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PREFACE  

It is a great privilege for us to present the proceedings of MOTSP 2024 to the authors and 

participants of the event. The 15th International Conference Management of Technology – 

Step to Sustainable Production (MOTSP 2024) took place from June 4th to June 6th, 2024, in 

Dubrovnik, Croatia, as a project organized by the Croatian Association for PLM and the 

Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb. The main 

objective of this conference is to gather international experts from academic entities, research 

laboratories, and industries related to the field of Management of Technology and Sustainable 

Production. The conference also provides a platform for sharing knowledge, ideas, and results 

between science and industry. The management of technology, stimulation of innovation and 

invention, augmented reality, and transfer of technology are important challenges all over the 

world. 

We are pleased that the participation in the conference met our expectations and gathered our 

colleagues from Austria, the Czech Republic, Denmark, Germany, India, Lithuania, Poland, 

Serbia, Slovenia, Taiwan, and Croatia. There are 43 papers in total, and 40 papers have been 

accepted for the Technical Journal and will be published in 2024 and 2025 in the form of full 

papers. 

MOTSP 2024 also welcomed three invited speakers: Assistant Professor Davor Kolar with the 

lecture “Navigating the Future of Maintenance: Unleashing the Power of Data for Prescriptive 

Excellence,” PhD Nadir Kapetanović with the lecture “Deep Tech Ecosystem for 

Manufacturing and the Role of TLFs LABUST – Increasing Croatia’s Marine Robotics Research 

Capacities,” and Denis Patafta with the lecture “Communication Skills – Proactive Methods 

of Working with the Audience in Public Performances and Lectures.” Assistant Professor 

Davor Kolar is from the Faculty of Mechanical Engineering and Naval Architecture, 

University of Zagreb, while PhD Nadir Kapetanović is from the Faculty of Electrical 

Engineering and Computing, University of Zagreb. Denis Patafta works as a drama teacher 

and Transactional Analysis psychotherapist. 

We acknowledge the enthusiasm of authors and participants for sharing their work and 

knowledge through our conference. Finally, we once again thank all the participants for 

joining the MOTSP 2024 Conference, and we look forward to seeing you at the next MOTSP 

2025 Conference. 

Associate Professor, Tihomir Opetuk, Ph.D. 

Editor-in-Chief  
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Davor Kolar 

Davor Kolar received his Master and PhD in Industrial Engineering and Management 

at the University of Zagreb, Faculty of Mechanical Engineering and Naval 

Architecture (FMENA). After two years in industry, he joined the team of his home 

faculty as a researcher. He is currently an assistant professor and head of the 

laboratory (Maintenance Laboratory) at the Department of Industrial Engineering and 

Management. His main research interest are related to maintenance process 

improvement through the application of advanced computing. He has been an active 

member of several EU funded projects. He is the author or co-author of more than 30 

publications in refereed journals and conference proceedings. 
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Navigating the Future of Maintenance:  Unleashing the Power 

of Data for Pre scriptive Excellence  
 

Davor KOLAR  

In today's rapidly evolving industrial landscape, unlocking the full potential of data-

driven maintenance strategies is essential for operational success. We've witnessed the 

evolution from predictive maintenance to prescriptive maintenance—a shift that goes 

beyond foreseeing issues to prescribing optimal solutions. In this keynote speak, 

author will delve into the strategies and technologies that illuminate the path from 

predictive to prescriptive maintenance as well as show examples of predictive-to-

prescriptive systems that has been developed in FMENA Maintenance Laboratory. 

Together, we will uncover the secrets of proactive, data-fueled maintenance, setting a 

course for a future where downtime is minimized, assets are maximized, and 

operational excellence becomes the standard.   
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Nadir Kapetanović 

Nadir Kapetanović was born in 1990 in Sarajevo, Bosnia and Herzegovina. He 

graduated from the University of Sarajevo Faculty of Electrical Engineering in 2015, 

at the Department of Automtion and Electronics and he got his PhD degree in 2023 at 

the University of Zagreb Faculty of Electrical Engineering and Computing. He is an 

employee of FER since the beginning of 2017. at the Laboratory for Underwater 

Systems and Technologies (LABUST). Since 2017, he’s been involved in several 

research projects, namely MORUS (2015-2019), EXCELLABUST (2016-2018), 

BLUEMED (2016-2019), e-URready4OS (2017-2018), CUVME (2017 and 2021), 

EUMarineRobots (2018-2021), HEKTOR (2020-2022), and INNOVAMARE (2020-

2022). In the scope of HEKTOR project (2020-2023) he was actively involved not only 

in the research, but also in technical project management together with the coordinator 

prof. Zdenko Kovačić and prof. Nikola Mišković. At the 13th international innovation 

fair AGRO ARCA held in 2022 in Croatia he and his team were awarded with Grand 

Prix for the innovation named „Autonomous catamaran for mariculture 

applications“. The same innovation received the prize of the World Intellectual 

Property Organization as the best international innovation at ISIF 2022 International 

