entirely are based on transport 
distance, there is no emission contribution to the transport 
company, as it will be distributed among the individual 
shipments in a weighted ratio. Empty driving, repositioning 
without load and other driving without payload, which 
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consumes energy and emits emissions, is distributed among 
the customers. 

The CO2 (e) emission (WTW) pre-calculations of the 3 
deliveries are as follows: 
(1): 10 km×0,834 kg CO2 (e) = 8.342 kg CO2 (e). 
(2): 14 km×0,834 kg CO2 (e) = 11.679 kg CO2 (e). 
(3): 18 km×0,834 kg CO2 (e) = 15.016 kg CO2 (e). 
 

Given the above conditions where shipments are carried 
out one at a time. The truck will drive 42 km in connection 
with carrying out shipments, of which 21 km without a load. 
The total emission is 35.04 kg CO2 (e) as it is the measured 
fuel consumption that is the basis for calculating the CO2 (e) 
emissions post-calculation. 

 
4.2 Post Calculation, Case 1 

 
In this case, orders are processed one by one according 

to the pre-calculation, but the emission is based on a 
weighted allocation of the transport work (km × tonnes).  

The total emission is similar to the pre-calculation, which 
is 35.037 kg CO2 (e) and the total transport work is 8×5 + 
4×7 + 6×9 = 122 tonnes-km. The post-calculations of the 3 
deliveries’ emissions are as follows: 
(1): 8×5/122×35,037 kg CO2 (e) = 11.487 kg CO2 (e) 
(2): 4×7/122×35,037 kg CO2 (e) = 8.041 kg CO2 (e) 
(3): 6×9/122×35,037 kg CO2 (e) = 15.508 kg CO2 (e) 
 

In total 35,037 kg CO2 (e) is allocated for deliveries, and 
zero kg for the transport company.  

 
4.3 Post-Calculation, Case 2  

 
In this case, the deliveries are consolidated as one trip 

instead of 3. This means that the total distance travelled in 
kilometres is reduced from 42 to 18 and with more cargo. All 
in all, a better filling rate and less empty driving. Further, 
both the outbound and inbound emission is distributed among 
the 3 deliveries according to transport work [40]. 

The post-calculation of the 3 deliveries’ emissions are as 
follows:  
(1): 8×5/122×18×0,834 kg CO2 (e) = 4,9223 kg CO2 (e) 
(2): 4×7/122×18×0,834 kg CO2 (e) = 3,3446 kg CO2 (e) 
(3): 6×9/122×18×0,834 kg CO2 (e) = 6,6460 kg CO2 (e) 
 

In total 15.02 kg CO2 (e) is allocated for deliveries, and 
zero kg for the transport company.  

 
4.4 Post-Calculation, Case 3 

 
In this final case, the deliveries are consolidated as one 

trip, similar to case 2. However, the emissions are distributed 
differently, as the outbound emission is distributed among 
the 3 deliveries according to payload [40] whereas the 
inbound emission is put on the transport company. 

The post-calculation of the 3 deliveries’ emissions are as 
follows:  
(1): 8×5/122×9×0,834 kg CO2 (e) = 2,462 kg CO2 (e) 

(2): 4×7/122×9×0,834 kg CO2 (e) = 1,723 kg CO2 (e) 
(3): 6×9/122×9×0,834 kg CO2 (e) = 3,323 kg CO2 (e) 
(R): 9×0,834 kg CO2 (e) = 7,508 kg CO2 (e) for the inbound 
(return) trip 
 
¸ The results are summarised in Tab. 1, illustrating the 
huge difference between the different ways of calculating 
CO2 emissions and raising a flag in terms of the importance 
of the chosen quotation strategy for transport companies in 
the coming years. 
 

Table 1 illustrates 4 ways of calculating CO2 (e) emissions of 3 deliveries. Pre-
calc) a pre-calculation based on individual deliveries. Post-calc 1) a post-

calculation based on individual deliveries. Post-calc 2) a post-calculation of 
consolidated deliveries. Post-calc 3) Similar to Post-calc 3, except that the 

customers are not “claimed” for the return trip 

 
 

5 DISCUSSION 
 
Order management and last-mile transport planning are 

challenging. Minimizing the difference between pre-
calculation and post-calculation is even more important since 
CO2 emission now needs to be documented and reported to 
the customer and authorities, based on a measurement of the 
transport service. 

Overall, we have found the following answers to the 3 
research questions. 

It has been shown with the 4 cases, that differences 
between pre- and post-calculation are likely unless freight 
quote agreements are more flexible and contain an agreement 
on how an emission difference is to be distributed between 
the partners. To minimize this emission difference, it is 
important to use and maintain good key figures for planning, 
as they will be decisive for the size of the difference. 

Generally, last-mile deliveries are less energy-efficient 
(with a higher fuel consumption) than long-haul freight, due 
to frequent stops, a higher share of idle time per trip, multiple 
delivery points per trip, a higher frequency of deliveries, 
different drop-off times, and nonoptimal rescheduling, due to 
the absence of recipients [41, 42]. 

Emission-driven KPIs for last-mile deliveries will be 
largely based on empty driving, the utilization rate of payload 
and the distance travelled versus time unit ratio, as 
optimization of these will result in the lowest emissions for a 
transport unit, which will probably also become an important 
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competitive parameter between freight distribution 
companies. 

Documentation and reporting requirements for freight 
distribution companies are changing, especially when it 
comes to the new requirements for emissions and 
sustainability described in section 2. 

Goods owners will have an increasing focus on the 
emission of their goods, not at least driven by the upcoming 
DPP. Customers expect minimum emissions related to their 
delivery. Also, the company's reporting requirements for 
GHG in scope 3, means that freight last-mile delivery in 
particular will be challenged as complexity is high and in 
terms of planning challenging. 

Transport quotes will probably develop and adapt but it 
may have negative consequences for transparency. The 
partners may, according to the agreement, distribute the 
emissions between each other, which will be reported on the 
GHG annual statement, even if it is higher than expected. 

The challenge in terms of transparency will probably be 
that the product owner does not want the actual emission to 
be disclosed on the planned digital product passport, 
precisely because it is agreed how the emission is to be 
distributed. It will be an important competitive parameter for 
the product owner that the product has the lowest emission 
printed on the digital product passport, as the customer can 
see this and will probably use this to decide on product 
selection. The problem we see is that even if the emission 
deviation results in a contribution to the transport company's 
envelope, the real emission will not be disclosed in the digital 
product passport, as the owner of the goods wants the agreed 
emission disclosed. Based on this, we believe we have 
answered the 3 research questions. 

 
6 CONCLUSION 

 
Accurately calculating transport work and emissions for 

last-mile freight distribution is crucial in understanding the 
environmental impact of transportation activities. 
Advancements in data collection, standardized 
methodologies, and technology-driven solutions can further 
refine these calculations, leading to better-informed 
decisions and a more sustainable future. 

By considering factors like distance, weight, mode of 
transport and emission factors, businesses and policymakers 
can gain insights into the energy requirements and associated 
emissions of transporting goods. This information can 
improve decision-making, encourage more sustainable 
transport choices, and minimize the environmental impact of 
last-mile freight distribution. 

Freight quotes based on a customer's inquiry are by 
nature a pre-calculation and a challenge in itself as the the 
remaining transportation tasks are more or less unknown at 
the time of the quotation. The current guidelines for freight 
forwarders, where all emissions are distributed to the 
customers and thus no emissions to the transport company, 
are under pressure, as this is not fair for the customers. In the 
future, customers may not accept an actual carbon footprint 
usage that is way higher than the quote provided by the 
transporter in advance. This leaves the transporter in a 
dilemma as the actual carbon footprint usage depends on 

which other customer orders they manage to get and how 
they can combine the total load in their truck planning. 

The freight quotes agreement is expected to adapt to deal 
with this issue, which we expect the transport market will do, 
but the question remains whether the digital product passport 
will require the actual CO2 emissions or it will accept the 
calculated CO2 emissions related to the freight quotes 
agreement when entering into the transport agreement. 
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Technology or Organization: What is More Important for Artificial Intelligence Adoption? 
 

Aman Pathak*, Veena Bansal 
 

Abstract: Artificial intelligence (AI) technology is different from all other technologies that organizations have adopted in the past. A systematic literature review revealed that 
technological, organizational, and environmental factors have been explored to assess an organization's readiness for adopting a new technology. In this work, we have focused 
on the first two factors. From many subfactors, we selected 13 subfactors based on the discussion with the domain experts. Experts also provided ranks of the two factors and 
their sub-factors. These ranks are used to calculate the global ranking of the factors and their sub-factors. The top three subfactors from the technology context are the following 
- capabilities of AI, compatibility, and complexity of AI systems. The top two subfactors from the organization context are technology infrastructure & skilled workforce and support 
from the top management. The results reveal that organization and technology are equally important. 
 
Keywords: AI capabilities; R-SWARA; Systematic Literature Review; TOE framework; Top management support 
 
 
1 INTRODUCTION  
 

This article focuses on Artificial Intelligence (AI), an 
innovative technology. We asked 30 technically savvy adults 
to define AI. Following are the consolidated responses –  
• Tools that are part of our daily life.  
• Tools that increase our productivity, perform repetitive 

tasks, and reduce human effort.  
• AI has a cognitive ability to perform complex tasks that 

involve reasoning and decision-making. 
 
We further asked them if they use AI. Everyone gave an 

affirmative answer. Some went to the extent of saying that 
life now revolves around AI. The following AI applications 
were mentioned: google-assistant, ChatGPT, 
recommendation engines in eCommerce websites, email 
spam filters, movie recommendations, Instagram filters, help 
in coding, and check grammar. It is interesting to note that no 
critical application of AI was mentioned. 

However, the scenario changes when adopting AI at the 
organizational level. AI systems provide various business 
benefits, such as enhancing efficiency by automating 
repetitive processes, better decision-making by predicting 
multiple business metrics, improving customer service, and 
content generation [2,6]. The adoption of AI in Indian 
financial services organizations is growing and is currently at 
a moderate stage [8]. The business intention for adopting AI 
is to enhance the efficiency of backend operations and 
improve customer service through interactive AI 
conversational agents [7, 11]. 

Adopting an innovation such as AI is a multistage 
process [26]. Some studies treat this as a three-stage process 
consisting of the following stages: Pre-adoption, Adoption, 
Post-adoption, or Usage [23]. These stages have been 
expanded to the following five stages: Knowledge, 
Persuasion, Decision, Implementation, and Confirmation 
[22]. During the pre-adoption phase, an organization checks 
its preparedness for the technology. Factors that affect an 
organization's readiness for adopting AI have been studied 
using the technology-organization-environment (TOE) 
framework [1, 11]. However, AI is an emergent technology, 

and its adoption has yet to be widely studied. The extant 
literature is scarce on studies determining the factors and 
their importance in assessing organizations' readiness. The 
objectives of the study are the following –  
• Determine the relative importance of the technology and 

organization factors in affecting AI adoption intention. 
• Determine if Technology and Organization are two 

independent realities.  
 
We use a multicriteria decision-making approach, Rough 

Stepwise Weight Assessment Ratio Analysis (R-SWARA) 
Method [27], to obtain the weight scores of the factors 
affecting AI adoption intention. We perform unpaired t-tests 
to obtain difference between the subfactors. The literature 
review is presented in Section 2, the research methodology, 
data analysis & results in Section 3, and the discussion & 
conclusion in Section 4. 
 
2 LITERATURE REVIEW  
  

 Our focus in this work is to study the relative importance 
of two factors, namely organization and technology, 
concerning an organization’s readiness for adopting AI. The 
technology-organization-environment (TOE) [25] 
framework has been widely used in the literature to study an 
organization’s readiness. We have not incorporated 
environmental factors because earlier studies indicate it to be 
a less critical construct [20]. We conducted a systematic 
literature review to extract subfactors of organization and 
technology factors that affect AI adoption intention. 
 
2.1  Organization and Its Subfactors 
 

An organization is an entity that is represented by its 
constituent. For instance, the top management is an essential 
constituent of an organization. With the support of top 
management, an organization may be able to adopt AI. There 
are multiple reasons for the importance of their support. The 
top management support would provide the required 
resources for AI adoption [9]. The lack of financial capability 
could inhibit the intention to adopt AI [9]. The financial 
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resources are needed to create the assets and competency to 
leverage the potential of AI [13]. In addition, the human 
resources required for adopting AI would be made available 
only if the management would release them from their 
regular task. 

The top management's understanding of AI and potential 
risks also facilitates the adoption of AI in an organization 
[11]. The understanding and preparedness of the 
management are influenced by the existing IT infrastructure 
in the organization. If the organization has computational 
power and data storage [13], the management will likely have 
a positive intention towards adopting AI. The management 
may have an understanding of AI and may be interested in 
leveraging the existing infrastructure. A related subfactor, the 
data ecosystem consisting of adequate data security and 
privacy measures, positively affects AI adoption [20]. 

An organization with the IT infrastructure and the data 
ecosystem will likely have digitally skilled human resources 
that may positively impact AI adoption intention [24]. The 
right talent and digitally skilled human resources are needed 
to transform business processes through AI. However, 
employees may lack an understanding of AI's impact and 
may fear job security [4, 13]. The fear of change could inhibit 
an organization's intention to adopt AI. 

One of the reasons for not adopting AI is uncertainty 
about the return on investment in AI due to a lack of 
understanding of AI technology, business needs, and 
technology vendors [2]. Uncertainty about the return on 
investment could inhibit the intention to adopt AI [2]. Clear 
AI-business case involves identifying suitable tasks for AI 
and performance evaluation matrices [26]. Assessing AI-
process fit could positively affect AI adoption [13]. 

 
2.2  Technology and Its Subfactors 
 

AI has been categorized based on its capability into three 
broad classes as follows: 

Automation Intelligence - AI possesses automation 
intelligence if it can be used to automate processes. Examples 
of such systems include chatbots, customer service, and 
customer claim settlement [7]. Automation intelligence 
requires a large amount of training data. These are the least 
complex and expensive among the three variants of AI [2, 
19]. Business teams may own and use automation 
intelligence for good ROI [15, 18]. 

Analytical Intelligence - Analytical AI systems create a 
cognitive representation of the world based on the patterns in 
data that represent prior learning and experience to make 
predictions [2, 12, 14]. Virtual insurance advisors [18], fraud 
detection in insurance claims [7], predicting consumer 
buying behaviour, and accurate actuarial modelling [2] are 
some of the examples of analytical intelligence. 

Empathetic Intelligence - Empathetic Intelligence 
(a.k.a Human-Inspired AI) [12, 14] can recognize and 
incorporate human emotions. Despite numerous applications 
of empathetic intelligence [2, 12], it continues to be more of 
a theoretical concept. We told ChatGPT, one of the most 
talked about intelligent systems, the following, “The gift for 

my son arrived late; his birthday and party were yesterday.” 
The responses from ChatGPT were annoying in the least:  
• Explain the situation to your son and let him know that 

the gift is on its way. 
• Assure him that you still want to celebrate his birthday 

and make it special. 
• Schedule another time to celebrate your son's birthday 

when the gift arrives. 
 
ChatGPT has completely ignored the fact that his 

birthday was yesterday. Nevertheless, it has provided some 
useful advice. 

In order to adopt AI, the organization must have a clear 
idea of its capability. If the organization finds a fit between 
AI and its business processes, the organization may be more 
inclined toward adopting AI. The compatibility of AI with 
the organization would affect AI adoption intention [1, 11]. 
AI systems are vulnerable to cyberattacks, adversarial data, 
and denial-of-service attacks [21]. The organization may 
want assurance of its data security and privacy while 
adopting AI [5]. 

A characteristic of AI systems that makes them unique is 
the lack of explainability. AI systems are often called black 
boxes due to lack of explainability and transparency. For 
instance, a linear multi-regression predictive model finds a 
linear relationship between independent variables and the 
dependent variable based on historical data. The coefficients 
of the independent variables are virtually meaningless, as the 
model might have used centering scaling and regularization 
techniques. Lack of explainability may inhibit an 
organization from adopting AI [3, 16]. 

The quality of data used for training AI systems is very 
important, i.e., it should be free of biases and prejudices [3]. 
These biases in AI systems could affect an organization's 
intention to adopt them. Adopting AI systems may be 
complex due to the effort required to learn and work with 
them [9, 11]. A related issue is trust in AI systems, especially 
in empathetic AI systems [10]. We summarize the discussion 
on factors and their subfactors in Tab. 1. 
 
3 RESEARCH METHOD, DATA ANALYSIS & RESULTS 
 
 Our objective is to assess the relative importance of the 
factors, Technology, and Organization directly and through 
their subfactors. Our first method to establish was very 
simple and straightforward. We asked 20 experts to rank 
technology and organizations according to their relative 
importance in adopting AI. Half of the industry experts were 
from the financial services sector, and the other half were 
from the technology consultancy sector. 

The selected experts from the consultancy services area 
were employed in multi-national companies with revenue 
exceeding $ 40 million. The financial services organizations 
that employed the selected experts were the leading major 
insurance firms in the country. The work experience of all the 
experts was around 15 years. The profile of all 20 experts is 
shown in Tab. 2. 
 
 



Aman Pathak, Veena Bansal: Technology or Organization: What is More Important for Artificial Intelligence Adoption? 