Innovation Fair held in Turkey. His research interests include model predictive 

control, path and coverage planning of autonomous marine vehicles, bathymetric 

models of the seabed, photogramemtric 3D models of objects, state estimation 

methods, as well as signal and image processing. 
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Deep tech ecosystem for Manufacturing and the role of TLFs  

LABUST ɬ (ÕÊÙÌÈÚÐÕÎɯ"ÙÖÈÛÐÈɀÚɯÔÈÙÐÕÌ robotics research 

capacities  
 

Nadir * /$3 -.5(F 

Laboratory for Underwater Systems and Technologies (LABUST) was founded in 

December 2011 at the University of Zagreb Faculty of Electrical Engineering and 

Computing. Since then, LABUST serves as the focal point for applied research and 

development activities in unmanned marine systems and technology for endusers. We 

exist to create new knowledge, educate students, provide advice for end-users, 

innovate, and implement solutions for our customers. We contribute to innovation in 

the sustainable exploitation of ocean resources. LABUST sets itself apart from others 

in its values and mission to inspire and seek challenging tasks. Our vision is to 

advance in multidisciplinary engineering research that innovates, applies, and teaches 

world-class attainment in autonomous marine systems, sensor processing, and 

underwater acoustics for marine science, maritime archaeology, maritime security, the 

offshore energy sector, and other applications.  

Since 2011, we’ve successfully finished over 15 international and over 23 national 

research projects (FP7. H2020, ONR, HRZZ, ERDF, Interreg Italy-Croatia, Horizon 

Europe, Erasmus+ K2). This lecture will give an overview of our R&D activities, 

including development of custom surface and underwater robots; their application in 

underwater acoustic localization, maritime ecology, archaeology, bathymetry, 

mariculture; autonomous ship situational awareness; autonomous inspection; 

cooperation of heterogeneous vehicles; and internet or underwater things.Since 2011, 

we’ve successfully finished over 15 international and over 23 national research 

projects (FP7. H2020, ONR, HRZZ, ERDF, Interreg Italy-Croatia, Horizon Europe, 

Erasmus+ K2). This lecture will give an overview of our R&amp;D activities, including 

development of custom surface and underwater robots; their application in 

underwater acoustic localization, maritime ecology, archaeology, bathymetry, 

mariculture; autonomous ship situational awareness; autonomous inspection; 

cooperation of heterogeneous vehicles; and internet or underwater things. 
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Denis Patafta 

Denis Patatia graduated from the Department of Sociology at the Faculty of 

Philosophy and Humanities, University of Zagreb. He works as a drama teacher and 

TA psychotherapist. He is one of the founders and former president of the Croatian 

Center for Drama Education, a professional organization of drama pedagogues in 

Croatia. He was also a member of the Executive Commitee of IUTA/AITU, the 

International Organization of University Theatres. He was the artistic director of Test! 

– International festival of student theater and multimedia and member of the program 

council of the Culture Program of the Student Center in Zagreb. He is the leader of 

many international applied theater projects and the leader of seminars and workshops 

on acting (Lee Strasberg Method Acting) and communication skills trainings. Denis is 

also an NLP practitioner and a passionate socially engaged volunteer. 
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Communication Skills – Proactive Methods of Working With 

the Audience in Public Performances and Lecture 

Denis PATAFTA  

A modern way of life, regardless of its negative sides, brings a great advantage - the 

freedom to be who we are, because our survival no longer depends on whether our 

true nature is accepted by our closest community or not. But is it really so? Research 

has shown us that the fear of public speaking comes first, even before the fear of death. 

So, the way our environment sees us still makes us do things we don't need and don't 

want in order to get what we want and need. Whatever it is. So let's look together at 

what it could be and how to get there. Freedom from the pressure of the audience, 

knowing our real needs and acting effectively is what we seek in order to reach what 

we truly crave - authenticity. And modern way of life requires new approaches and 

innovative methods 
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Bridging Technology and Healthcare: The Impact of AI in 

Surgical Instrument Classification 

,ÈÛÌÈɯ&1#(F1Ȯɯ2ÝÌÕɯ, 1(H(F1Ȯɯ#ÈÔÑÈÕÈɯ,(' +)$5(F1, Lucia LABINJAN 1 

1Juraj Dobrila University of Pula, Faculty of Engineering, Zagrebacka 30, 52100, Pula, Croatia 

Emerging technologies have sparked a surge in demand for artificial intelligence (AI), 

aimed at optimising various industries and simplifying daily tasks. In response to the 

rapid evolution of technology and the evolving requirements of surgical practices, we 

introduce an innovative application leveraging machine learning. Utilising Cloud 

Annotations, Collaboratory, and Node-RED, we developed a platform for accurate 

surgical instrument classification. By training our model on a diverse set of 

instruments and enabling user-friendly image capture, our application stands poised 

to revolutionise surgical workflows. This paper highlights the role of AI in healthcare 

and outlines the potential of our application to enhance surgical practices, improve 

instrument recognition, and contribute to patient care advancement. We also address 

challenges and opportunities in integrating AI into healthcare while proposing 

avenues for future research and development. 

Keywords:  Artificial intelligence, Machine learning, Healthcare innovation, Node-RED, 

Image recognition 
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Production System Creation Process Methodology in 

Automotive Industry  

Filip K NAPP 1Ȯɯ,ÐÊÏÈÓɯ§IMON 1  

1University of West Bohemia in Pilsen, Faculty of Mechanical Engineering, Univerzitní 22, 306 14 

Pilsen, Czech Republic 

The goal of this research was creation and validation of a methodology to ensure the 

quality of new production systems of automotive industry suppliers. The theoretical 

starting points analyze the available literary sources and point to the insufficient 

treatment of the issue by a comprehensive industry standard representing a gap in the 

current state of knowledge. The practical part of the research is divided into two 

stages. The subject of the first stage is the standardization of the methodology through 

a structured scientific procedure in intensive cooperation with a panel of experts. The 

subject of the second stage is testing the methodology on authentic projects of the 

application sector using case studies. The results of the testing showed that in all 

projects managed using the proposed methodology there was an increase in 

performance compared to projects managed in a traditional way. The successful 

confrontation of the proposed solution with reality (practice) is underlined by the 

confrontation with the current state of knowledge (theory). The practical benefits of 

the research are the possibility of implementing the methodology into the pedagogical 

process at training workplaces and, above all, its application into engineering practice 

to plan and manage the quality of new production systems of automotive industry 

suppliers. 

Keywords: Automotive Industry Suppliers, Product Creation Process, Project Management, 

Standardization 
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Digital Twin and Simulation Analyses for Process Optimization 

of an Automated Guided Vehicle System 

Lothar SCHULZE 1, Li LI 2 

1Leibniz Universität Hannover, Callinstr. 36, 30167 Hannover, Germany 

2Technische Hochschule Ostwestfalen, Lippe Campusallee 12, 32657 Lemgo, Germany 

Development in industrial companies aims to digitize processes, ensure traceability 

and advance automation. Systems with automated guided vehicles (AGVs) can help 

meet these objectives. A core element of these systems is the higher-level system 

controller. When an AGV system is operated, some dynamic aspects appear. It is then 

to identify, that the previous specified rules for scheduling and routing of vehicles are 

not always proper and practical, which may result in waiting time of AGVs. That 

means the static performance requirements and the specifications based on them often 

lead to suboptimal results. A methodical problem-solving approach is to develop a 

digital twin as a reflection of reality and to carry out strategy analyses using 

simulation. For this purpose, a digital twin of the concerned AGV system with five 

vehicles and its technological environment is created using software of plant 

simulation. Various simulation scenarios are developed to simulate material flows by 

using different routing and scheduling rules and strategies. Drawing from the insights 

gained through the digital twin and simulation analyses, this study identifies novel 

scheduling and routing rules for the AGV system. These rules improve the overall 

efficiency and effectiveness of the system operations by easing traffic congestion, 

reducing transit time, and minimizing production downtime. 