138                                                                                                                                                                               TECHNICAL JOURNAL 19, 1(2025), 136-141 

Table 1 Subfactors of Organization and Technology factors 
Factor Subfactor References 

Organization 

Top management support (O1)  [9, 11] 
Technology Infrastructure & skilled 
workforce (O2) [9, 24] 

Lack of Funding (O3) [9] 
Employee Fear of Change (O4) [4, 13] 
Uncertainty of the Return on Investment 
(O5) [2] 

Strategic alignment of AI systems & 
Unclear Business case (O6) [26] 

Technology 

Compatibility of AI (T1) [1, 11] 
Security and Privacy Concern (T2) [5, 21] 
Capability of AI (T3) [12] 
Lack of Explainability (T4) [3, 16] 
Inherent Biases (T5) [3] 
Complexity of AI (T6) [9, 11] 
Anthropomorphism of AI system (T7) [10] 

 
Table 2 Profile of the selected experts 

Expert Job profile Experience Sector 

E1 Technical support manager 14 
Technology 

Solution 
provider 

E2 Manager - IT delivery 14 Strategy & 
Consulting 

E3 Senior manager - Digital 
transformation 18 IT consultancy 

E4 Manager - Digital products 15 Cloud services 

E5 Senior consultant - Digital 
transformation 15 IT consultancy 

E6 Technical architect 16 IT consultancy 

E7 Senior consultant - Digital 
transformation 14 IT consultancy 

E8 Manager - Client relationship 15 Technology 
Solution 

E9 Senior Analyst - R&D 15 IT consultancy 
E10 Solutions architect 16 IT consultancy 

E11 Regional manager - Marketing 
& Sales 14 Life Insurance 

E12 Regional manager - Operations 15 Life Insurance 
E13 Manager - Underwriting 14 Life Insurance 
E14 Zonal manager 14 Life Insurance 

E15 Divisional manager - 
Operations 15 General 

Insurance 

E16 Senior manager - Claims 17 General 
Insurance 

E17 Manager - Risk & Audit 13 General 
Insurance 

E18 Manager - KYC & AML 14 Ecommerce - 
Insurance 

E19 Manager - Business strategy 13 Health 
Insurance 

E20 Manager - Customer service 15 Health 
Insurance 

 
Three experts pointed out that we had left Individual and 

Environment out, which are also important factors. These 
three experts ranked Individual, Environment, Technology, 
and Organization factors 1, 2, 3, and 4, respectively. 
Respecting their opinion, we retained their ranks. All other 
experts ranked Technology and Organization between 1 and 
2. The average ranks were 1.7 and 1.8, with standard 
deviations 0.98 and 0.83 for Technology and Organization, 
respectively. The difference between these two turned out to 
be insignificant at a 95% confidence level. Thus, the relative 
importance of technology and organization factors could not 
be established through this simple exercise for AI adoption. 

 We added the subfactors under technology and 
organization factors and consulted experts again to help us 
drop some subfactors. We started with 20 subfactors spread 
across Organization and Technology and reduced them to 13 
with the help of experts. Experts were asked individually to 
rank these subfactors. Ranks were converted into weight 
scores using R-SWARA. Experts ranked the subfactors in 
order of importance. The ranks provided by 20 experts were 
used as the input for R-SWARA. 

R-SWARA (Rough Stepwise Weight Assessment Ratio 
Analysis Method) [27] is a multi-criteria decision-making 
(MCDM) method that calculates the weights of the factors 
based on individual rankings. R-SWARA has been used 
earlier to rank the critical success factors for AI adoption in 
the food supply chain [4] and healthcare supply chain [17]. 

The analysis shows that Technology and Organization 
weigh 0.463 and 0.303, respectively. The weight scores 
based on combined individual ranks for the subfactors are 
also obtained using R-SWARA. These weight scores 
represent ranks of subfactors. 

The weight scores and respective ranks for the subfactors 
obtained from R-SWARA are presented in Tab. 3. The high-
ranking sub-factors from the technology factor were the 
capability of AI (T3), compatibility of AI (T1), and 
complexity of AI (T6). The high-ranking sub-factors from 
the organization factor were top management support (O1) 
and technology infrastructure & skilled workforce (O2) in the 
organization. We retained the top three sub-factors of 
Technology and two subfactors of Organization for further 
analysis. 

We further investigated and assessed the impact of the 
technology and organization subfactors on readiness for 
adopting AI. When we look at AI technology standing in an 
organization, we feel that it is the technology that has to be 
ready for our organization. At the same time, when we spoke 
to a few technology experts and consultants, they suggested 
that an organization should be ready for the technology. 
There is a possibility that both are right. 
 

Table 3 Ranking of affecting subfactors affecting AI adoption 
Factor Subfactor Weight Rank 

Organization 
(Weight = 0.303) 

Top management support (O1) 0.357 1 
Technology Infrastructure & 
skilled workforce (O2) 0.268 2 
Lack of Funding (O3) 0.029 6 
Employee Fear of Change (O4) 0.188 3 
Uncertainty of the Return on 
Investment (O5) 0.059 5 
Strategic alignment of AI 
systems & Unclear Business case 
(O6) 

0.110 4 

Technology 
(Weight = 0.463) 

Compatibility of AI (T1) 0.263 2 
Security and Privacy Concern 
(T2) 0.113 4 
Capability of AI (T3) 0.328 1 
Lack of Explainability (T4) 0.064 5 
Inherent Biases (T5) 0.034 6 
Complexity of AI (T6) 0.183 3 
Anthropomorphism of AI system 
(T7) 0.017 7 
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 We treated the selected subfactors as constructs and 
measured those using scales from the literature. Top 
management support (TMS), Technology infrastructure & 
skilled workforce (TI), Capability of AI (AICapa), 
Compatibility of AI (CB), and Complexity of AI (CX) are the 
constructs. Top management support (TMS) and Technology 
infrastructure & skilled workforce (TI) were under the 
organization context. The capability of AI (AICapa), 
compatibility of AI (CB), and complexity of AI (CX) were 
under the technology context. 

A questionnaire was constructed, and a survey was 
conducted. The 7-point Likert scale was used. The 
respondents were professionals from the financial services 
sector. The questionnaire was sent to 858 professionals. A 
total of 327 responses were received. 

Demographic profile of respondents: The respondents 
from the financial services sector worked as operations 
managers, IT systems managers, business development 
managers, area managers, and zonal area managers. There 
were 214 (65.44%) male respondents and 113 (34.55%) 
female respondents. Most respondents (59.02%) were from 
(25-34) years age group, and 23.85% of respondents were 
from (35-44) years age group. All the respondents had around 
15 years of work experience. 

The top management support (TMS) was measured 
using three variables, namely, TMS1: support to employees; 
TMS2: providing necessary resources; and TMS3: 
promoting AI as a strategic priority. Technology 
infrastructure & skilled workforce (TI) were measured using 
four variables, namely, TI1: high-quality data; TI2: IT 
infrastructure; TI3: multi-disciplinary teams; and TI4: data 
governance policy. The capability of AI (AICapa) was 
measured using three variables: AuCapa: automation 
capability, AnaCapa: analytical capability, and EmCapa: 
empathetic capability. Similarly, measurement scales for the 
compatibility of AI (CB) and complexity of AI (CX) were 
taken from the extant literature, consisting of three variables 
each. 

They responded to measurement variables of each of the 
five constructs based on their perception using a 7-point 
Likert scale. They were providing responses to questions 
such as:  
• Top management would provide necessary support to the 

employees for AI adoption. 
• Our organization has high quality data. 
• My organization thinks implementing AI is not simple. 
• Our organization will use AI analytics for information 

driven decision making. 
• AI will be compatible with our organization’s work 

practices. 
• My organization thinks implementing AI is not simple. 
 

We tested convergent, divergent, and discriminant 
validity to check validity of our measurement scales. 

The convergent and divergent validity of the 
measurement scales were found above the 0.7 threshold. The 
discriminant validity of the measurement scales was 
measured using the Heterotrait-monotrait ratio (HTMT). All 
values were below the 0.9 threshold. 

A series of t-tests were performed between various pairs 
of measurement variables wherein one variable was taken 
from the Organization constructs, such as TMS1, TMS2, etc., 
and the other one was taken from the Technology constructs, 
such as AuCapa, AnaCapa, etc. A person from an 
organization considering adopting AI may feel that the 
organization will arrange the required resources, but 
implementing AI will be complex. On the other hand, a 
person from the IT industry may feel that implementing AI 
is not really complex, but the organization may lack 
resources. In order to avoid such a situation, we included 
personnel from the organization who were considering AI 
deployment. We hypothesized that most of the respondents 
would be assured of the readiness of their organizations and 
would be skeptical about AI technology. The results of 
comparing pairs using t-tests are shown in Table 4. The first 
variable belongs to the organization, and the second variable 
belongs to the Technology. There were 63 pairs, out of which 
27 pairs showed a difference that was statistically significant. 
In other words, in more than half of pairs, there was no 
significant difference in perception of technology and 
organization variables. We are not able to draw a conclusion 
that the technology factors are more important than the 
organization factors. 
 
4 DISCUSSION AND CONCLUSION 
  

We started with the assumption that AI as a technology 
is probably challenging to adopt, and our respondents will 
help us confirm our hypothesis. The extant literature has 
utilized the full Technology-Organization-Environment (T-
O-E) framework to assess factors that influence the readiness 
of an organization for AI. The T-O-E framework has been 
extended to the T-O-E-H framework by including Human 
factors [1, 9, 20]. The overall picture indicates that 
Technology and Organization factors dominate compared to 
environment and human factors. 

We zoomed into the Technology and Organization 
factors and discovered that both are important. Our findings 
are in conformance with earlier findings. We discovered that 
capability of AI, compatibility of AI, and complexity of AI 
are important in affecting AI adoption. The top management 
support, technology infrastructure & skilled workforce in an 
organization are important in affecting AI adoption. If an 
organization has a strong IT ecosystem, the top management 
is positively influenced to adopt AI. These findings are also 
in synchronization with extant literature. 

Top management support to the employees (TMS1) is 
significantly different from 4 variables, High-quality data 
(TI1) is significantly different from 5 variables, and Data 
ecosystem (TI4) is significantly different from 7 variables 
across technology subfactors. Collectively, 27 variable pairs 
between Organization-Technology are significantly different 
from each other out of a total of 63 pairs. This indicates that 
both technology and organizations are two realities that are 
significantly different from each other. The implication is 
that an organization should comprehend the various aspects 
of AI before deploying it. The focus should be on identifying 
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relevant capabilities of AI systems and assessing their 
perceived compatibility and complexity. 

An organization should evaluate AI compatibility, 
complexity issues, and IT infrastructure. The organization 
should explore the technology and its appropriateness before 
committing to it. In brief, an organization needs to 
comprehend technology. 

Adopting AI technology requires certain characteristics 
in the organization. For example, Top Management Support, 
the presence of a data ecosystem, and IT infrastructure are 
required to undertake an AI project. Thus, to adopt AI, an 
organization needs to pay attention to both the technology 
and the organizational factors. 
 

Table 4 Result of t-tests of TMS and TI paired with CB, CX and AICapa 
Organization Technology Two-tailed  

p-value Conclusion 
TMS1 CB1 0.0083 Statistically significant 

 CX3 0.0117 Statistically significant 
 AuCapa 0.0474 Statistically significant 
 AnaCapa 0.0001 Very statistically significant 

TMS2 CB1 0.0212 Statistically significant 
 CX3 0.0281 Statistically significant 
 AnaCapa 0.0001 Very statistically significant 

TMS3 CB2 0.0132 Statistically significant 
 AnaCapa 0.0001 Very statistically significant 
 EmCapa 0.0402 Statistically significant 

TI1 CB2 0.0001 Very statistically significant 
 CB3 0.0303 Statistically significant 
 CX1 0.004 Statistically significant 
 CX2 0.0143 Statistically significant 
 EmCapa 0.0001 Very statistically significant 

TI2 CB2 0.0003 Very statistically significant 
 CX1 0.039 Statistically significant 
 AnaCapa 0.0099 Statistically significant 
 EmCapa 0.0014 Statistically significant 

TI3 AnaCapa 0.0001 Very statistically significant 
TI4 CB1 0.0001 Very statistically significant 

 CB3 0.0019 Statistically significant 
 CX1 0.0254 Statistically significant 
 CX2 0.007 Statistically significant 
 CX3 0.0001 Very statistically significant 
 AuCapa 0.0001 Very statistically significant 
 AnaCapa 0.0001 Very statistically significant 

 

 
Figure 1 Technology or Organization 

 
We discussed our findings with AI consultants 

informally. One of the consultants confirmed that if the top 
management doesn’t show commitment and support, we 
don’t undertake their AI project. In addition, we also check 
their existing IT infrastructure. If an organization doesn’t 

have an IT infrastructure, we conclude that there will be a 
lack of understanding of AI among management and 
employees. This is a red flag, and we hesitate to work with 
such an organization. We summarize our findings in Fig. 1. 
Organization and IT consultants should both evaluate each 
other before embarking on AI deployment. When 
implementing new software applications in a company, it is 
always a problem whether to adapt the software to the 
company's organization or to adapt the company's 
organization to the software requirements. Namely, 
employees and managers always face covert or open 
resistance to change because they fear their current and future 
positions in the company's hierarchy. 
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Experimental Determination of the Focal Distance of Cumulative Pyrotechnic Device in 
Launch Vehicle Separation System 

 
Yevhen Boliubash 

 
Abstract: Pyrotechnic devices are widely used in modern aerospace engineering. One of the most effective types of pyrotechnic devices for performing obstacle separation 
operations in aerospace engineering is linear shaped charges. The penetration efficiency of the cumulative jet into a metal plate varies depending on the distance to the obstacle, 
i.e., on the focal distance. The focal distance is a key design parameter, therefore its study is extremely important for the development of effective systems. The article presents a 
methodology for conducting experimental research and the results of experimental research to determine the optimal focal distance for setting a linear shaped charge with a 
semicylindrical shaped liner with a diameter of 5 mm on an obstacle made of aluminum alloy 2219. The method for determining the optimal focal distance, the obtained data of 
the optimal and recommended focal distance are described. The research results provide valuable data for optimizing the mass characteristics of the structure by applying the 
optimal focal distance parameter for setting the linear shaped charge. This will help in the development of more efficient and reliable separation systems in aerospace engineering. 
The materials of the article will be useful for scientific and technical workers working on separation processes. 
 
Keywords: aerospace engineering; experimental research; focal distance; linear shaped charge; material strength; separation system 
 
 
1 INTRODUCTION 
  
 Pyrotechnic Devices (PDs) are widely used in modern 
aerospace engineering. They are employed for separating 
launch vehicle stages, detaching spent structural elements, 
terminating flight by shutting down the engine, and 
destroying the structure in case of emergency situations [1-
6]. 
  Efforts to reduce launch vehicle (LV) mass are 
becoming particularly important for ensuring 
competitiveness in the face of ever-increasing competition in 
the space industry. Therefore, research aimed at developing 
more effective solutions plays a crucial role in this direction. 
 Linear shaped charges (LSCs) are one of the most 
effective types of PDs for performing separation operations 
in aerospace engineering [7]. They are characterized by high 
energy density, small size and weight, and simple 
manufacturing [3, 8]. LSCs provide efficient separation of 
rocket structural elements by cutting the obstacle with a 
cumulative jet (CJ). Currently, LSCs are used in the 
separation systems (SS) of the following launch vehicles: 
Ariane-5 (France), PSLV (India), Atlas-5/551 (USA), 
Minuteman III (USA), Delta IV (USA) [2-5]. As a result of 
their operation, the separating bodies are given relative linear 
and angular velocities. Therefore, in some cases, LSC-based 
PDs can be used directly for separating passive structural 
elements [3], without the use of springs, pyromechanical 
pushers, or impulse solid-propellant engines. This feature 
allows for further reduction of the mass of the launch vehicle 
separation system. 
 LSCs are elongated explosive charges (ECs) enclosed in 
a thin metal casing with a cumulative part (CP) in the form 
of an inverted "V" (wedge shape, common in the USA), or 
"U" (semicylindrical shape, common in Ukraine), which 
enhances the effect of the explosion by concentrating it along 
the axis of the charge in a given direction (Fig. 1) [8, 9]. 
 

 
Figure 1 General view of a LSC with a semicylindrical cumulative part 

  
The cumulative effect is achieved by using a charge with 

a shaped cavity directed towards the obstacle [10-12]. The 
schematic representation of a structural element of a launch 
vehicle SS with an installed LSC is shown in Fig. 2. 

 

 
Figure 2 Schematic of a structural element of a launch vehicle SS with an installed 
LSC: 1 - LV body section (obstacle); 2 - LSC; 3 - LSC mounting bracket; 4 - LSC 

explosive, 5 - LSC cumulative part; 6 - Detonation product protection; l  - 
cumulative jet; F - focal distance; L - penetration depth of the CJ 
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 Focal distance is the distance between the obstacle and 
the LSC at which the cumulative jet reaches its maximum 
depth of penetration into the obstacle material. It is an 
important design parameter that affects the penetration depth 
of the CJ and, consequently, the separation efficiency. 
 Thus, determining the required focal distance is a key 
task in calculating the effect of cumulative charges and 
developing pyrotechnic separation systems based on LSCs 
[13-16]. 