Keywords: Automated Guided Vehicle, Digital Twin, Simulation Analysis, Material Flow 

Optimization, Routing and Scheduling 
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Requirements for the transformation towards returnable 

transport item-enabled circular economies in the Austrian 

parcel industry 

Gerald SCHNEIKART 1, Clemens LÖFFLER2, Manuela BRANDNER 3, Sarah 

PFOSER3, Walter MAYRHOFER 1 

1FHWien der WKW, Institute for Digital Transformation and Strategy, Währinger Gürtel 97, 1180 

Vienna, Austria 

2FHWien der WKW, Competence Center for Business Controlling & Accounting, Währinger Gürtel 

97, 1180 Vienna, Austria 

3University of Applied Sciences Upper Austria, Logistikum Steyr, Wehrgrabengasse 1-3, 4400 Steyr, 

Austria 

The European Green Deal sets the ambitious targets of establishing the first climate 

neutral continent by 2050 and reducing emissions by a minimum of 55% by 2030. In 

order to move the involved stakeholders to action, the European Commission has 

formulated proposals for regulations. One such proposal defines a legal framework to 

force industries to reduce the environmental burden caused by packaging waste. A 

major waste producer is the parcel service industry (CEP; courier, express, and parcel) 

and the industries it serves. Once put into place by the EU member states, the new 

laws will force all players in these sectors to increase business innovations in circular 

economies, which are based on the principles of recycling and reuse. Circular 

economies can be achieved by the implementation of returnable transport items (RTI) 

integrated with Industry 4.0 technologies. The ongoing research project ReKEP, which 

is largely funded by the Austrian Federal Ministry for Climate Action, Environment, 

Energy, Mobility, Innovation and Technology, investigates potential impacts of RTI-

based circular economies in the Austrian parcel service industry. The project’s 

particular interest is to identify the requirements of the most relevant stakeholder 

groups in the CEP industry for the successful transformation towards RTI-enabled 

circular economies. For this purpose, we conducted interviews with leaders and 

decision-makers of 10 stakeholder organizations, including producers, retailers, CEP 

contractors and the Austrian Federal Economic Chamber. This paper summarizes the 

interview results, which indicate that, despite recognizing the high potential of RTIs 

for reaching ecological sustainability goals, the contemporary awareness of the EU 

Green Deal and the concomitant responsibility to take action seems too low for 

successful implementation. The study outcome suggests that research and 

development in RTI should focus on operational requirements of workers and line 

managers from CEP industries for successful transformations to circular economies. 
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Climate friendly transport - A study on sustainable trade 

logistics in multi-channel retail based on a survey of floristry 

retailers in Germany 

Daniela LUDIN 1, Marc BUCHHEIT 2, Erika MUELLER 3, Wanja WELLBROCK 1 

1Faculty of Economics Heilbronn, University of Applied Sciences, Bildungscampus, 74076 Heilbronn, 

Germany 

2Faculty of Management and Sales Heilbronn, University of Applied Sciences, Ziegeleiweg 4, 74523 

Schwaebisch Hall, Germany 

3Sustainability Department, Heilbronn University of Applied Sciences, Bildungscampus, 74076 

Heilbronn, Germany 

Retail is currently in a state of upheaval due to digitalization and the associated 

booming online trade. Sales figures in stationary retail are stagnating. Online trading 

offers advantages through convenience and quick availability that customers no 

longer do not want to miss. Due to climate change, retailers and customers have 

changed their mind set towards more sustainability. Consumers are increasingly 

demanding sustainable products, so retailers must act appropriately to be both digital 

and climate-friendly in the future. The aim of this exploratory study is to use the 

example of floristry retailers to analyze whether they are growing with digitalization 

and whether they are taking sustainable initiatives to act as climate-friendly as 

possible. In addition, the florists' whole value chain is examined for climate 

friendliness. The results of the exploratory online survey of 68 floristry businesses in 

Germany show that both digitalization as well as climate and sustainability awareness 

play a significant role in floristry retail. 

Keywords: Climate Friendly Transport, Commercial Business Administration, Floristry 

Retail, Multi-Channel Retail, Sustainability Management, Sustainable Trade Logistics 
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Failure Prediction of Automated Guided Vehicle Systems in 

Production Environments through Artificial Intelligence 

Li LI 1, Lothar SCHULZE 2 

1Technische Hochschule Ostwestfalen, Lippe Campusallee 12, 32657 Lemgo, Germany 

2Leibniz Universität Hannover, Callinstr. 36, 30167 Hannover, Germany 

Modern industrial systems demand intricate connectivity and automation, especially 

in the realm of shop floor processes and intralogistics. Automated Guided Vehicle 