Upon detonation of the explosive material (EM) in the 
LSC, a cumulative jet is formed. Individual elements of this 
jet will move normally to the surface of the cumulative part 
(CP) only in the immediate vicinity of the CP itself. As the 
jet propagates further, it will straighten in accordance with 
the general laws of gas dynamics. At a certain distance from 
the base of the CP, the cumulative jet will experience its 
maximum compression. This distance is defined as the focal 
distance (F), see Fig. 3. Beyond the focal distance, the 
cumulative jet rapidly degenerates due to the radial 
dispersion of the detonation products compressed to high 
pressure [7]. 
 

 
Figure 3 Schematic of the formation of a cumulative gas flow: 1 - detonator; 2 - 

explosive charge, 3 - semispherical cumulative part, 4 - cumulative gas flow 
 
 In general, the focal distance depends on the design of 
the LSC, the parameters of its cumulative part, the type and 
amount of explosive material (EM), the manufacturing 
accuracy of the LSC, and the characteristics of the obstacle, 
including its density. The focal distance increases with 
increasing EM charge power, increasing obstacle material 
density, and manufacturing accuracy of the cumulative 
charge [14]. At the optimal focal distance, maximum 
penetration of the CJ into the obstacle is ensured. 
 Optimal focal distance is the distance between the LSC 
and the obstacle that ensures maximum penetration of the 
cumulative jet into the obstacle material. The optimal focal 
distance can be determined experimentally or by modeling, 
taking into account various parameters such as the LSC 
design, obstacle material properties, and so on. The optimal 
focal distance allows for maximum separation efficiency of 
structural elements and, accordingly, increases the reliability 
and safety of rocket and space systems. 
 Recommended focal distance is the distance that is 
recommended for use in the design of separation systems. 
The recommended focal distance may differ from the optimal 
one depending on the specific conditions. Recommendations 

may be based on previous research, standards, empirical data, 
or design considerations. They may include safety factors, 
ease of use, design features of the SS, technological 
limitations in the manufacture and installation of the LSC, 
operating conditions of the LV, etc. 
 The nominal value of the distance between the LSC and 
the obstacle should be equal to the optimal focal distance, but 
this is not always achieved in practice; as a rule, it is close to 
it. The recommended focal distance, in contrast to the 
optimal one, takes into account the tolerance field, 
determined by the manufacturing accuracy, thermal 
expansion of the structure during flight, and other factors. 
 It is important to select the recommended focal distance 
of the LSC taking into account all these factors. This can be 
achieved through theoretical calculations, experimental 
research, and computer modeling. 
 Aluminum alloys are widely used in the manufacture of 
LVs due to their lightness and sufficient strength. In Ukraine, 
there is currently a transition to the use of aluminum alloy 
2219 due to its characteristics and capabilities for improving 
the efficiency of rocket and space technology. Thus, the use 
of aluminum alloy grade 2219 contributes to a reduction in 
the thickness of the shell structure of the LV body 
compartment, which results in an increase in the volume of 
tanks and the weight of the payload. Therefore, there is a need 
to determine the focal distance of the LSC installation on 
obstacles made of this alloy. 
 

 
Figure 4 Dependence of the penetration depth of the CJ of a copper LSC with a 
semicylindrical CP, filled with hexogen, on the focal distance for a steel obstacle 
[7]: L – penetration depth of the CJ; d - diameter of the CP of the LSC; F – focal 

distance 
 

 
Figure 5 Penetration efficiency of the CJ of a lead LSC with a wedge-shaped CP, 

filled with hexogen, as a function of the focal distance [9]: F - Focal distance, in 
percent of the recommended value; L - Penetration depth of the CJ, in percent of 
the recommended focal distance; The upper graph shows the dependencies for a 

steel obstacle, the lower one - for an aluminum obstacle 
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Within the framework of this article, experimental 
studies are considered to determine the optimal and 
recommended focal distance of the LSC installation in the 
LV body compartment, made of aluminum alloy grade 2219, 
using a new method that allows you to reduce the number of 
tests and increase the accuracy of determining the focal 
distance. 
 The focal distance is a fundamental characteristic of the 
LSC [7, 10]. With a deviation of the focal distance from the 
optimal value, the penetration depth of the CJ decreases, in 
accordance with the results presented in Figs. 4 and 5. 
 According to [7, 12, 17, 18], , as a result of a series of 
studies of copper LSCs on various obstacles, the following 
ranges of recommended empirical ratios are known F/D (see 
Tab. 1). 
 

Table 1 Recommended ranges of empirical ratios F/D 
Ratio F/D Material of the obstacle Source 
1,0...1,5 Steel Petushkov, L. P. [7] 

0,7...1,1 Steel of various grades and titanium 
alloys Yefanov, V. V. [17] 

0,8...1,6 Aluminum and magnesium alloys Yefanov, V. V. [17] 
1,1...1,3 Aluminum alloys grades AmG6, D16 Linnik, A. K. [18] 

 
 Analyzing the data presented in Figs. 4, 5, and Tab. 1, it 
can be concluded that the recommended focal distance for the 
installation of the LSC is within a certain range of values, 
while the maximum penetration depth corresponds to the 
most effective (optimal) focal distance. 
 Relevance of the research. Determining the optimal and 
recommended focal distance for the installation of the LSC 
is an important task in the design of LV separation systems 
using new materials. 
 The purpose of the research is to determine the optimal 
and recommended focal distance for the installation of an 
LSC of a certain diameter with a semicylindrical CP for the 
effective separation of an LV structural element, which is an 
obstacle made of aluminum alloy grade 2219. 
 Research Objectives: 
1) Develop a methodology for the experimental 

determination of the focal distance; 
2) Conduct an experimental study to determine the focal 

distance of the LSC for an obstacle made of aluminum 
alloy grade 2219; 

3) Measure the depth of penetration of the CJ into the 
obstacle for the corresponding focal distance; 

4) Analyze the research results. 
 

2 PROBLEM SOLUTION 
2.1 Methodology for the Experimental Determination of the 

Focal Distance 
 
 To determine the focal distance of a cumulative 
pyrotechnic device (LSC), a new methodology has been 
developed that allows: 
• Reducing the number of tests by setting the LSC at an 

angle to the obstacle. This enables more efficient 
utilization of resources and time during the experimental 
process. 

• Enhancing the accuracy of focal distance determination 
by obtaining CJ penetration depth results for the entire 
range of focal distances under investigation. This 
provides a more comprehensive understanding of the 
relationship between focal distance and CJ penetration 
depth. 
 
The experimental study involved the following sequence 

of actions: 
1) Manufacturing of the LSC, an obstacle made of 

aluminum alloy grade 2219, and LSC mounting 
elements. The obstacle was fabricated with a thickness 
exceeding the anticipated CJ penetration depth by 
several times. Standardized cumulative charges 
manufactured at the Scientific and Engineering Center 
"Explosive Processing of Materials" of the Paton 
Institute of Electric Welding (Ukraine) were employed. 
Brackets were also constructed to enable the LSC to be 
mounted on obstacle samples with high precision and 
control of the focal distance between the LSC and the 
obstacle. 

2) Installation of the LSC on the obstacle of the research 
object. To identify the optimal and recommended focal 
distance, the LSC was installed at an angle to the 
obstacle. This facilitated a more comprehensive 
evaluation of the impact of focal distance on CJ 
penetration depth. 

3) Experiment. Initiation of the LSC explosive charge. 
This initiated the explosive process that resulted in the 
formation of the CJ. 

4) Measurement of the CJ penetration depth into the 
obstacle. After each experiment, the CJ penetration 
depth into the obstacle was measured for the 
corresponding focal distance values. This provided data 
on the relationship between focal distance and CJ 
penetration depth. 

5) Data analysis. Following the experimental studies, the 
obtained data were systematized and analyzed using 
analytical methods. This enabled the identification of 
patterns and trends in the data, leading to the 
determination of the optimal and recommended focal 
distance for the LSC. 

 
2.2 Research Object 
 
 The experimental setup for the study is shown in Fig. 6. 
 The test object consists of the following components:  
• Linear shaped charge (LSC) with a copper shell of 5 mm 

diameter filled with explosive material (hexogen 11,5 
g/m); 

• Metal plate made of aluminum alloy grade 2219 with a 
thickness of 20 mm. The alloy has the following 
characteristics: tensile strength σv = 436,4 MPa, yield 
strength σ0,2 = 323,6 MPa, and relative elongation δ = 
10%; 

• Brackets for mounting the LSC and an electric detonator. 
 

The shape of the LSC used in the experiment is 
standardized and corresponds to the manufacturer's 



Yevhen Boliubash: Experimental Determination of the Focal Distance of Cumulative Pyrotechnic Device in Launch Vehicle Separation System 

TEHNIČKI GLASNIK 19, 1(2025), 142-148                                           145 

nomenclature. It is approximately cylindrical with a half-
cylindrical cumulative part (see Fig. 7). 

 

 
Figure 6 Scheme of the research: 1 - LSC; 2 - obstacle; 3 - LSC mounting 

brackets; 4 - electric detonator 
 

 
Figure 7 General view of the LSC with a semicylindrical cumulative part [7] 

  
As shown in Fig. 6, the LSC (item 1) is mounted on the 

metal obstacle (item 2) using brackets (item 3) at a specific 
angle determined by the variation of focal distances within 
the investigated range. Based on the data presented in Tab. 1 
and the analysis of the graphs in Figs. 4 and 5 - it was decided 
to conduct research in the range: F/D = 0,8 - 1,4, which 
corresponds to 4 to 7 mm for an LSC with a diameter of 5 
mm. The LSC is detonated using an electric detonator (item 
4) placed at the end of the LSC. The test specimen with the 
installed LSC is shown in Fig. 8. 
 

 
Figure 8 Test specimen made of aluminum alloy grade 2219 

 

 
Figure 9 Cross-section of 2219 alloy specimens along the CS penetration line of 
the LSC: 1/1 – sample number in the numerator, test number in the denominator;  

4 - designation of the minimum focal distance; 7 - designation of the maximum 
focal distance; a - trace of CJ penetration; b - trace of sample separation; c - trace 

of cutting with a disc cutter 
 
 To determine the penetration depth of the cumulative jet 
(CS), after testing, the specimens were cut from the reverse 
side of the CS action, along the LSC installation line, not 
reaching the CS penetration zone, and then one part of the 
specimen was separated from the other. After that, the depth 

of CS penetration into the obstacle was evaluated using high-
resolution photography (Fig. 9). 
 

 
Figure 10 Measurement scheme: 1 - LSC; 2 - obstacle; S - obstacle thickness; L - 

measurement of CJ penetration depth; (5/20...140) - measurement points; F - 
range of investigated focal distances 

 
To take measurements, photographs of the test specimen 

were imported into a CAD software package such as 
AutoCAD, where the required scale of the test specimen was 
obtained. After that, the CS penetration depth was measured 
according to the measurement scheme presented in Fig. 10. 
For each test, 10 measurements of the CS penetration depth 
(L) were made along the LSC obstacle cutting line at points 
from 5 to 140 mm (with a step of 15 mm). 
 
2.3 Test Results 
 
 Three experiments were conducted. To improve the 
accuracy and reliability of the results, measurements were 
taken on both parts of each sample: Li.1 – corresponds to its 
first part, and Li.2 – to the second. The test results of the 
experiments to determine the dependence of the depth of 
penetration of the CJ on the focal distance of the installation 
of the LSC are presented in Tab. 2. 
 

Table 2 Depth of CJ penetration of LSC into aluminum alloy grade 2219 
Distance to 

the 
measurement 

point, mm 

5 20 35 50 65 80 95 110 125 140 

F 4,10 4,40 4,70 5,00 5,30 5,60 5,90 6,20 6,50 6,80 
L1.1 5,65 5,73 5,68 5,65 5,62 5,60 5,55 5,47 5,33 5,25 
L1.2 5,69 5,75 5,92 5,75 5,67 5,60 5,43 5,21 5,09 5,06 
L2.1 5,85 5,96 6,00 6,06 6,36 6,22 6,06 6,02 6,00 5,68 
L2.2 5,98 6,16 6,24 6,30 6,34 6,23 6,22 5,81 5,68 5,43 
L3.1 6,27 6,53 6,50 6,61 6,30 6,28 6,30 6,25 6,11 5,93 
L3.2 6,32 6,50 6,52 6,68 6,52 6,43 6,65 6,20 6,31 6,25 
Lmin 5,65 5,73 5,68 5,65 5,62 5,60 5,43 5,21 5,09 5,06 

Laverage 5,96 6,11 6,14 6,18 6,14 6,06 6,04 5,83 5,75 5,60 
Lmах 6,32 6,53 6,52 6,68 6,52 6,43 6,65 6,25 6,31 6,25 

 
The results of the experiments in graphical form, 

showing the dependence of the focal distance on the depth of 
penetration of the CJ for the conducted experiments, are 
presented (see Figs. 11-12). 

Fig. 11 shows the graphs of the dependence of the CJ 
penetration depth into the obstacle for each part of the sample 
(Li.n). The penetration of the CJ demonstrates a uniform 
pattern in all conducted experiments. Minor deviations can 
be explained by the technological features of the LSC 
manufacturing process, including variations in the density of 
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the explosive substance in the casing and slight deviations in 
the geometry of the LSC cumulative part. This is confirmed 
by other studies that noted technological limitations could 
cause variations in the depth of CJ penetration up to 30% 
[14]. 

 

 
Figure 11 Dependence of focal distance on CJ penetration depth for conducted 
experiments: F – focal distance; L – penetration depth of CJ; Li.n – penetration 
depth of CJ, where i is the experiment number, n is the sample side number 

 

 
Figure 12 Dependence of focal distance on average, minimum and maximum 

depth of CJ penetration 
 
 For better data visualization, graphs were constructed to 
show the dependence of the average, minimum, and 
maximum CJ penetration depths on the focal distance, as 
shown in Fig. 12. The average line reflects the general trend, 
while the minimum and maximum values indicate the range 
of data distribution. The graphical representation of the 
average values is necessary to eliminate random deviations. 

 The graphs show that the penetration depth of the CJ 
initially increases with the increase in focal distance and then 
decreases. Thus, there is a certain dependence between the 
focal distance and the depth of penetration of the cumulative 
jet. 
 These graphs allow us to identify the correspondence to 
the empirical range of other researchers (see Tab. 1), but to 
accurately determine the optimal focal distance, it is 
necessary to establish a specific functional dependence. 
  
2.4 Method for Establishing the Optimal Focal Distance 
 

Graphically construct a polynomial function based on 
the average experimental values of CJ penetration into the 
obstacle. The construction process is best done in 
spreadsheets, such as LibreOffice, where a trend line should 
be constructed based on the average CJ penetration values, 
and the regression type should be selected as polynomial; the 
degree of the function should be chosen so that the 
approximation probability index R2 is close to 1. An R2 value 
that falls within the range (0,75 - 0,95) indicates a high level 
of correlation. After constructing the graph, a perpendicular 
should be dropped from the vertex of the function to the (x) 
axis, and the resulting value will be the optimal focal distance 
for the installation of the LSC. 
 The dependence of the depth of CJ penetration into the 
obstacle on the focal distance of the LSC installation, 
constructed based on the average values of CJ penetration 
depth, is shown in the form of a quadratic polynomial 
function in Fig. 13). 
 

 
Figure 13 Dependence of the depth of CS penetration into the obstacle on the 

focal distance of LSC installation, represented by a 2-degree polynomial function 
(based on the average values of CJ penetration depth 

  
The choice of a second-degree polynomial function for 

approximating the data is justified, as it provides sufficient 
approximation accuracy and allows for easy determination of 
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the function's extremum. The approximation probability 
index R2 = 0,97, indicates a high level of correlation.  

The conducted research has established that the 
dependence of CJ penetration depth on focal distance follows 
a quadratic polynomial law: 
 

2( ) 0 1811 1 817 1 5908f x , x , x , .= − + +                                  (1) 
 

Penetration depth of a 5 mm diameter cumulative jet into 
an aluminum alloy 2219 obstacle at focal distances ranging 
from 4,1 to 6,8 mm varies from 5,06 to 6,68 mm. The average 
penetration depth of the cumulative jet is 5,98 mm. 

As can be seen from Fig. 13, the maximum penetration 
depth of the cumulative jet into the obstacle is achieved at a 
focal distance of 5 mm. 

Comparison of the obtained result with the data from 
other studies showed that it corresponds to the empirical 
coefficients for aluminum alloys [17], where the optimal 
focal distance varies within F/D = 0,8 - 1,6. In our experiment 
for aluminum alloy 2219, this value was: 

 
5= 1
5

F .
D

=                                                                           (2) 

 
This confirms that the proposed methodology and 

research results correspond to the literature data and can be 
used in further developments. 

The optimal focal distance for a 5 mm diameter LSC is 
F = 5 mm and provides a cumulative jet penetration depth of 
L = 6,15 mm. At focal distances of F = 4,7 - 5,3 mm, the 
cumulative jet penetration depth is L = 6,13 mm. The 
efficiency of cumulative jet penetration into the obstacle for 
the selected range of focal distances is 99.7%. 

The nominal value of the distance between the LSC and 
the obstacle corresponds to the optimal value and is equal to 
5 mm. The recommended range of focal distances for  
a 5 mm diameter LSC with a semi-cylindrical cumulative jet 
is 5 ± 0,3 mm. 

The obtained values of LSC penetration depth and 
optimal/recommended range of focal distances are 
recommended for use in the design of new products where 
the obstacle is aluminum alloy 2219. 