(AGV) systems are characterized by their potential for seamlessly networking value 

creation areas. However, failures and disruptions in AGV systems and adjacent 

facilities can lead to production halts, adversely affecting delivery reliability and 

quality. A substantial portion of the downtime stems from manual troubleshooting, 

underscoring the pivotal importance of the response time from maintenance staff. This 

paper introduces an approach employing a neural network with long short-term 

memory for forecasting and predictive maintenance to enhance AGV system 

reliability and availability in production environments. By analysing historical data, 

identifying patterns, and predicting potential failures or maintenance needs in AGV 

components and neighbouring facilities, the proposed AI-based forecasting ensures 

timely preventive measures. A case study shows the effectiveness of this approach in 

significantly improving AGV system performance, minimizing disruptions, and 

enhancing operational availability. This research contributes to smart manufacturing 

by providing a practical solution for optimizing availability of the concerned AGV 

system through advanced AI-based forecasting strategies. 

Keywords: Guided Vehicle, Time-Series Analysis and Forecasting, Artificial Intelligence, 

Long Short-Term Memory, TensorFlow 
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Factors Influencing the Purchase of Battery Electric Vehicles 

(BEVs): An Explorative Study Based on the Analysis of New 

Registrations and Expert Interviews in Germany  

Johannes HOFFMANN 1, Verena SZKUDLAREK 1, Daniela LUDIN 1, Norbert 

SCHREIER2, Erika MUELLER 3, Wanja WELLBROCK 1 

1Faculty of Economics Heilbronn, University of Applied Sciences, Bildungscampus, 74076 Heilbronn, 

Germany 

2Esslingen University of Applied Sciences, Faculty of Mobility and Technic, Kanalstrasse 33, 73728 

Esslingen, Germany 

3Sustainability Department, Heilbronn University of Applied Sciences, Bildungscampus, 74076 

Heilbronn, Germany 

This research aims to identify the key factors influencing the new registrations of 

battery electric vehicles (BEVs) in Germany. Focusing the topics economy, mobility 

change and climate sustainability a mixed-methods approach was used combining a 

regression analysis based on public databases and qualitative interviews with experts, 

represented by vehicle testing organizations, BEV leasing companies, car dealerships 

and automotive magazines. The study revealed similarities as well as discrepancies 

between expert opinions and the regression analysis results in the fields of real GDP, 

education rate, the average range of BEVs, the real estate price index, charging 

infrastructure and political conviction. Regarding practical implications, the results of 

this study help BEV manufacturers to enhance their marketing and product strategies. 

The findings of this study could help decision-makers to better understand the mind 

set of BEV customers. 

Keywords: Battery Electric Vehicle (BEV); change in mobility; climate change; sustainable 

mobility 
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Modular, vision-based control of automated charging systems 

for electric vehicles 

Stefan LIPPITSCH 1, Mario HIRZ 1, Thais LAUER 2, Abigail Yuh Shyuan LEE2, 

Raihan NOUSHAD 3, Udit SRIVASTAV 3 

1Institute of automotive engineering, TU Graz, Austria 

 2Transformation and Integration Innovation & Engineering, BP, Great Britain 

3Innovation & Engineering, BP, Great Britain 

Contemporary vehicle fleets include a variety of both manually and automated 

operated vehicles. A significant shift involves the increasing use of electric 

powertrains. However, the current electric charging infrastructure predominantly 

relies on manual processes. There is an opportunity to automate the charging process 

for these cars, with the intent to enhance convenience, aid people with accessibility 

needs, to support MW charging where EV cables are heavy, and finally to enable 

autonomous driving. The charging standards are common but the mechanisms to 

access the charging ports are not i.e., lids and protectives. This could be a challenge in 

the automation process given the complexity of the manipulation task at hand. With 

the increasing variety of electric vehicle models, standardizing charging mechanisms 

becomes imperative to streamline the charging process and enable broader adoption. 

In summary, this paper presents a holistic approach to addressing the evolving needs 

of electric vehicle charging infrastructure, emphasizing the importance of automation 

in enabling efficient, accessible, and future-ready charging solutions. 

Keywords: electro-mobility, charging infrastructure, plug-and-charge, electric fleet 

solutions, charging technology, automated charging system, megawatt charging 
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Evaluating the carbon footprint of the ship production process  

-ÌÝÌÕɯ' #Â(F1Ȯɯ5ÐÒÛÖÙɯ+.Â 11, Tihomir OPETUK 1, Robert KESER1 

1University of Zagreb, Faculty of Mechanical Engineering and Naval Architecture, I. Lučića 5, 10000 

Zagreb, Croatia 

The ship production process is a labor-intensive and project-oriented production 

process involving energy-intensive material treatments contributing to the life-cycle 

environmental impact of the ship. This impact is usually evaluated considering only 

the ship’s operation while omitting its production stage from the equation. Hence, this 

work presents an evaluation of the carbon footprint of the ship production process by 

considering the steel-embodied carbon as well as the emissions generated by the 

shipyard’s fabrication processes. In that way, a more detailed evaluation of the life 

cycle carbon emissions will be enabled not only for the case of the ship production 

process but also for other industries involving energy-intensive processes. 

Keywords: ship production, carbon footprint, energy-intensive industry, embodied carbon 

footprint, energy consumption 
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Quality of courier services from the customer perspective in the 

Republic of Serbia 
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1Faculty of Organizational Sciences, University of Belgrade, Jove Ilića 154, 11040 Belgrade, Republic of 

Serbia 

The recent growth of the e-commerce sector—especially during and after the COVID-

19 pandemic—has led to the expansion of the Courier, Express and Parcel (CEP) 

market. To remain competitive, courier companies had to adjust their business models 

to meet not only high demand but also customer expectations. The aim of this work is 

to assess the quality of courier services in the Republic of Serbia from the customers’ 

perspective. The relevant data was obtained via an electronic survey, which was 

informed by a comprehensive literature review. The online questionnaire was 

distributed via social networks (Facebook and Viber) in February 2023 and the 

subsequent statistical analyses revealed that, in the Republic of Serbia, satisfaction 

with courier delivery services is affected by the use frequency, customer 

characteristics (employment status, level of concern regarding personal data security) 

as well as the courier service characteristics (e.g., responsiveness, timeliness, delivery 

status, payment options). 

Keywords: courier companies, courier services, customer satisfaction, delivery, Serbia, survey 
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The Assessment Model of Robotic Process Automation (RPA) 

Project Using Benefit Study and Balanced Scorecard (BSC) 

Approach 

Bernhard AXMANN 1, Harmoko HARMOKO 1 

1Faculty of Engineering and Management, Technischen Hochschule Ingolstadt, Esplanade 10, D-85049 

Ingolstadt 

Assessing Robotic Process Automation (RPA) projects is challenging, especially for 

small and medium-sized enterprises (SMEs) with limited resources. The most 

common approach, cost-benefit analysis, measures the financial success of a project, 

but it does not capture all RPA benefits, which can lead to erroneous decisions about 

starting, continuing, delaying, or stopping an RPA project. This research presents a 

novel RPA project assessment model that combines a benefits approach with the 

balanced scorecard (BSC) framework. The model identifies RPA benefits from the 

scientific literature and classifies them into four BSC indicators: financial, business 

process improvement, customer satisfaction, and learning and development. SMEs 

can easily use the model by comparing expected and actual benefits to make quick 

and holistic decisions. The model's simplicity, ease of use, and ability to reveal both 

monetary and non-monetary RPA benefits make it a valuable tool for SMEs.  

Keywords:  Robotic Process Automation (RPA), Balanced scorecard, benefit, assessment, 

project 
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A maturity model to determine the degree of utilization of 

machine learning in production planning and control processes 

Jakob HARTL 1, Jürgen BOCK1 
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The presented work introduces a maturity model for evaluating Machine Learning 

implementations, with a primary focus on Production Planning and Control 

processes, as well as broader organizational and technical aspects in companies. This 

model emerges as a response to the research gap identified in the analysis of 14 

existing maturity models, which served as foundational bases for the development of 

this novel approach. By examining success factors and obstacles at different maturity 

levels, categorized according to defined dimensions and overarching design fields, 

this model can serve as a catalyst for bridging the research gap between models 

demanded in practice and the scholary exploration of topics related to Machine 

Learning in corporate processes. Notably, the structured design of this maturity 

model ensures accessibility for small and medium-sized enterprises (SMEs). 

Keywords: machine learning, maturity model, production planning and control, project 

success, success factors, SME 
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Technology or organization: what is more important for 

artificial intelligence adoption 

Aman PATHAK 1, Veena BANSAL 1 
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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 
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Development of guidelines for the design of cantilevers  
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1University of Zagreb, Faculty of Mechanical Engineering and Naval Architecture, Ivana Lučića 5, 

10000 Zagreb, Croatia 

Cantilevers are elements typically used in the design of various structures such as 

factory halls or cantilever cranes. Traditionally, such elements are made of standard 

profiles or, in the case of large loads, by welding from standard sheets. Often, due to 

stationary conditions of exploitation, no attention is paid to mass reduction. 