Thus, a comprehensive experimental study was 
conducted of one of the main parameters that determine the 
efficiency and reliability of the separation process - the range 
of focal distances of the LSC installation, which made it 
possible to increase the efficiency, reliability, and 
performance of pyrotechnic devices of the separation system 
of rocket and space elements. 
 
3 CONCLUSION 
 
 A new methodology for the experimental determination 
of the focal distance was developed, which allows reducing 
the number of tests by installing the LSC at an angle relative 
to the obstacle and increasing the accuracy of determining the 
focal distance by obtaining results of CJ penetration depth for 
the entire range of focal distances under study. This 

significantly reduces resource costs and the time for 
conducting experiments, which is an important advantage in 
resource-limited conditions. 

An experimental study was conducted to determine the 
focal distance for a 5 mm diameter LSC with a semi-
cylindrical cumulative part (filled with hexogen) on an 
obstacle made of aluminum alloy 2219. 

The dependence of the CJ penetration depth into the 
obstacle on the focal distance of the LSC installation, which 
has a second-degree polynomial character, was obtained, 
allowing for optimization of the separation process by 
selecting the optimal focal distance. 

As a result of the research, it was determined that with a 
change in focal distance from 4,1 mm to 6,8 mm, the 
penetration depth of the LSC cumulative jet into the obstacle 
material changes from 5,06 to 6,68 mm. The average 
penetration depth of the LSC cumulative jet is  
6,11 mm. 

A method for establishing the optimal focal distance is 
presented. The obtained value of the optimal (effective) focal 
distance of the LSC installation with a semi-cylindrical 
cumulative charge of 5 mm diameter is 5 mm; and the 
recommended focal distance is 5 ± 0,3 mm. 

The research results provide valuable data for optimizing 
the mass characteristics of the structure by applying the 
optimal and recommended LSC installation parameter (focal 
distance). This will help in the development of more efficient 
and reliable separation systems in rocket and space 
technology. Optimizing the focal distance also helps to 
minimize mechanical loads on structural elements during the 
CJ penetration process into the obstacle. 

The research results may be useful in the design of 
separation systems using new materials, such as composite 
materials or alloys with improved characteristics. Further 
experiments with new materials will expand the applicability 
of the proposed methodology. 

Despite the successful results, this study has some 
limitations. It was conducted only for a specific type of LSC 
and obstacle material. For other types of LSCs or grades of 
obstacle materials, similar studies need to be conducted. 
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Classification of Layers Using Artificial Neural Networks in the Province of Kurdistan (Iran) 
  

Semko Arefpanah*, Alireza Sharafi, Alireza Gholamian 

 
Abstract: Artificial Neural Networks (ANN) is a field that combines science, technology, and ancient and modern knowledge. It has demonstrated the ability to resolve complex 
engineering issues beyond the computational capacity of conventional approaches and classical mathematics. ANN has applications in various fields, including computer science, 
engineering science, biology and medical science, and communication science. Neural networks are particularly useful in civil engineering, particularly in geotechnical problems, 
where soil heterogeneity and nonlinear behavior significantly impact geotechnical phenomena. Researchers have employed ANN to address various geotechnical engineering 
issues, including behavioral modeling, due to their potent abilities on nonlinear and multivariate problems. In this study, information from boreholes was used to collect and classify 
data to describe soil strata. The outputs of the neural network showed general consistency when compared to experimental borehole data, indicating its effectiveness in estimating 
changes in the soil layer. This was achieved by first presenting the network with information from various boreholes. 
 
Keywords: artificial intelligence; behavioral model; behavioral modeling; geotechnical engineering; liquefaction 
 
 
1 INTRODUCTION 
 

Over the past few decades, researchers have studied the 
mecanical properties of soil, but soil behavior remains 
poorly understood. Common methods, such as mathematical 
and experimental methods, use simplified  to solve multi-
variable geotechnical problems. However, these methods 
cannot describe complex soil behavior. Neural networks 
have been used as an alternative method to solve many 
geotechnical engineering problems, as they have the power 
to solve complex problems. 

The process of drilling borefloles and performing 
experiments to identify soil layer structures is expensive and 
time-consuming. Increasing reliability in interpolating soil 
layer structures and properties in inter-borefloles improves 
the quality of geotechnical evaluation, decreases costs, and 
facilitates proper construction planning. Artificial neural 
networks (ANNs) use specific capabilities of data processing 
in the human brain, such as learning, data generalization, and 
parallel processing. Many researchers have studied ANN 
application in geotechnical engineering, using ANN models 
to predict complex soil, predict landslide risk, and model soil 
behavior in uniaxial strain conditions.    

Analog-to-digital converters are artificial neural 
networks that have been successfully applied in various 
fields of geotechnical engineering, including pile capacity 
prediction, foundation settlement, soil properties and 
behavior, liquefaction, site characteristics, retaining 
structures, slope stability, and tunnel and underground 
opening design. Known applications include predicting 
drive pile capacity, liquefaction, and soil properties and 
behavior. However, other applications, such as structure 
settlement, should be carefully considered until more 
research is conducted. 

Many areas where the feasibility of artificial neural 
networks has not been tested include predicting bearing 
capacity of shallow foundations, bored piles, and the design 
and drainage of sheet pile walls. Mathematical models often 
compensate for the lack of physical understanding by 
simplifying problems or incorporating assumptions into the 

model. Artificial neural networks, on the other hand, are 
data-only and can be trained on input-output data pairs to 
determine the model's structure and parameters. 

However, artificial neural networks have limitations, 
including a lack of theory, the success of finding a good 
solution, and the ability to explain solutions. As new data 
becomes available, the ANN can always be updated by 
providing new training examples for better results. 
 
2 BACKGROUND 
 

Artificial neural networks (ANN) are a rapidly growing 
field of study, with applications in various fields such as 
economics, industrial engineering, automation, electronics, 
computer technology, medicine, intelligence, and object 
identification. They have also been successfully used in 
geographical and construction engineering due to 
advancements in computational science and computing 
power. ANNs are inspired by biological neurons, which 
study the brain's working system. They perform operations 
using the learning feature of the human brain, a unique 
feature compared to other computational methods. Classical 
administrative methods, which recognize linear relationships 
between dependent and independent variables, struggle with 
complex interplay between variables in geoscience. ANNs 
offer alternative solutions to these problems and provide 
additional tools to traditional statistical methods in 
geographic studies. 

Artificial Neural Networks (ANNs) have been 
successfully applied to geotechnical engineering since the 
early 1990s due to their ability to model the complex 
behavior of geotechnical materials, which exhibit great 
variability [1]. Classical structural modeling based on elastic 
and plastic theories has limited ability to accurately model 
the behavior of geological materials due to formulation 
complexity, idealization of material behavior, and a plethora 
of experimental parameters [2]. 

ANNs have been proposed as reliable and practical 
alternatives for simulating the homogeneous and hysteretic 
behavior of geological materials [3]. Geotechnical properties 
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and soil behavior are controlled by factors such as 
mineralogy, which can be difficult to estimate with 
traditional statistical methods. ANNs have been used to 
estimate various soil properties, including pre-consolidation 
pressure, shear strength, stress history, expansion pressure, 
and lateral earth pressure [4]. 

ANNs have also been applied in liquefaction prediction, 
retaining walls, dams, explosions, mining, environmental 
geotechnical engineering, and rock mechanics [5]. They have 
been used in tunnels, underground openings, slope stability, 
landslides, and deep foundation pits. However, networks 
have limitations, such as the lack of theory to help them 
develop, the success of finding a good solution not always 
guaranteed, and the ability to explain the solution[6]. 
Iran, situated in the Alps-Himalayan seismic belt, faces high 
earthquake risk, causing significant losses. To mitigate this, 
measures learned from past earthquakes are implemented, 
including strengthening structures to resist dynamic 
influences and ensuring site safety to prevent  geotechnical 
phenomena like liquefaction and landslides. Understanding 
soil layers below the surface is crucial for seismic response. 
Multiple boreholes are required to test soil layers, a time-
consuming and costly process. This study uses artificial 
intelligence to predict soil layers and depths, and to verify 
network performance using common methods and available 
information. The output data from soil modeling is used in 
dynamic analysis, generating 1D, 2D, and 3D models based 
on soil stratification and Cartesian coordinates as input 
parameters. This approach reduces costs and allows for 
correct planning and execution of structural operations [7]. 
 
3 ARTIFICIAL NEURAL NETWORK 
 

Smart systems, which have been around for 40 years, use 
models like behavior patterns, decision-making processes, 
brain structure, neural networks, and probabilistic reasoning 
to solve problems. They are intelligent within the scope of 
problem management rules, not performing all human brain 
functions. In geotechnical engineering, artificial intelligence 
is more efficient and economical than classical methods due 
to the availability of statistics. AI systems can predict 
phenomena by remembering their history and frequency, and 
if comprehensive information is used, they can predict 
behavior in other domains. This makes intelligent systems 
more efficient and economical than classical methods in 
handling statistical phenomena [8]. 
 
4 INTRODUCTION TO ARTIFICIAL NEURAL NETWORK 

PARAMETERS 
 

Artificial neural networks (ANN) are models similar to 
human neural networks, consisting of nerve cell units 
connected by axons. The goal is to create a structure similar 
to the biological structure of the human brain, capable of 
learning and decision-making. The goal is to train the model 
by introducing the performance history and frequency of the 
dynamic system, store the system's performance in the 
model's memory, and use it for situations the model has not 
encountered before. Artificial intelligence is a vast field with 

roots in philosophy of linguistics, mathematics, psychology, 
and physiology [9]. 

This paper aims to link artificial intelligence with soil 
mechanics, specifically soil modeling through a powerful 
tool called artificial intelligence. The mathematical basis is 
considered and translated into an understandable algorithm 
by software, and soil modeling is performed in the software 
environment. The brain is well-prepared for parallel data 
processing, as it can hold knowledge from different sources 
in the brain and process it simultaneously. 

Neural network computational methods estimate the 
strategic principles underlying brain processes to answer 
these questions and use them in computer systems. The brain 
is made up of a large number of interconnected units, and the 
inherently parallel structure of neural network systems makes 
them suitable for parallel machines, with further advantages 
in terms of speed and reliability. 
 

 

 
Figure 1 An illustration of the biological and artificial brain networks 

 
Table 1 Artificial neural networks and biological neural networks' relationship 

Biological Neural Network Artificial Neural Network 
Dendrites Inputs 
Cell nucleus Nodes 
Synapse Weights 
Axon Output 

 

 
Figure 2 The three main layers of an artificial neural network 

 
An artificial neural network (ANN) is a network of 

neurons, similar to biological ones in the human brain. These 
neurons are arranged in layers, with the strength of 
connection between adjacent layers represented by a 
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'connection strength' or 'weight'. ANNs typically consist of 
three layers: input, hidden, and output. In a feed-forward 
network, weighted connections feed activations only in the 
forward direction, while in a recurrent network, additional 
weighted connections feed previous activations back into the 
network. The training of the weight matrix is an essential step 
in developing an ANN model, where the weights are 
randomly initialized and updated using a specific training 
mechanism. Evaluation standards: Using R2 and RMSE 
between the measured and predicted values, the accuracy of 
the regression equations for the development of PTFs was 
assessed and expressed as: 
 

( )2s 0
1

1 .
n

k
RMSE Z Z

N =
= −∑                                               (1) 

 
The values are Zs (observed), Z0 (predicted), and n (number 
of samples). 

The input layer accepts various input formats from the 
programmer, while the hidden layer performs calculations to 
identify hidden features and patterns. The output layer 
transforms the input through a series of transformations, 
resulting in the final output. The artificial neural network 
calculates the weighted sum of inputs, including bias, using 
a transfer function. This weighted total is passed to an 
activation function for output. Activation functions 
determine whether nodes should fire, with only those fired 
reaching the output layer. Different activation functions are 
available for different tasks. 
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     Artificial neural networks function as weighted directed 
graphs, with artificial neurons forming nodes and their 
outputs and inputs being represented as directed edges with 
weights. They receive input signals in the form of patterns 
and vectors, which are mathematically assigned for every n 
inputs. Artificial neural networks use weights to solve 
specific problems, representing the strength of 
interconnection between neurons. These weights are 
summarized in a computing unit. If the weighted sum is zero, 
bias is added to scale the output. Bias has the same input and 
weight as 1, with a total of weighted inputs ranging from 0 to 
positive infinity. To maintain the desired response, a 
maximum value is benchmarked, and the total weighted 
inputs are passed through an activation function. Activation 
functions can be linear or non-linear, with commonly used 
sets being Binary, linear, and Tan hyperbolic sigmoidal 
activation functions. 
 
5 THE MAIN PARTS OF THE NEURAL NETWORK 
 
    The main parts of the neural network are: 
-  Structure or Architecture 
-  Training mechanism or learning algorithm 
-  Test mechanism or recall mechanism. 

5.1 Structure or Architecture 
 

When working with any neural network, its architecture 
or structure is what you see initially, and it depicts how the 
neural network is physically expressed. The appearance and 
internal communication of this intelligent system are 
determined by the neural network's topology. This part of a 
neural network serves as a practical way for it to store its data. 
More specifically, this implicitly intelligent system stores 
information about its mapping in its structure. Moreover, the 
neural network pulls the necessary data from the structure to 
respond to the user's query [10]. 

Previous studies have used the Artificial Neural Network 
(ANN) method to assess soil properties and classification. 
Ref. [11] classified soil using LL, PI, and dust content, 
resulting in heavy, light, hard, medium, small, and light dust 
soils. Ref. [12] predicted high moisture content and 
maximum dry thickness values using various methods, 
including bread, dust, golf, LL, and PL, with 126 samples. 
The study compared Simple-Multiple Analysis and ANN 
methods, revealing R2 values ranging from 0.77-0.78 for 
multiple linear regression analysis, 0.74-0.82 for simple 
linear regression analysis, and 0.67-0.89 for ANN analysis. 
Refs. [13 ] and [14] conducted soil classification studies 
using Artificial Neural Networks (ANN) techniques. 
Hassannejad et al. found the Levenberg-Marquardt algorithm 
as the best for soil classification, while Tenpe and Kaur 
calculated OMC and MDD from LL, PL, and sieve analysis 
values using ANN techniques. The results showed R2 values 
for OMC values were 0.85 in training, 0.76 in testing, and 
0.95 in simulation. Ref. [15] used 280 data from previous 
studies to estimate the PI, MDD, and OMC values using 
ANN. The study used LL, PL, and Lime content as inputs. 
The R2 value for PI was 0.91, MDD and OMC were 0.83. 
Reale et al. (2018) utilized CPT values to estimate soil 
classification using Artificial Neural Networks (ANN) on a 
216-dataset dataset. They developed two ANN networks for 
estimating fines content (FC) and predicted for both LL and 
PI. The correlations showed R2 values of 0.79 for FC, 0.85 
for LL, and 0.78 for PI. 
 
5.2 Training Mechanism or Learning Algorithm 
 

By looking at instances from the training phase, which is 
an estimate of the actual map of the system under 
consideration, the training mechanism creates a map of the 
neural network. In neural network nomenclature, these 
samples are referred to as training samples or learning 
patterns, and the training mechanism stores the information 
pertaining to this mapping that was acquired from the 
samples during the training phase in the neural network's 
structure [16]. 
 
5.3 Test Mechanism or Neural Network Call Mechanism 
 

The testing mechanism or neural network recall 
mechanism is a crucial component of an intelligent system 
that uses information extracted from the training mechanism 
to answer user questions. The neural network structure acts 
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as a memory in this system, and the testing mechanism 
retrieves this information. The efficiency of the neural 
network is determined during the testing phase or recall 
phase. The neural network receives expected samples 
representing the user's problem and outputs these, without 
any output to estimate. The recall mechanism uses the 
mapping obtained during the training phase to estimate the 
output of the test samples. The closer the network's answer 
to the test sample is to the real answer, the closer the graph 
formed by the neural network is to the problem system graph. 
Therefore, the efficiency of a neural network to solve a 
problem is deterministic [17]. 
 
6 RESEARCH ASSUMPTIONS (RESEARCH HYPOTHESES) 
 

Research assumptions (research hypotheses) are: 
- Soil stratification can be determined with acceptable 

accuracy using an artificial neural network. 
- The soil of the plan is considered in layers. 
 
7 SOIL MODELING 
 

Artificial intelligence (AI) has become increasingly 
popular in various fields, with software like MATLAB and 
STATISTICA being particularly useful. The selection and 
use of boreholes is crucial for determining the exact location 
of the project area, allowing for accurate coordinates and 
utilization of borehole information. The choice of input 
parameters for a neural network to predict soil stratification, 
such as soil type and depth, is directly related to the 
coordinates and information of the selected borehole. Drill 
holes are selected based on the information in the 
identification table, ensuring no limit to the required 
information. 

One of the most important steps in developing an 
artificial neural network is choosing the data used to train the 
network. After selecting the input and output variables and 
ensuring the accuracy and validity of the soil stratification 
data, the next step is selecting data for training and choosing 
from the available data. Control and testing the network 
during each step is essential to ensure the network's 
performance in predicting situations outside the training data. 

In drilling modeling, a point is selected as the coordinate 
origin in the Cartesian coordinate system as the input 
parameter, and the classification information of the drilling 
is used as the input data. The chosen software chooses the 
most suitable network based on the input parameters, 
resulting in more network errors than the software raises. 
  
8 HISTORY OF TECHNICAL DESCRIPTION IN SOIL 

DEFINITIONS 
 

Many soil properties such as color, texture, density, 
moisture, or structure can be observed directly in the field. 
Most soil profiles show a series of rather well-separated 
layers. When this is due to soil formation or sexual 
reproduction, and not to changes in the parent material, it is 
said to be the horizon. These terms may be considered 
roughly synonymous herein. Often used to describe the 

individual soils on which soil classification and mapping are 
based. They are usually taken from soil profiles (Tab. 1), by 
digging sampling pits or coring exposed vertical transects 
using a soil auger. 
  

Table 2 Common terms used in soil descriptions 
Term Description 

PED 
A single individual naturally occurring soil aggregate 
such as a granule or prism; also, a soil unit beneath the 
horizon level. 

HORIZON 

Relatively uniform material that extends laterally, 
continuously, or discontinuously throughout the pedo-
unit; runs approximately parallel to the surface of the 
ground and differs from the related horizons in many 
chemicals, physical and biological properties. 

PROFILE A vertical section through the soil from the surface to 
the relatively unaltered parent material. 

PEDON The smallest classifiable soil unit, intended to be large 
enough to contain the root system of an average plant 

PEDOUNIT 
A selected column of soil containing sufficient material 
in each horizon for adequate field and laboratory 
characterization. 

SOIL BODY A representative specimen of a taxon1 in place on the 
natural terrain. 

POLYPEDON A soiled area composed of many similar pedons that 
are all given the same soil name 

PEDOTOPE The space is occupied by a polyhedron. 

SOIL SCAPE The assemblage of soil bodies on a land surface in a 
particular landscape. 

 
9     SOIL HORIZON DESIGNATIONS 
 

With the work of Dokuchaev and later Sibirtsev on 
Chernozem soils in Ukraine towards the end of the nineteenth 
century, the scientific study of soil horizons was initiated 
(Buol et al., 1973; p. 174). Dokuchaev utilized the initial 
letters of the Latin alphabet to denote specific regions within 
soil and geological profiles. The letters A, B, and C were 
initially just designations, but over the ensuing decades, they 
came to have distinct meanings [18]: 
1)  Compared to the layers below, the A horizon (topsoil) 

often has a higher organic matter content and a darker 
hue. Eluviation, or the leaching of clay to the layers 
below, is another characteristic of it. 

2)  The subsoil, or B horizon, is often lighter in color than 
the topsoil and frequently exhibits clay illuviation or 
deposit, typically from the horizon or horizons above. 

3)  The parent material, or substrate, known as the "raw" soil 
(horizon C) is where the A and B horizons have 
developed. 

4)  A large portion of the later work on soil categorization 
was built around these concepts. The system changed as 
profile descriptions became more detailed. For example, 
new "master horizons" were developed (O for organic 
horizons, R for bedrock, and G for gley). 

 
The International Society of Soil Science (ISSS) 

published a "Proposal for a uniform system of soil horizon 
designations"  that forms the basis for most of today's soil 
classification systems. Subdivisions of these major horizons 
were introduced, first by the use of numeral subscripts, and 
later by subscript letters (e.g. b for buried or h for hummus). 
The emphasis of the description shifted from the (assumed) 
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processes which had formed the soil to the actual 
morphology of the profile [19]. 
 
10  SOIL CLASSIFICATION SYSTEMS 
 

As an alternative to the soil hierarchy classification, the 
first soil classification system was created in Russia (Buol et 
al., 1973; Duchaufour, 1982). The parent material of the 
central high plains of Russia is rather consistent, loess-like, 
and exhibits a steady increase in temperature from north to 
south as well as a gradual increase in precipitation from east 
to west. Three types of soil classification systems have been 
developed: non-zonal, intrazonal, and zonal. Interrazonal 
soils are influenced locally by things like parent materials; 
zonal soils are immature soils like those found on recently 
eroded slopes; and zonal soils are soils generated mostly by 
vegetation and climate. Two issues need to be addressed by 
soil classification: 
1)  It should categorize higher units by assembling the 

primary soil types found worldwide based on the 
prevalence of their basic characteristics, so offering a 
structure that serves as the foundation for soil research. 

2)  The tool ought to facilitate the creation of expansive 
maps for pragmatic uses, like farming, where precise 
details of marginal significance are frequently needed for 
unit designation and definition. 

 
10.1 German Bodensystematik 
 

Developed the German soil categorization system known 
as the "Bodensystematik", which is a genetic system based 
on the idea of soil kinds (German: Typen), or what he refers 
to as the "characteristic stages of soil development" (op. 
cit.).The distinct features of such vistas as well as their 
distinctive arrangement characterize types. Higher categories 
5 are divided into two suborders (G.: Klassen) and an order 
(G.: Abteilungen). The direction and extent of infiltration—
the movement of materials through the soil by water—
determine the top layer division primarily. Soils classified as 
terrestrial, semi-terrestrial (groundwater and flood), and 
submerged (underwater) are the basic categories. Soils are 
categorized at the sub-level based on comparable horizon 
configurations. Based on qualitative characteristics like the 
presence of calcium carbonate, types can be further classified 
into subtypes (G.: Subtype). Specifying transitions or 
changes between types is a crucial application of subtypes. 
The following primary horizons are identified by BS: F, H, 
L, P, T, S, M, E, and Y [12]. Only three appear in the 
following areas: M (colluvium, from L.: migrate), S (stagnant 
water-affected deposit, G.: Stauwasser), and H (peat, from 
humus). Subscript letters in lowercase are used to indicate 
horizontal scale subdivisions; genetic trait-related letters 
come after the primary symbol, while all other letters come 
before it.The German method allows for some flexibility 
with regard to slope; for example, strata that demonstrate the 
effect of many soil formation processes can be described by 
combining up to three primary symbols. Likewise, 
combinations of up to three different kinds of symbols can be 
used to define variations. Moreover, soil surveyors have 
some leeway to interpret soil profiles genetically because the 

BS classification system considers the complete profile. The 
most significant distinction is seen in the USDA's "soil 
taxonomy", whose "diagnostic" scope is mostly determined 
by physical or chemical measures [20]. 
 
10.2  Soil Classification 
 

Fine-grained soils are defined as those with a grain size 
of less than 0.075 mm, and more than 50% of their dry weight 
should be finer than 0.075 mm. These soils are a mixture of 
clay and silt grains, with the clay fraction being the size limit 
between the two. The plasticity properties of silt and clay are 
better separators than particle size [21] initially defined six 
'Limits of consistency' to classify fine-grained soils, but in 
present engineering applications, only three of these limits 
are used: liquid (LL), plastic (PL), and shrinkage (SL). These 
limits are used to understand soil mechanics and physical 
properties, such as swelling and shrinkage potentials, shear 
strength, and compressibility. 

Researchers have used these limits to investigate the 
fundamental properties of soils, with studies showing 
significant relationships between clay rate, LL, PL, and PI 
values. Studies in Canada and Nigeria have reported 
significant relationships with clay rate, LL, PL, and PI 
values. Additionally, clay content, montmorillonite ratio, and 
organic matter ratio have a weighty effect on LL and PI. In 
conclusion, fine-grained soils are classified using Atterberg 
limits, which can be used to understand soil mechanics and 
physical properties. Since early 1990, Artificial Neural 
Networks (ANN) have been widely used in civil engineering 
and geotechnical engineering studies. ANN is commonly 
used to estimate the compaction and uplift of pile 
foundations, axial and lateral load capacities, drilled poles, 
foundation settlements, and anchors embedment. One study 
by Goh et al. (1995) used 93 data for training and 74 data for 
testing, obtaining a nonlinear relationship with a correlation 
coefficient of 0.97 for training and 0.91 for testing. The 
prediction of settlements in foundations is affected by 
uncertainties, similar to other complex issues in geotechnics. 
Researchers tested settlement prediction using ANN, using 
79 data sets for training and 10 datasets for testing. Five 
parameters were used as input values: net pressure, average 
standard penetration test (SPT) values, foundation width, 
foundation form, and foundation depth [22]. 

ANN is applied to various earth sciences applications 
such as retaining walls, dams, earthquakes, geographical 
information systems, mining, geoenvironmental engineering, 
petroleum engineering, and rock mechanics. Traditional 
statistical methods may be insufficient due to interactions 
between variables, and predicting physical properties of soil 
like mineralogy, porosity, water content, grain size, etc. with 
statistical methods is difficult. ANN algorithms can estimate 
or determine various soil characteristics, including soil 
classification. 
 
10.3 USDA Soil Classification 
 

Before the release of the (relatively) comprehensive 
"Soil Taxonomy" (ST) (Soil Surveyors, 1975; most recent 
revision 1995), the United States Department of Agriculture 
(USDA) soil classification system 6 underwent a number of 
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"approximations". Rather than particular characteristics of 
any pathogenic process, families—the taxonomic layers 
beneath subgroups—differ substantially according to useful 
standards. Take soil temperature, parent material, or texture, 
for instance. Because it is primarily functional in nature, the 
definition of soil series is comparable to that of house. In 
order to provide more specific information, the series level—
which is the lowest level of "soil taxonomy"—can 
nevertheless be further broken down into stages according to 
factors like slope or stoniness. The fact that ST prohibits soil 
classes at the series level from crossing any hierarchical 
boundaries with classes above them is crucial to understand. 
Among all soil classification systems, the USDA Soil 
Taxonomy is distinct in that it specifies a whole new set of 
terms for the upper classes. Despite seeming odd at first, 
these phrases encode the large group, suborder, and order 
they represent directly. They also avoid the confusion-
causing issue of giving terms that are already in use new 
meanings. From ancient tropical soils disturbed by millennia 
of earthworm activity to Arctic permafrost, the USDA's Soil 
Taxonomy system is made to function with soils from all 
over the world. By dividing categories using diagnostic 
ranges, it also aims for objectivity. Still, there are many who 
disagree with the system. Thus, comparatively uniform 
natural soil bodies that are dispersed throughout several soil 
series cannot be shown on a soil map as a single plot unit. 
Consequently, Nettleton et al. It is advised to lift this 
limitation. He proposes looking into non-hierarchical 
classification systems because, in contrast to Nettleton et al., 
he does not see a way out of this predicament. Fitzpatrick, 
who created his classification of non-hierarchical soils 
because he was so against any kind of soil hierarchy, made a 
similar argument with great vigor. Most likely the most 
intricate and sophisticated soil classification system is the 
USDA "Soil Classification" utilized in the United States. It 
makes the claim to be broadly applicable and acts as a 
benchmark for contrasting with other systems. In addition to 
containing water, air, and living things, soil is the end result 
of the transformation of minerals and organic materials on 
the surface of the Earth. It exhibits its morphological 
organization and has grown and is still growing as a result of 
environmental influences. Higher plants develop in soil, 
which also provides the foundation for animal and human 
survival. Given that soil expands both in space and time, it is 
a four-dimensional system. Everyone has a general notion of 
what soil is, yet soil experts' opinions can frequently differ 
greatly from ours.Experts view soil as a complicated system 
with a distinct structure, while laypeople typically think of 
the "earth," the black surface layer that aids in plant growth 
in fields and gardens [23]. 
 

10.4 French Référentiel Pédologique 
 

"Référentiel Pédologique" (RP) is a type system as 
opposed to a rank system, like the USDA's "Soil 
Classification" and the German "Bodensystematik" [24]. 
The system's goal is to achieve a distinct division between 
the conceptual domain and the actual reality. In RP language, 

the solum, or vertical section of soil visible in a trench or pit, 
represents the reality soil mantle. The reference horizon and 
the conceptual solum or reference are the two key ideas 
connected to this reality. In contrast to USDA diagnostic 
ranges, reference ranges are conceptual ranges that are 
defined in morphogenetic typology, allowing for educational 
interpretations. In stark contrast to the USDA system, the RP 
places more weight on pedagogical judgments and less on 
exact definitions. The USDA's "soil taxonomy" is a prime 
example of an unstable system since minor variations can 
have a significant effect. For example, the diagnostic ranges 
used to classify soils as hiatus require that a specific 
percentage of topsoil organic carbon be present. One 
comparable soil beyond that limit and one below it will wind 
up in entirely different regions of the USDA system. One 
more way that RP differs from other systems is that it may be 
made to adjust to the specific needs of local classification by 
simply adding (local) references. 
 

Table 3 Classification of the desired test soil 
Clay C CL CH - 
Silt M ML MH - 

Sand SM SC SW SP 
 

Table 4 Details of a typical borehole in the Saqqez zone 

 
 

Table 5 A example of the record from the site inspection for the borehole 

 
 

A few soil parameters, including bulk density, water 
saturation percentage, sand, silt, and clay, were included in 
the input data for the prediction of FC and PWP. However, 
the cation exchange capacity projection used organic carbon 
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and clay as inputs. found a substantial relationship between 
CEC and these inputs. shows the RMSE plot for every one of 
the many neurons in the buried layer. The best model for 
every soil attribute was produced using two neurons, as these 
data showed. For cation exchange capacity, correlation 
coefficients of 0.86 and 6.43 were found; for water 
percentage at permanent wilting point, 0.82 and 4.58; and for 
water % at field capacity, 0.86 and 6.1. Using MATLAB 
software, multi regression was calculated for three soil train 
data sets. 
 

11 PREDICTION OF A BOREHOLE AND COMPARISON WITH   
ACTUAL BOREHOLE INFORMATION 

 
Ultimately, the following graphically illustrated result 

was generated by running the application at a point where the 
layering information is available. When it comes to 
accurately predicting the type of soil, the shape is perfect, and 
its association with depth accuracy is also rather good. 
Naturally, modeling cannot adequately convey the presence 
of local lenses, which are the shape of the SM layer seen at a 
depth of six meters. It is not very significant in light of the 
objectives of this study. 
 

Table 6 Statistical information for the FC and PWP test data sets 

 
 

 
Figure 3 Borehole and comparison with actual information 

 
The proposed neural network is designed to predict soil 

layers in boreholes at a site. The network uses coordination 

(x, y, z) to recognize the class of layer. The results show a 
high level of accuracy in predicting soil layers. Three 
performance measurements are used to evaluate the 
classification strategy: correctly classified instances for 
total accuracy, true positive rate (TPR) and false positive 
rate (FPR). The confusion matrix is used to assess the 
classification strategy. The precision of the network is 
indicated by the main diagonal, where higher values 
correspond to more accuracy. Soil layer depth and class are 
predicted using a multi-layer perceptron (MLP). The 
training approach uses supervised learning and is based on 
back propagation. The accuracy of the ANN model Soil 
layer depth and class are predicted using a multi-layer 
perceptron (MLP). The training approach uses supervised 
learning and is based on back propagation. The accuracy of 
the ANN model in predicting soil layers was up to 86%. The 
actual data and the ANN's forecast are compared to 
determine the accuracy values. 

According to the shape in the forecast in the soil type is 
perfectly correct and in the case of depth is accompanied by 
good accuracy. The SM layer, which is at a depth of 5.5 
meters, is in the form of a vertical lens. 

 
12 CONCLUSION 
 

The researchers created a model using Artificial Neural 
Networks (ANNs) to forecast the soil composition of Saqez 
City, Iran. Saqez City's 100 square kilometers of data were 
gathered, and the data was then trained to classify various soil 
strata at various depths. At a given depth, the model could 
calculate each layer's thickness. In the initial stage of 
geotechnical projects, site research was made possible by the 
model's 85% prediction accuracy. When input examples fall 
inside the trained range, the accuracy of the model is 
enhanced. Subsequent studies will concentrate on the 
accuracy of ANN models in data set extrapolation. Because 
of the precision of the model, fewer boreholes need to be 
drilled, potentially saving time and money. 
1) According to the results obtained, the information 

obtained from the artificial neural network in the 
investigation of geotechnical phenomena such as 
estimating the thickness of the earth's layers, compiling 
the field operation plan. Interpretation of land conditions 
and soil classification using its characteristics has 
acceptable accuracy. 

2) Using a closed environment instead of using data 
dispersion is associated with better results. 

3) With the increase of boreholes during network training, 
the forecasting accuracy also increases. 

4) Placing local lenses in the training data category 
increases the overall error and is recommended to be 
removed in the modeling. 

5) When we have the concentration of boreholes in one area 
and the point where we want to determine the layering of 
the soil is also located in the same area, it is 
recommended to do modeling around this area in a 
closed environment and from boreholes far away from 
this area. Do not use it in modeling. 

6) In cases where the boreholes are almost uniformly 
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distributed if we have a concentration of boreholes at a 
certain point and the point where we want to determine 
the soil stratification is far from the location of the local 
concentration, it is recommended to have one borehole 
from the concentration point in the modeling. Should be 
used, otherwise, the changes made in the weight function 
will increase the error. 

7) Local lenses are not seen in the software forecast. 
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Comparative Analysis of Employee Training Using Conventional Methods and Virtual Reality  
 

David Krákora, Petr Hořejší*, Andrea Šimerová 
 

Abstract: This paper deals with an innovative method of employee training. Its concept is based on an experiment comparing a conventional training method with virtual reality 
(VR) training. For the evaluation, a questionnaire was designed to assess how much probands remembered immediately after the training. The area of training was the handling 
of sharp objects in a healthcare environment. The length of both types of training was 30 minutes). The conventional training was in the form of a presentation, the innovative one 
was virtual reality with guided interaction with objects. The probands were college students. A total of 42 samples were measured, where each proband was trained on only one 
variant. The main objective was to compare the effectiveness of each training method as a function of time and its effectiveness in terms of memorability. It showed that probands 
who acquired knowledge using the VR variant remembered more information. It was also found that prior experience with VR did not yield better results. 
 