Increasingly stringent requirements on reducing costs, but also on reducing 

environmental impact through reducing energy consumption necessary for the 

production, processing, and transport of materials, facilitate the application of 

optimization to obtain a construction solution with minimal mass. However, doing so 

requires advanced high-cost computer tools and increases the required competencies 

of designers. In this paper, a series of optimizations have been carried out for typical 

reach and load values of cantilevers aiming to create a database that will facilitate 

algorithms for selecting cross-sectional dimensions suitable for production using 

either additive technologies or traditional methods. 

Keywords: Cantilever, optimization, strength, deflection, guidelines 
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Non-Destructive Apple Defect Detection Using Machine Vision 

and Principal Component Analysis 

Chung -Ping CHANG 1, Syuan-Cheng CHANG 2, Yung-Cheng WANG 2, Ching -Lun 

TSAI 1 

1National Chiayi University, 300 Syuefu Road, Chiayi 600355, Taiwan 

2National Yunlin University of Science and Technology, 123 University Road, Section 3, Douliou, 

Yunlin 64002, Taiwan 

This study proposes a non-destructive detection method for analyzing the defect of 

apple flesh. The detection method involves penetrating the interior of the apple with 

a Halogen lamp, where the wavelength is absorbed by the damaged flesh of the apple 

and reflects different frequencies of wavelengths. Internal images of the apple are 

captured using a charge-coupled device (CCD), and images of different wavelengths 

are obtained through band-pass filters at 780 nm and 832 nm. Finally, principal 

component analysis (PCA) is used to superimpose the original image with the images 

obtained from the two filters. According to the experimental results, processing the 

images with principal component analysis enhances the identification of the internal 

structure of the apple and improves the accuracy of detection. 

Keywords: Apple defect detection, Non-contact inspection, machine vision, principal 

component analysis 
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Injection moulded part analysis by alignment of simulated and 

referent part geometry 
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5, HR-10000 Zagreb, Croatia 

2YAZAKI-EUROPE Ltd., Slavonska avenija 26/6, HR-10000 Zagreb, Croatia 

Warpage of the injection moulded parts is one of the most common defects after 

demoulding, which is intensively present in thin-walled moulded parts or parts with 

non-uniform wall thickness. The level of the warpage can be reduced by optimizing 

the mould tempering system in the phase of mould design, by optimizing the injection 

moulding parameters and recently by optimizing the shape of the mould cavity 

elements geometry – so-called inverse contouring. Computer simulation of injection 

moulding process can show the level of moulded part warpage after ejection from the 

mould, but it will not allow detailed measuring of critical moulded part measures 

deviations. Detailed analysis and prediction of the critical moulded part dimensions 

can be performed by aligning of the deformed moulded part design obtained with 

computer simulation, with moulded part reference CAD geometry. This paper shows 

the main steps and an example of the geometry aligning process for a specific 

thermoplastic part. 

Keywords:  injection moulding, moulded part geometry alignment, numerical simulation 
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Development and Optimization of a Differential Signal-Based 

Fabry-Perot Interferometer for Nanopositioning 

Syuan-Cheng CHANG 1, Chung -Ping CHANG 2, Yung-Cheng WANG 1 

1National Yunlin University of Science and Technology, 123 University Road, Section 3, Douliou, 

Yunlin 64002, Taiwan 

2National Chiayi University, 300 Syuefu Road, Chiayi 600355, Taiwan 

In this study, we present the optimization of a Fabry-Perot interferometer with a 

differential signal utilized as the laser encoder to meet the stringent demands of 

nanopositioning. The proposed system aims to enhance stability and accuracy in 

nanopositioning applications by leveraging the common path structure and coaxial 

characteristics of Fabry-Perot interferometers. To improve the resolution of this 

system, an interpolation module is employed to increase the laser encoder resolution 

to 15.82 nm. Compared to the simulated interference signal from traditional Fabry-

Perot interferometers, the differential interference signal proposed in this study is 

more sinusoidal, thus reducing errors in resolution subdivision. To verify the 

correspondence between the actual interference signal and the simulated one, a signal 

testing experiment is implemented in this study. Eventually, the experimental signal 

results demonstrate that the actual light intensity signals match the simulated results, 

indicating that this signal can be significantly beneficial for use as a laser encoder. 