Keywords: Industry 4.0; new training method; safety training; user acceptance; virtual reality; virtual training 
 
 
1 INTRODUCTION  
 

Industry 4.0 has brought innovations and opportunities 
for companies to apply new methods that offer a different 
perspective on their current strategies. Many organisations 
have started working on modernising their standards, 
processes and practices. [1] One of the key input pillars for 
the application of the new concept is the digitisation of 
corporate data. The right digitalisation can create a 
competitive advantage if companies can choose the right 
methods and processes. This enables businesses to streamline 
their processes, find new solutions and use their resources 
efficiently, as well as avoiding waste and trying to reduce 
costs. [2, 3] With the right digitalisation[4], it is possible to 
react flexibly to change, create competitive advantages and 
streamline human resources.  Another important feature of 
Industry 4.0 is integration, which can involve processes 
throughout the entire organisation (that is, from the 
production process to the core management). [3, 5]  

The concept of virtual reality, which in the sense of 
Industry 4.0 is closely related to the above concepts, can be 
explained in several ways. In general, it is a technology that 
creates an environment using a computer screen where the 
user experiences the sensation of being surrounded by 
another space with which they can interact. [6] It is thus a 
medium that allows people to interact effectively with a 
digital 3D environment in real time using their natural 
sensory abilities and skills. [7, 8] Immersion and presence are 
key features of VR [9]. Immersion is the objective ability of 
VR to provide the user with faithful, complex and sensory 
stimuli. Presence is the subjective experience of being 
present in the virtual world, even when the user knows that 
the stimuli do not exist in a physical sense in the virtual space 
[8, 10]. Various devices are able to create this illusion to such 
a degree that the user can ignore their real surroundings [11]. 
From the point of view of the engineering industry, an 
interesting application is the possibility of simulating real 
processes without any risk exposure [12]. 

One of the latest concepts that may be of interest to 
businesses is virtual training (VT). This is the digitisation of 
a real process into VR for teaching and/or training purposes. 
The main objective is to impart the necessary skills to the 

employees and create quality experience and knowledge for 
the trainees [13, 14]. This method creates the conditions and 
experience needed to minimise human error in a safe 
environment. Risky activities can be explained and tasks that 
require extra attention can be demonstrated. This makes it an 
interesting tool for training people [13, 15]. Such training is 
easily repeatable, in an identical setting, with all output data 
(e.g., evaluation documents) easily recorded.  

One area in which VT could be used is in the training of 
employees. In-house training is a key element in the 
development and growth of employees, as well as in 
improving the efficiency and competitiveness of the 
enterprise as a whole [16]. The disadvantage of VT is that its 
actual creation as well as implementation can take a few 
months. Overall, the development of VT can be divided into 
three phases: 
1) Pre-project - mapping of the selected process and 

scenario preparation 
2) Project - environment modelling and application 

development (setting up logic and writing scripts). 
3) Final phase - the implementation period, when the details 

are fine-tuned with the customer and introduced into the 
company.  [17, 18] 

 
This is also linked to the level of acquisition costs. As 

this is a new technology, a high initial investment in both 
hardware and software is required. Further investment is 
needed in professional staff for equipment maintenance and 
technical support. Any technical system can experience 
malfunctions and failures which can cause interruptions in 
training and loss of staff performance [19, 20]. Another 
disadvantage is that VR can cause health problems for users. 
It is important to consider the possibility of Motion Sickness 
during development and try to eliminate it as much as 
possible [23]. 

Well-designed and implemented training can bring many 
benefits, such as increased productivity, higher employee 
motivation, reduced staff turnover and improved market 
positioning. From an Occupational Health and Safety (OHS) 
perspective, the elimination of workplace accidents can be a 
key criterion. It is this type of training that is essential for 
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companies to provide their employees with safe conditions in 
the workplace and to be able to eliminate all risks [22–24]. 
Using VR for occupational safety training is therefore 
effective for several reasons. One of the main factors is the 
possibility of realistic simulations. Due to the interactivity, 
participants are actively involved in the training, this results 
in more effective retention of information. Also, the 
immediate feedback allows them to hone their skills and 
reactions to different situations. It is therefore an interesting 
tool for any type of training [25]. 
 
1.1 Related Work  
 

A study by Radianti and colleagues (2020) explores the 
use of VR in the context of education. They investigated the 
prerequisites for its successful implementation in educational 
processes for different subjects. The result of their findings 
was that VR has had positive feedback in the form of 
practical applications [26]. Also relevant is a study [27] that 
focused on the use of VR during primary school teaching. 
This study involved 24 students who participated in a virtual 
field trip.   From this it can be concluded that the current 
young generation is open to using these digital tools. A strong 
sense of presence and effective VR immersion provide 
training in a safe and controlled environment [28]. The 
effectiveness of digital tools itself is captured in [29], where 
the authors focused on comparing traditional and computer-
based tools by analysing 18 studies. The results showed a 
positive effect and outcomes when a new (digital tool) was 
used. Half of the cases had a 20% higher effectiveness and 
positive attitude recorded by the probands. This result is 
supported in [15], where immersion and presence are 
considered as the main advantages of VR for training health 
professionals. For example, through VR, fear of heights can 
be overcome. A total of 49 volunteers participated in the 
experiment [30], with those who underwent VR immersion 
showing a 75% reduction in their fear of heights.  From an 
industry perspective, even very dangerous jobs such as 
mining can be simulated, where more than 80% of the 
participants believed that the depicted hazards were real. [31] 
In the construction industry, a comparison was made with 
conventional hazardous work training (e.g. working at 
heights). The result was a total training time of more than 20 
hours over a month for new entrants [32]. In the 
questionnaire, more than 42% of people thought that lack of 
knowledge and poor-quality training was the main source of 
accidents. Compared to the conventional method, 
participants showed a higher level of knowledge in the field. 
Thanks to VR, they were able to remember more products 
and their assembly procedures.  The limitations of this study 
were that these were very simple assemblies.  In contrast, 
Kalkan [33] focused his study on the performance of 
complex assembly tasks and product quality. His goal was to 
use VR to reduce the training and knowledge transfer time. 
The results showed that they were able to reduce training 
time by 25% and achieved 28% better performance through 
VR.   

In [34] , the standard learning method is compared with 
VR. The result of this study is that users who trained using 
VR committed fewer errors than in real buddy training. 

Another finding was the advantage that VT is shorter, more 
efficient and less dependent on the trainer.   

HSE (explain this abbreviation, is it OHS?) managers 
who drew on the experience of 540 workers praised the 
variety of the system, the interactive elements, and the 
overall attractiveness. They also appreciated the shared 
learning functionality [35]. Zawadzki focused his research on 
demonstrating the advantages of VT over traditional training 
methods. This research was supported by a total of 20 
respondents that he tested for each form of training and then 
compared their results. The outcome was that using VT, 
respondents had better times in terms of product 
identification and lower assembly times. He also mentioned 
some disadvantages. The main disadvantage cited was the 
high initial investment, which has the potential to pay for 
itself within a few years. [36] Another comparison was made 
using fire protection as a test area. Through research and data 
collection using questionnaires, it was found that VR 
application is more effective than the conventional method. 
A total of 80% of the respondents in the questionnaire 
identified it as an innovative and more effective method [37]. 
OHS elements appear in most training processes. 
Electrocution is another hazardous area that is appropriate to 
virtualise. Based on preliminary validation, it was found that 
VR application has a strong influence on human behaviour 
and understanding of OHS knowledge. People were more 
cautious when the hazard level was higher in VT, the same 
as if they were in reality [38].  

The article [39] focused on a comparative approach 
between the conventional method and the use of VR in VT. 
In this analysis, the researchers found that probands who 
received training in VR showed better knowledge transfer 
and production. The results were very positive for hands-on 
learning. On the other hand, the results were not significant 
for theoretical learning. 

The paper [40] reports on training opportunities in OHS 
in the field of electrical work. Here, the authors suggest VT 
as the optimal training method. Other important findings that 
were found are that training in VR has higher efficiency 
compared to the conventional method, reducing the time for 
knowledge and experience generation. Another advantage is 
better applicability in practice and some sources also report a 
reduction in the cost required for training.[41–43] In general, 
virtual training makes it easier to create new experiences, 
build skills and transfer the know-how of the process 
correctly, resulting in more efficient work with human 
resources. [44]. Overall, the claim that VR training allows the 
acquisition of tangible knowledge through the form of 
experiencing certain situations and then solving them is 
considered a great advantage. It is the immediate feedback 
that provides error correction that leads to a better 
understanding of the issue at hand  [45]. 
 
1.2 Hypothesis and Research Questions 
 

Based on the above, it can be concluded that VT in the 
industrial sector is an effective tool and can be more cost-
effective in terms of capacity, time, and therefore money 
spent, than conventional methods. In this paper, we focus on 
VT in the field of OSH, specifically on the level of 
memorisation compared to conventional training. Testing of 



David Krákora et al.: Comparative Analysis of Employee Training Using Conventional Methods and Virtual Reality 

TEHNIČKI GLASNIK 19, 1(2025), 157-165                                            159 

the memorability of a selected process will be performed. 
Verification of memorability will be done by asking control 
questions on the selected process. 

Based on the standardised training of accident 
prevention when handling sharps, a questionnaire was 
developed, and control questions were asked to the 
respondents. Each of the responses was then converted into 
scores to allow for better comparison between the two groups 
(standard and VR training).  

Thus, three research questions were set, with a null 
hypothesis (H0) and an alternative hypothesis (H1) for each 
question - see below:  
Q1: Which group of probands received a higher score? 
Q2: Do probands with higher VR experience show better 
results? 
Q3: Do computer game players show better results in VR? 
 

Question Q1 is the main question and Q2 and Q3 are 
supplementary questions. 
 
2 METHODOLOGY 
 

The aim of this study is to carry out an experimental 
investigation to compare the effectiveness of VR training 
versus conventional training in terms of memorisation of the 
training content in the immediate post-training period. To 
meet the requirement of the possibility of universality of 
using the training in different enterprises, a training course 
that focuses on occupational safety and health was chosen. In 
the context of this study, this training was specified as 
training on working with sharp objects and the correct 
procedure for sharp injuries.  We compare two types of 
training: 
• 2D – using a presentation. 
• VR – using virtual reality. 
 

In the case of VR training, the training is digitised, and 
an interactive VT course is created based on interactive user 
involvement. One of the main advantages of this method is 
the hands-on execution of tasks, which allows users to 
acquire skills through realistic simulations and exercises. The 
primary objective is to assess the memorisation rate of VR 
compared to the traditional method. The aim is to 
demonstrate the benefits of a VR tool for employee training.  
 
2.1 Conventional Training (2D) 
 

Probands were given a standard presentation for job 
training, handling of sharp objects and subsequent injury 
procedures using frontal teaching. The presentation was 
prepared as the main aid which was designed to provide 
probands with comprehensive and understandable 
information about working with and handling sharps. The 
risks and correct procedures for sharps injuries were also 
listed. The presentation included pictures that served as 
visual support. Their main function was to simply explain the 
issue, describe a specific case, capture the probands' attention 
and try to make it more memorable. The training was carried 
out by a person experienced in this type of work and in 
training other staff. In addition to the presentation itself, it 
was necessary to have a room with projection technology. 

Finally, interactive elements in the form of a discussion were 
used where the probands could ask questions or have things 
explained in greater detail.  

The total length of the conventional training was set at 
30 minutes. This timeframe allowed ample space for in-depth 
analysis of the topic and interactive discussion. During this 
time, participants had the opportunity to ask questions about 
uncertainties and discuss practical applications of the skills 
learned. For authenticity of the experience, the traditional 
training was organised so that all the participants from this 
group attended at the same time. This group dynamic was 
intended to encourage active participation of the participants 
and allow them to share their thoughts and experiences in real 
time. At the end, each proband completed a questionnaire that 
was the same for both groups. 
 
2.2 Virtual Reality (VR) 
 

For this variant, an application was developed to 
represent the training in virtual reality. The main function of 
this application was the simulation of selected processes. The 
input data for the creation of the VR training was a 
standardised process of handling, working with and accident 
prevention with sharp objects. This process was divided into 
activities that build on each other and represent 
interdependent steps. Within the simulation, this means that 
if the first step is not completed, the next steps cannot be 
started. Another important point is the division of the 
elements into static and dynamic elements (i.e. those that are 
interacted with). This type of division has a big impact on 
performance, as static elements are in one place all the time 
and can be rendered to increase the fluidity of VR. The 
application was developed in Unity 3D software. Unity is a 
very popular development engine that allows the creation of 
interactive 2D and 3D applications (including VR). A lot of 
emphasis was placed on the look and quality of the 
environment to represent the real situation. This element was 
intended to use as much immersion as possible and to 
approximate a real situation that may occur in practice. In 
Fig. 1 – A sample environment from the VR app, you can see 
that this is a surgery where a syringe is being handled. For 
better orientation, the user observes everything from a 3rd 
person perspective and solves the problem that arises for their 
VR colleague. At the end, each proband completed a 
questionnaire that was the same for both groups. 
 

 
Figure 1 A sample environment from the VR app 
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A virtual guide was used throughout the application to 
explain each step and also to tell them what to do in which 
step. Visual management elements were also used to improve 
navigation in the environment. These elements can be seen 
in Fig. 2 – Elements of visual management in VR, where the 
active objects (those that the user can manipulate) are 
highlighted in blue. The places where they are to be inserted 
are then highlighted in green. 
 

 
Figure 2  Elements of visual management in VR 

 
Oculus Quest 2 goggles were used to transmit the virtual 

environment. This is an All-in-One device, meaning that it 
does not require any additional communication devices or 
tracking stations. The main point of these goggles is to make 
working with them as easy as possible and to be able to 
provide high quality rendering with maximum comfort. The 
controls or just your hands can be used to operate them.The 
integrated motion tracking technology means that the 
goggles can record the movements of the hands and transmit 
them to the virtual environment. A time schedule was set 
with the group that participated in the VR training, with 30 
minutes planned for each proband. In the first 10 minutes, the 
proband had the basics of using the technology explained to 
them, they were shown the functionality of the hardware and 
how to set up its interface. In the second part, the proband 
adjusted the optimal size, improved the sharpness, and 
increased or decreased the volume of the sound if needed. 
This was followed by the actual training. 15 minutes per 
proband was reserved for this, with the length of the "walk-
through" application being half that. This provided a time 
buffer in case any complications arose. At the end, the 
proband completed a questionnaire. As part of hygiene, the 
goggles had a rubber cover and were wiped with disinfectant 
wipes after each use. If any of the probands wore dioptric 
glasses, a special attachment was used. This hardware has its 
limits in use, so it was important to have a well-lit room. It 
was also important to keep the room free of mirrors and other 
materials that create reflections and could impair hand 
tracking functionality. In the event of excessive sunlight, it 
was essential to be able to shutter the windows. 
 
2.3 Research Sample 
 

The study included a total of 42 probands. They were 
selected from a population of college students and their age 
range was between 19 and 23 years. This age range ensures 

a relatively homogeneous sample in terms of learning ability. 
The probands are students of different majors, which means 
that their educational backgrounds and experience with the 
subject matter may vary. This could influence their 
perception and recall of the information presented during the 
training. However, most of them had university education in 
common, which may help to minimise the influence of these 
variations on the results of the study. We see the above as a 
limiting factor of the study. The probands were 
proportionally and randomly divided into two treatment 
groups to ensure that each group received only one variation 
of training. This step was essential to compare the 
effectiveness of the two methods, as it allows us to eliminate 
possible bias in the results due to awareness of the issue  
 
2.4 Questionnaire 
 

The questionnaire consisted of three sections in total. 
The first section of the questionnaire focused on basic 
information about the proband, such as age, gender, and 
experience with virtual reality. It had a total of 4 questions. 
This section of the questionnaire aimed to provide 
demographic data that may influence the participants' 
reactions and behaviours during the training. For the question 
focusing on virtual reality experience, a scale was established 
based on the number of uses, with the lowest value being 0 
and the highest being 50 or more. The PC gamer question 
then focused on the number of hours per week the proband 
spends playing games. The lowest value was 0 hours and the 
highest was 20 or more. 

The second section contained follow-up questions that 
related to the actual issues that the training focused on. There 
were three types of these questions and there were 6 in total. 
The first section had only one permissible answer. There 
were three of these questions. For example, a question was 
"What part of the sharp object should be grasped?" The 
second section had one or more answers, here the probands 
could tick any number of answers and there were two 
questions of this type. The last type was a question where the 
user assigned a ranking to each activity, according to how 
they would deal with a sharps injury. This section was used 
to test whether the participants were able to correctly 
understand and apply the information given to them during 
the training.  

The third section of the questionnaire dealt with the 
participants' subjective evaluation of the training they had 
just received. There were 3 questions in total. Overall, the use 
of the questionnaire and its structured layout allowed for a 
systematic evaluation of the results and a comprehensive 
picture of the effectiveness and benefits of virtual training 
compared to the traditional training method. 

 
2.5 Monitored Data 
 

From the data collected, several key evaluations were 
obtained that focused on different aspects of training 
effectiveness. These evaluations include memorability, 
effectiveness, and familiarity with the use of VR, which was 
needed to complete the questionnaire. Memorability is an 
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important factor that measures the ability of participants to 
remember and reproduce the information and skills that were 
presented during the training. In this context, the ability to 
remember was compared between the two groups of 
participants who received different versions of the training. 
The results of these tests provided information on how well 
participants remembered the information learned during the 
training. Participants' interest and satisfaction are subjective 
aspects that reflect their perception and evaluation of the 
training. These evaluations included collecting feedback 
from participants regarding their personal interest in VT. 
Interest and satisfaction can be key indicators of training 
effectiveness, as a positive experience can lead to better 
engagement and retention of information. These aspects of 
the evaluation provide a comprehensive view of the 
effectiveness of the training and allow for the identification 
of strengths and weaknesses of each method. The 
combination of objective and subjective measures provides a 
comprehensive picture of how effective and efficient 
different approaches to training are on a given issue. 
 
3 RESULTS 
 

In the evaluation we worked with two variants of 
knowledge testing: 
• Variant 1: VR testing with 19 respondents. 
• Variant 2: Conventional testing, in paper form (2D) with 

21 respondents. 
 

Table 1 Number of correct and incorrect answers 

 
 

 
Figure 3 Number of correct and incorrect answers 

 
To display the values, an association table was created, 

supplemented by a graph. As part of the evaluation process, 
we formulated three questions (Q1, Q2 and Q3) which are 
further used to generate three hypotheses. In conducting 
statistical tests, we set the alpha level of significance at 0.05. 
This level determines whether we are able to reject the null 
hypothesis. We obtain the results of this statistic by 
calculating the p-value, which is the result of the statistical 
tests performed  [46, 47]. 

First, the answers of each proband were scored. The 
scoring was done as follows:  

Question - only one correct answer. (Total 3 questions) 
• Correct    1  
• Wrong    0  
 

Question - multiple correct answers. (Total 2 questions) 
• Correct    1  
• 1 wrong    0.5  
• 2 or more wrong  0  
 

Question - ordering of events. (Total 1 question) 
• Correct    1  
• 1-2 mistakes   0.5  
• 3 and more mistakes 0  
 

A new variable was created to represent the total number 
of points scored by the proband for all scoring questions. The 
maximum number of points obtained in the testing was 6. In 
the 2D group an average of 3.73 points was obtained and in 
the VR group an average of 4.01 points was obtained. Here, 
descriptive statistics were first calculated, and because the 
aim was to test the agreement of the mean scores between the 
forms of testing (2D vs. VR), the normality of the data (i.e., 
the assumption for the use of parametric tests) was examined 
using the Shapiro-Wilk (S-W) test [46, 47]. After performing 
the S-W test, the p-value for the VR variant was calculated 
as 0.122859473. The scores using VR showed a normal 
distribution (p-value > 0.05). For the 2D variant, the p-value 
is calculated as 0.015485487. The score using 2D does not 
have a normal distribution (p-value < 0.05). Because the 
normal distribution does not emerge for both sets, we used 
the nonparametric Mann-Whitney (M-W) test for agreement 
of medians to test for differences between the sets. Other 
assumptions for the use of this test include independence of 
the two samples (n1 > n2), equal shape, and identity of 
variances [46]. 
 
Q1: Which group of probands received a higher score? 
 

H0: The VR group did not score higher on the knowledge 
test immediately after exposure compared to the 2D group. 

H1: The VR group received a higher score on the 
knowledge test immediately after exposure compared to the 
2D group. 

The median score for the VR group is 4.5 and the median 
score for the 2D group is 4. Due to the small sample size of 
respondents (n1 = 19, n2 = 21), the test criterion value 
according to the classical procedure for this test was chosen 
to be U = 90, which was compared with the critical value 
from the table for the Mann-Whitney test (U0.05(19;21) = 
126).  [48] The p-value for the one-sided hypothesis was 
calculated as 0.00123962. The test criterion is less than the 
critical value found. H0 is rejected. Statistical evaluation 
showed a significant difference in the median scores of 
comparable groups of probands. The probands who used VR 
for testing have significantly higher scores than the probands 
who used the 2D form. This result suggests that switching to 
virtual reality may have an impact on the test results, which 

Row labels Paper VR Total sum
Correct 19 18 37
Wrong 2 1 3

Total sum 21 19 40
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may be important when deciding on the preferred form of 
testing in each context. 
 

 
Figure 4  Box plot 

 
A box plot was created as part of the evaluation. It is a 

graphical tool for displaying data [49]. In this case, the mean, 
median and quartiles are displayed. If there were outliers, 
they would also be displayed here. 
 
Q2: Do probands with more VR experience show the best 
results? 
 

H0: Subjects with higher VR experience do not perform 
better on the VR knowledge test. 

H1: Subjects with higher VR experience show better 
results in the VR group knowledge test. 

The higher VR experience of each proband is specified 
using a categorical (ordinal) variable (i.e., ordering is 
possible). Since these are not specific numerical values (i.e., 
the data do not meet the assumptions of normality), it is not 
appropriate to use Pearson's correlation coefficient for 
evaluation purposes, so we used Spearman's correlation 
coefficient to determine the existence of a relationship. This 
coefficient is not based on the measured values but on their 
order. In the calculation, the observed empirical values, 
which are ranked from lowest to highest, are replaced by their 
order [46, 50]. 

The coefficient value was calculated as ‒0.27377, 
indicating a possible weak inverse correlation. Due to the low 
number of respondents (n = 19), this value is not yet 
statistically significant. The p-value was calculated as 
0.25674. H0 is not rejected. It can be concluded that more 
experience with VR does not yield better results in testing. 
 
Q3: Do PC gamers perform better in VR? 
 

H0: Computer game players do not outperform the VR 
group on the knowledge test. H1: Computer game players 
perform better on the VR group knowledge test. 

First, the previously created new statistical variable (i.e., 
gaming scores) was divided into 2 samples. The first sample 
consists of the total score counts of probands who do not play 
PC games (i.e., non-gamers) and the second sample consists 
of probands who play PC games (i.e., gamers). The normality 
of the data was examined using the S-W test. In this case, the 
data can be considered as a selection from a normal 
distribution. The p-value was set as 0.06469 for probands 
who do not play PC games and 0.1565 for probands who play 
PC games. In both cases, the p-value is higher than the alpha 

significance level. For this reason, the F-test for agreement 
of variances was used, which confirmed a higher p-value 
(0.86507108) than the alpha level. Thus, the variances are 
comparable. Therefore, a two-sample t test for agreement of 
means was used, mainly because of its potential use for 
sampling smaller ranges [46]. 

The average was 4.9 for probands who do not play PC 
games and 4.3 for probands who play PC games. The p-value 
of the test was set at 0.91625, which is more than the 
significance level of the alpha. We cannot confirm H0 that 
gamers have better results. Probands who play PC games do 
not show better scores than probands who do not play PC 
games. 
 

 
Figure 5 Box plot with Outliers 

 
4 DISCUSSION 
 

The innovation and digitalisation of training has been 
studied in the past. So has the use of virtual reality in different 
sectors and phases of training. With our experimental 
variations, we achieved identical designs - conventional). 
The research confirmed that the group that underwent VR 
showed a higher success rate in the final test compared to the 
2D group. Similar results were found in the study [39] that 
looked at the implementation of VR in practical parts of 
training. Their analysis focuses mostly on the benefits that 
VR has over standard types of training. Among the main 
benefits, the authors included hands-on involvement in 
processes, the possibility of handling expensive or less 
available tools, and another important perspective is on the 
user experience and user engagement. VR offers the 
opportunity to enter an environment that can be more realistic 
and interactive than traditional training. Users can immerse 
themselves in situations and environments that would 
otherwise be inaccessible. This interactivity can lead to 
higher engagement and better retention of the experience.  
[28] In terms of learning efficiency and information 
retention, studies suggest that virtual reality may be more 
effective than 2D methods. More realistic environments and 
opportunities for practice and repetition can lead to deeper 
learning and better retention of information. This can be 
particularly useful in areas such as medical training, technical 
practice or safety training where hands-on experience is key 
[27, 36]. 
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However, there are financial costs to consider, which can 
be substantial for businesses. Implementing and developing 
VR can be financially challenging.[27] On the other hand, 
although the initial costs may be higher, VR can bring long-
term savings in training and education. Improved training 
efficiency and reduced training costs for new employees can 
provide significant benefits in the long run [35]. 

The results of our study can be compared with those of 
[33], where the knowledge gained from a selected process 
was compared. The probands who were trained by VR 
performed 28% better in terms of memorisation and number 
of errors on the selected segment.  This research can also be 
compared with [37], where a questionnaire was also found to 
be a more effective method than traditional training. At the 
same time, probands received it very positively and 
considered it to be an innovative training method [40]. 

Another important element that VR brings is presence 
and zooming in on dangerous situations. This allows 
participants to experience dangerous situations without 
putting their health at risk [31]. 

Overall, VR is more effective than conventional 
methods. However, further work could be done to compare 
memorisation across different time intervals, when probands 
for a given process would be tested after certain periods of 
time. This could compare the memorisation of the process 
with the time elapsed since training [41, 42].  

In the context of our study, we use a small number of 
respondents. Further research would be to expand the number 
to 100+ respondents for each training area. It would also be 
useful to explore correlations in age groups and occupational 
distribution. 
 
5 CONCLUSION 
 

The education system has evolved over the centuries, and 
it has always adapted to available technologies and the needs 
of students. We are now on the threshold of further exciting 
developments, and it is the duty of researchers, educators and 
teachers to embrace and prepare for them. The generation 
that are just beginning their education have been online all 
their lives. The digital world is as important and immersive 
as the real one.  Educating Generation Z is challenging and 
requires a very different approach to maximise its 
effectiveness and engagement. 

There are many benefits to using VR technology in 
education. First, VR provides superior visualisation that 
cannot be obtained in a traditional classroom. It reflects a 
world in which the younger generation feels comfortable. It 
is inclusive and allows everyone to participate in the learning 
process. It provides virtually unlimited access to information. 
Modern technology used for training increases participation 
and stimulates collaboration and engagement. It is used for 
highly effective blended learning, encouraging self-study and 
individual pursuit of knowledge. Another advantage is the 
active involvement of users in the training itself. Through 
interactions, the users' knowledge of the process can be built 
more effectively. An important aspect is the simulation of 
risky and dangerous processes, where users can try out the 

correct safety procedures without putting their lives in 
danger.  

Although the use of modern technology in the 
educational environment is clearly beneficial, it is not 
without risks and dangers. One of the main problems is the 
lack of flexibility. During traditional training, students can 
ask questions, receive answers, and participate in this 
discussion. Using a virtual reality headset with specific 
software, students must follow the rules and cannot do 
anything other than what is pre-set. In addition, too much 
focus on digital learning solutions could upset the balance 
between teaching hard and soft skills.  

Therefore, it is essential to find the right balance between 
traditional training and the use of VR to avoid eliminating the 
benefits of both methods. Although at first glance VR seems 
like the right method for future training, the human contact 
factor must not be forgotten. There are just some parts of 
training that are better for people if they include the human 
factor, personal contact and the opportunity to ask for more 
information. As mentioned in several studies it is effective to 
supplement standard training methods with different VR 
components.  

The conclusion of this study clearly points to the 
superiority of VR training as a more effective training tool. 
However, for such a conclusion, a more detailed study on a 
larger sample of probands through different psycho-
graphical segmentations would be needed. Moreover, VT is 
not perfect; it is most suitable for teaching procedures and 
activities that can be algorithmized. Research suggests that 
through VR it is possible to achieve not only higher levels of 
participant engagement but also improved memorisation of 
the material presented. This important factor, which 
highlights VR's ability to transfer information and skills with 
greater efficiency, has major implications for the 
effectiveness of training and education. At the same time, the 
results of this study motivate further research. One possibility 
is to extend this type of training to more areas. Where the 
applications would be focused on processes other than just 
handling sharp objects. There is currently research being 
done at our university on the long-term memorization of 
these training methods. This research is working with a larger 
sample of probands. Possible future studies could further 
explore the specific mechanisms behind VR's success in 
training and identify strategies to maximise its potential. 
Beyond this, further research could focus on the long-term 
impacts of VR training, including the lasting memorisation 
of the knowledge and skills acquired compared to traditional 
methods. 
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Designing and Prototyping of a Hybrid Robotic Lawnmower 
 

Martin De Bona, Denis Kotarski* 
 

Abstract: In this paper, the designing and prototyping of a hybrid robotic lawnmower is presented. The main system components required for functionality are briefly described. 
All parts of the system are selected in order to enable coordinated operation of electrical and mechanical components. Robotic lawnmower prototyping is preceded by a design 
process that consists of a phase of selecting the main components and CAD modeling of parts and components. The goal is to position components and parts of the chassis with 
maximum compactness. The main subsystems of the prototype, the differential drive configuration, and the hybrid subsystem with a belt transmission for starting the alternator 
and the lawnmower blade are shown. The parts of the subsystem were tested and the final testing of the robotic lawnmower in the case of remote control was carried out. This 
prototype was made with total costs many times lower than similar commercial robotic lawnmowers. 
 
Keywords: CAD; differential drive configuration; hybrid robotic lawnmower; prototyping; transmission 
 
 
1 INTRODUCTION 
 

Lawn mowing is considered a boring and tedious routine 
household task, therefore it is one of the more promising 
robotic fields. One of the classifications of lawnmowers is 
according to the axis of rotation of the blade, where two main 
types are lawnmowers with a horizontal reel and rotary 
vertical lawnmowers which will be further discussed in this 
paper. The blades on the rotor achieve a clean cut and are 
adapted to different cutting heights. Furthermore, with regard 
to the drive and the energy source, there are manual, electric, 
or internal combustion engine (ICE) mowers. Rotary mowers 
are mostly powered by an ICE or an electric motor, where the 
main power source is engaged for rotating the cutting blades. 
The opening on the mower body is used to throw out the 
mowed grass, and some versions have an attached collection 
basket. There are already many commercial robots for 
mowing grass, and many prototypes [1, 2]. Some predictions 
indicate that robotic lawnmowers will further push the 
boundaries in robotics, as a kind of continuation after the 
great expansion of robotic vacuum cleaners. The significance 
of such research lies in the potentially large market in the 
field of personal robotics [3]. 

These types of robots usually come with similar features 
such as the ability to work within a defined space and the 
ability to avoid static obstacles. In the initial stages of robotic 
lawnmower research, modeling and motion mechanisms 
were considered, as shown in the paper [4]. A robotic 
lawnmower can be remotely controlled, semi-autonomous 
[5], or, in the most sophisticated version, an autonomous 
robot used to cut grass. Over the years, there have been 
numerous advances in lawnmower technology. In the early 
stages of using robotic lawnmowers, a sensor wire was used 
to define the boundaries of the mowed area, just as Lawrence 
Bellinger did in his patent, back in 1969 [6]. In this case, the 
wire needs to be placed around the edges of the lawn area as 
well as around any static obstacles. This requires additional 
work by the operator, which causes a higher cost of mowing. 
The industry also got involved in the development of robotic 
lawnmowers, and Husqvarna presented the Solar Mower 
lawnmower model in 1995, and a step further was taken in 
1998 when the same company presented the Automower with 

a rechargeable battery and the ability to work in various 
weather conditions. 

Nevertheless, this area of robotics is still suitable for 
further development [7], especially from the aspect of 
autonomy, given the methods of positioning, detection, and 
avoidance of obstacles. Due to specific circumstances, fully 
autonomous lawnmowers are often replaced with human 
control and remote control. Obstacle avoidance algorithms 
work with static obstacles, but there are more challenges with 
dynamic obstacles that are common in mowing grass. 
Although there are many problems, there are more and more 
solutions. Today's models of robotic lawnmowers can be 
controlled in a variety of ways, such as mobile application 
control. Unlike the models used in the past, modern 
lawnmowers do not need physical borders along the edge of 
the plot but use sensor systems that include GPS, cameras, 
distance sensors, and other types of sensors [8, 9]. With the 
help of a sensor package, they determine the work area 
intended for mowing and avoid obstacles alongside other 
features. In paper [10], a solar photovoltaic (PV) panel-
powered smart lawn mower, employing an Internet of Things 
(IoT)-based control system is presented. New features 
increase the price and robotic lawnmower systems are 
expensive, which is probably the main barrier for a larger 
number of users. From an economic point of view, the paper 
[11] presents an evaluation of life cycle influence and costs 
associated with autonomous solutions in the agricultural 
sector. 

As control systems and sensors advance, hardware also 
progresses in parallel. Hardware solutions primarily rely on 
factors such as the terrain configuration, plot size, and the 
dimensions of the grass and plants. For instance, robotic 
lawnmowers find application in orchards [12, 13], artichoke 
fields [14], and various other crop fields. Although there are 
numerous works related to the design of robotic 
lawnmowers, they are mostly conceptual designs or scaled 
prototypes [15]. As an illustration, the paper [16] introduced 
the conceptual synthesis of a multifunctional lawnmower and 
demonstrated a prototype. Additionally, the same group of 
authors presented in the paper [17] the conceptual design of 
a smart lawnmower for uneven grassland using the Theory of 
Inventive Problem Solving (TRIZ). A review of the literature 
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revealed a lack of papers in which the process of designing a 
robotic lawnmower is described in more detail. 

The goal of this research is to create a prototype of a 
hybrid robotic lawnmower based on an ICE that is used to 
turn the lawnmower's blade using a right-angle gear reducer 
and to propel an alternator through which the batteries are 
charged with electricity. A differential drive configuration, 
made with two electric motor drives and four wheels, was 
chosen for the drive system that realizes the movement of the 
lawnmower. After selecting the components, the 
construction process was carried out and the key assemblies 
of the system were presented. The created prototype was 
extensively tested and successfully performed the tasks. The 
considered hybrid system has great autonomy in terms of the 
length of mowing time and is suitable for use in larger areas 
such as orchards. The main advantage of the prototype 
compared to commercial lawnmowers is the much lower 
price. 
 
2 THE MAIN COMPONENTS OF A HYBRID ROBOTIC 

LAWNMOWER PROTOTYPE 
 

The presented lawnmower prototype works according to 
the operating principle of hybrid systems known in the 
automotive industry, where different types of energy and 
drive components are used. The gasoline four-stroke ICE is 
the main driver of all systems and at the same time the only 
source of kinetic energy necessary for the operation of the 
lawnmower blade, which converts from the chemical energy 
of 95-octane gasoline. A clone of the Honda GX200 engine 
was selected, which has a volume of 196 cc, a power of 5.5 
kW, and a torque of 13.2 Nm with a horizontal output rotating 
shaft. The engine operation is controlled by a servomotor that 
moves the engine's throttle lever. Fig. 1 shows a 3D 
subassembly of the motor with a double pulley, servomotor, 
and rubber bumpers that mitigate unwanted vibrations that 
are transmitted to other parts of the chassis. 
 

 
Figure 1 Internal combustion engine subassembly with servo motor, rubber 

bumpers, and a double pulley 
 

The key part of the lawnmower, intended for the transfer 
of kinetic energy, necessary for turning the blade during 
mowing, is the angle gear reducer (manufacturer Coberg, 
model L-155J). For this prototype, a reducer with a 
transmission angle of 90°, and a gear ratio of 1:1.14, is used. 

The rotation axis of the gasoline engine rotates around the 
horizontal central axis, therefore, the rotation is transmitted 
to the vertical axis of the blade using the internal gears of the 
reducer. The rotation of the blade in a counterclockwise 
(CCW) direction is enabled. The input shaft of the angle gear 
reducer is a cardan shaft with 6 teeth, used in agricultural 
machines, while the output shaft is 25 mm in diameter. Fig. 
2 shows a 3D model of the reducer in its original state on the 
upper part of the picture, and with modifications where the 
shafts are shortened and adapted, on the lower part of the 
picture. 
 

 
Figure 2 Angle gear reducer original version and revision 

 
The main source of electricity for the movement of the 

lawnmower is the electricity generator, the so-called 
alternator. It is driven via a belt drive by a gasoline engine 
and converts the received kinetic energy into electricity. An 
alternator with an output DC voltage of 24 V was selected, 
and the charging current is 35 A, which is enough to start the 
electric motors of the drive configuration, as well as to 
recharge the lawnmower's battery at the same time. Two 
batteries are placed within the housing of the prototype. The 
voltage of these batteries is 12 V, and they have a capacity of 
3 Ah. The batteries are connected in series, considering that 
the required voltage of the lawnmower electric motors is 24 
V. 

The prototype drive configuration consists of two 
electric motor actuators (manufacturer Vevor, model 
BY1016Z) which convert electrical energy into kinetic 
energy. Electric motors are collector designs, with graphite 
brushes. Considered actuators have a built-in gearbox to 
reduce the angle velocity on the output shaft, and to 
simultaneously increase output torque. According to the 
specifications, the maximum number of revolutions is 309 
RPM, the nominal power of the motor is 350 W, and the 
operating voltage is 24 V. The motors are independent of 
each other, and they are mounted separately on the 
lawnmower as a left and right motor. The motors are 
controlled by a driver (H-bridge) which receives a PWM 
signal based on which it controls the electric motors. This 
type of driver (control unit) is based on the principle of 
changing the polarity of DC collector motors, which can turn 
in one direction or the other. Drive configuration consists of 
two single-channel drivers. 

In the testing phase of the hybrid robotic lawnmower 
prototype, a remote control system will be used, where 
information is transmitted via a wireless communication link, 
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using electromagnetic waves. Components were selected that 
are compatible with the six-channel Flysky FS-i6 transmitter. 
For the complete control of this prototype, five 
communication channels are used, two for electric motors, 
and one channel each for the linear actuator of the belt 
tensioner, the servomotor that controls the operation of the 
gasoline engine, and the relay for shutting down the gasoline 
engine. 
 
3 DESIGNING A HYBRID ROBOTIC LAWNMOWER SYSTEM 
3.1 Designing the Drive Configuration of the Robotic 

Lawnmower 
 
The most common drive configuration of unmanned ground 
vehicles (UGV) or ground mobile robots is a differential 
drive where two actuators are used for the robot's 
movements. The differential drive enables translational 
motion but also rotation in place around the vertical axis, 
which is convenient considering the purpose of the presented 
robot. Most of these configurations consist of two wheels that 
are directly or via a transmission connected to the actuator. 
In this paper, the prototype is made as a differential drive 
with four wheels, as shown in Fig. 3. Different wheel 
velocities achieve rotation, i.e., turning the mower, while the 
same velocities cause straight-line motion. During straight-
line motion, all four axles are equally loaded at the same time. 
Turning the lawnmower in operation is very simple, thus 
faster and more efficient mowing is possible, given that no 
uncut marks are left in place when turning. All-wheel drive 
contributes to mowing on uneven and hilly terrain, and in 
case of minimal slippage, all wheels exert equal forces and 
moments. The front and rear wheels on one side are therefore 
synchronized and are maximally close to each other for the 
compactness of the lawnmower. It is necessary to design a 
system for transferring energy from the electric motor to the 
wheels. 
 

 
Figure 3 Prototype differential drive configuration [18] 

 
Chain transmission is selected for the transmission of 

moments from the shaft of the electric motor to the shafts of 
the prototype driving wheels, which forms the basis of the 

differential drive of the robotic lawnmower. Three key 
components of chain transmission are the sprocket as the 
torque transmitter, the sprocket that receives the torque, and 
between them a flexible chain link. The chain transmission is 
relatively easy to install, has high efficiency, and compared 
to gears, works better under shock load conditions. In chain 
transmission, the working load is distributed among the teeth, 
and proper lubrication is required. A total of four chains of 
equal length are required for the proposed differential drive 
configuration, as each wheel uses a separate chain link. The 
front and rear wheels of one electric motor on each side of 
the lawnmower are driven synchronously. Since two wheels 
are synchronized on one side, it is necessary to design and 
manufacture a double sprocket of the electric motor shaft 
consisting of 410H sprockets with 10 teeth. In order to obtain 
a slower speed of movement of the mower and higher torque, 
the sprocket of each wheel has 32 teeth, therefore the ratio of 
teeth between the sprockets is 10:32. Larger sprockets are 
bolted to the wheel shafts via flanges located at the ends of 
the axles and attached with a pin. The sprockets of the wheel 
shaft and the electric motor are connected by 415H chains. 
Fig. 4 shows the subassembly of one side of the differential 
drive configuration of the proposed robotic lawnmower 
prototype. 

 

 
Figure 4 Subassembly of one side of the differential drive configuration [18] 

 
As shown, one side of the mower's differential drive 

consists of two wheels, drive shafts, pairs of bearings, 
flanges, and a chain transmission connected to the electric 
motor actuator. The wheels consist of a metal rim on which 
a pneumatic tire under pressure is mounted. The width of the 
tire is 100 mm, while the outer diameter is 400 mm. The 
wheel drive shaft is attached, using a split pin, to the axle hole 
of the wheel. It is made by turning from a structural steel 
round bar, and the shaft diameter is 22 mm on the wheel side 
and 20 mm on the bearing side. The shaft is connected to the 
main housing of the robotic lawnmower utilizing bearings 
that serve as support for the moving parts of the robot and for 
the proper direction of kinetic energy. The model used for the 
prototype is a ball bearing in a housing, model UCFL204, 
which is mounted with M12 screws on the bearing supports. 
Vertical bearing support was constructed, taking into account 
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the dimensions and shape of the bearing housing, and 
enabling adjustment of the chain transmission tension. 
Simplified expression for the translational speed of the wheel 
 

V V CT M ,v r i ω= ⋅ ⋅                                                            (1) 
 
where rV is the wheel radius, iCT is the gear ratio of the chain 
transmission, and ωM is the angular velocity of the DC motor 
with gearbox. In the case of the declared motor speed of 309 
RPM, at the declared torque of 13 Nm, it turns out that the 
translational speed is vV = 2 m/s. 
 
3.2 Designing the Lawnmower Blade Mechanism 
 

The angle gear reducer is a mechanical assembly for the 
transmission of kinetic energy, where a blade adapter is 
mounted on the output shaft of the reducer. Before mounting 
on the lower vertical output shaft, the blade adapter must be 
redesigned and manufactured as shown in Fig. 5. The 
lawnmower blade is a mechanical metal piece with sharp 
edges and is mounted with screws on the blade adapter. The 
blade model of this prototype has a symmetrical shape, length 
of 580 mm, width of 55 mm, and thickness of 5 mm. The 
blade rotates around the vertical axis and, passing through the 
grass and vegetation cuts the plants hit by the sharpened 
edge. The proposed prototype does not use a grass collector, 
therefore the blade is made without rear ejectors. Due to a 
rotary motion, centrifugal forces throw the cut plants out of 
the blade area. 
 

 
Figure 5 Lawnmower blade mounting 

 

 
Figure 6 Angle gear reducer pulley mounting 

 
The transmission of kinetic energy is made possible by 

the internal parts of the angle reducer, which transfer the 
rotation of the input shaft to the rotation of the blade around 
the vertical axis of the lawnmower. To transfer the kinetic 
energy from the gasoline engine to the reducer, a belt 
transmission was chosen. The transmission ratio of the belt 

transmission between the gasoline engine and the reducer is 
1:1. Subassembly exploded view of the angle reducer input 
shaft, pulley, and section of the belt is shown in Fig. 6. 
 
3.3 Designing the Belt Transmission of a Hybrid Lawnmower 
 

From the aspect of designing the hybrid system of the 
robotic lawnmower, it is necessary to design the belt 
transmission [19] that connects the gasoline engine with the 
angle reducer and the alternator, therefore two belts are 
needed. The belt transmission system consists of conical 
pulleys and V-belts. Two 13 mm wide V-belts were chosen, 
models AVX 13x1100 and AVX 13×670, where the shorter 
belt for the angle reducer is 670 mm long and the longer belt 
for the alternator is 1100 mm long. The belts are reinforced 
with additional outer plating for strength and toughness. The 
basic pulley is a specially made double pulley and is mounted 
on the output shaft of the gasoline engine, from which it 
transmits moments to the other belt transmission parts. As 
stated, the transmission ratio between the gasoline engine 
pulleys and the angle reducer is 1:1, and the outer diameters 
of the pulleys are 80 mm. A ratio of 2:1 was chosen for torque 
transmission to the alternator. The pulley on the alternator is 
80 mm in diameter, while that on the gasoline engine is 160 
mm. The reason for such a ratio is the need for a higher 
nominal rotational speed of the alternator. The electrical 
energy of the prototype must be sufficient for the electric 
drive of all its components, and simultaneously for charging 
two batteries. 
 

 
Figure 7 Belt tensioner mechanism 

 
Belt tension is important when designing a belt 

transmission. The alternator belt is permanently tensioned, 
and it is tightened by moving the alternator away from the 
gasoline engine, via a lever that is an integral part of the 
alternator support. The belt tensioner of the angle reducer is 
specially designed keeping in mind the engaging and 
disengaging of the lawnmower blade. This reducer belt 
tensioner model consists of a lever that presses the belt and 
is mounted on the reducer bracket as shown in Fig. 7. It is 
mounted on top of the angle reducer bracket using two drilled 
M14 extended metric nuts. One end of the tensioner moves 
the linear actuator via a lever, while on the other side, on 
another lever, there are ball bearings inside a metal cover. 
The cover freely rotates on the outside of the angle reducer 
belt return connection, and in this way performs belt 
tensioning and therefore blade rotation. A used linear 
actuator is a device that performs work via an output shaft 



Martin De Bona, Denis Kotarski: Designing and Prototyping of a Hybrid Robotic Lawnmower 

170                                                                                                                                                                               TECHNICAL JOURNAL 19, 1(2025), 166-172 

that pulls or pushes the tensioner lever. It consists of an 
electric motor and gears, and the maximum pushing force of 
this prototype actuator is 800 N. The linear actuator is 
controlled by the electronic speed controller (ESC) based on 
the received signal via the remote control receiver. Fig. 8 
shows the main components and parts that are mounted on 
the robot chassis. If we assume that there are no losses, 
expression for the moment of the blade is 
 

B AR BT ICE ,M i i M= ⋅ ⋅                                                     (2) 
 
where iAR is the ratio of the angle gear reducer, iBT is the ratio 
of the belt transmission, and MICE is the ICE torque. 
 

 
Figure 8 Arrangement of system components 

 
3.4 Chassis of the Hybrid Robotic Lawnmower Prototype 
 

The chassis of the hybrid robotic lawnmower is 
designed, which has the function of carrying all the 
components of the system. The back and front of the housing 
are completely open, which allows the grass and plants to be 
ejected smoothly, and prevents the blade from being blocked. 
A hole with a diameter of 62 mm is cut in the middle of the 
housing, through which the lower vertical shaft of the angle 
gear reducer passes. The chassis dimensions are 630 mm 
wide and 700 mm long. The vertical shaft bearing supports, 
as well as the angle reducer supports, are welded to the 
housing. Each wheel axle contains two supports. The 
brackets of the angle reducer also have the role of moving the 
reducer along the vertical axis, and this consequently 
determines the cutting height of the blade. For the 
production, a template was made which is shown in Fig. 9. 
 

 
Figure 9 A template for making a robot chassis 

 
The system components are mounted to the chassis of the 

lawnmower. The compactness of the entire system is 
achieved, and Fig. 10 shows the assembly of the hybrid 
robotic lawnmower. The height of the lower part of the 
chassis, measured from the ground, is 125 mm. Therefore, 
the height of the blade is set at approximately half the height 
of the chassis. Since the height of the blade can be moved, 
the lowest position of the blade is 58 mm, while the highest 
cutting height of the blade is 83 mm. 
 

 
Figure 10 3D model of the assembly of the hybrid robotic lawnmower 

 
4 PROTOTYPING AND TESTING A ROBOTIC LAWNMOWER 

SYSTEM 
 

In the prototyping phase, modification and production of 
the necessary parts were carried out according to the 3D 
models and related documentation. First, chain and belt 
transmission components modifications and parts needed to 
mount the components on the chassis of the robotic 
lawnmower were made. Turning and laser cutting were used 
in the production phase. Then, laser cutting, bending, and 
welding of the supports were used in the stage of making the 
chassis of the robotic lawnmower. The final external 
dimensions of the lawnmower chassis after bending are 630 
mm wide and 700 mm long. After the parts of the system 
were made, the assembly of the components and parts was 
done, and Fig. 11 shows the final assembly of the hybrid 
robotic lawnmower. 
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Figure 11 Prototype of a hybrid robotic lawnmower 

 
After the assembly of the prototype, for the purpose of 

final implementation, testing of individual mechanical and 
electrical subsystems of the lawnmower prototype was 
carried out via remote control. The drive configuration of the 
robot was controlled using two channels of the remote 
control, one channel was used for the left wheels and the 
other channel for the right wheels. Gasoline engine control is 
tested for throttle regulation using a servo motor, and the 
switch for turning off the gasoline engine using a relay. Next, 
the engaging of the lawnmower blade was tested using a 
linear actuator and belt tensioner mechanism. After all the 
systems responded positively to the tests, the lawnmower 
was tested in real conditions. Fig. 12 shows the use of the 
presented prototype of the hybrid robotic lawnmower. 
Extensive testing of the prototype was done in conditions of 
different terrains and grass heights, and the prototype 
successfully performed the task of mowing. Through testing, 
minor defects were eliminated and segments of the prototype 
that were exposed during mowing were observed, for which 
protective housings will be made in future upgrades. 
 
5 CONCLUSION 
 

This paper presents the design and prototyping of a 
hybrid robotic lawnmower. The main components of the 
system are listed and explained. Parts of the electrical and 
mechanical systems of the prototype are connected and are 
mutually compatible when performing tasks. The process of 
designing the system through the phase of CAD modeling in 
the CATIA software package is presented. With regard to the 
selected components, chain, and belt transmission systems 
were designed that connect the electrical and mechanical 
systems. The complete prototype was made with total costs 
of less than 2,000 euros, which is many times less than 
commercial solutions, and further system upgrades are 
possible. After the manufacturing and assembly phase, all 
subsystems of this prototype were tested, and they all 
responded positively and successfully to the test. In further 
work, the increase in the degree of autonomy of the 
lawnmower prototype will be investigated in the form of the 
use of different sensors and control systems. 
 

 
Figure 12 Prototype during testing 
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