Keywords: Fabry-Perot interferometer, Nano-positioning, Laser encoder, differential signal 

processing, interpolation module 
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Die Casting or Sheet Metal Forming: A comparison of Car Body 

Manufacturing in times of the "Giga Press" 

Martin BEDNARZ 1 
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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. 

Keywords: Large-scale Die Casting, Sheet Metal Construction, Car body Manufacturing 
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Integrating Robotic Systems into a Plasma Cutting Workstation 

– New Workstation Design Approach Using Techno-Economic 

Evaluation 
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1Department of Industrial Engineering and Management, University of West, 22 301 00 Pilsen, Czech 
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3Department of Industrial Engineering and Management, University of West Bohemia, Univerzitní 22, 
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 4Shape Corp., Havířská 1388, 330 23, Nýřany, Czech Republic 

This paper proposes a procedure for implementing a robotic system in a plasma 

cutting workplace. The goal is to create an efficient and safe process for integrating a 

robot into the existing workspace, with an emphasis on increasing productivity and 

minimising the risk of human factors. The paper includes an analysis of the 

requirements for the robotic system, including compatibility with the plasma cutting 

equipment. The proposed procedure involves an analysis of the current state of the 

workplace, followed by recommended implementation steps. The procedure includes 

a comparison of the current state of the workplace with the proposed state and the 

establishment of criteria for evaluation, which are subsequently used in the techno-

economic evaluation. The paper also presents an industrial case study to validate the 

proposed procedure. 

Keywords: industrial case study, automation, robotics, plasma cutting, techno-economic 

evaluation 
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Carbon footprint principles and challenges in transport 

logistics  
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4Foresion.net, Mount Gambier, Australia 

5International Monetary Fund, Washington DC, United States 

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. 

Keywords: Carbon Footprint Calculation, Digitalisation, Last Mile Delivery, Frameworks, 

Transport Planning 
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Addressing circularity strategies by reconfigurating smart 

products during their Lifecycle 

Yannick JURESA 1, Damun MOLLAHASSANI 1, Jens C. GÖBEL1 

1RPTU Kaiserslautern-Landau, Institute of Virtual Product Engineering, Gottlieb-Daimler-Str. 44, 

67663 Kaiserslautern, Germany 

Considering circularity aspects during the engineering of smart products implies a 

significantly increased complexity of engineering processes. Especially technical 

reconfiguration of smart products, offered as services in availability-oriented business 

models, enables the integration of circular economy aspects in sustainable products 

and lifecycles, through realizing several aspects of the 9R strategies. This paper 

introduces an analysis of interdependencies between 9R strategies potential 

reconfiguration options, technical characteristics of smart products, different maturity 

levels of smart product and abilities for circularity. Partial engineering models 

managed in different product lifecycle management systems provide a technical basis 

for systematization and evaluation of circular abilities of reconfigurable smart 

products in different lifecycle phases. The approach aims to improve circularity-

related decision making in systems engineering processes in the early development 

phases and during the reconfiguration of smart products during utilization phase. An 

industrial use case considering a microelectronic-centered smart product used in e-

mobility solutions validates the approach. 

Keywords: 9R Strategies, Product Engineering, Product Lifecycle Management, 

Reconfiguration, Smart Products, Sustainability Strategies 
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Teaching Predictive Maintenance using Industrial AI Tools 

Ihor SAVCH ENKO 1, Herbert FLECK 1, Peter NOVOTNY 1, Helmut ROPIN 1 

1FH Joanneum Werk-VI-Straße 46, 8605 Kapfenberg, Austria 

A new concept of an educational tool using predictive maintenance techniques is 

proposed. The tool is a part of a larger 'learning and research factory' that aims to 

enhance the current educational processes for industrial engineering students. The 

factory is organized as close as possible to the real business situation, so the students 

“learn by doing”, gaining both theoretical knowledge and practical skills. Two use 

cases presented by the authors intended to effectively teach the principles of 

predictive maintenance. Basic elements of data science, machine learning and 

statistical analysis are used to prognose possible anomalies in the production process 

and react actively before a harmful event occurs. The authors outline ways for further 

development of the tool, including using it for other educational purposes. 

Keywords:  AI, anomalies, digital twin, predictive maintenance, machine learning 
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Research model of the degree of technological humanism in 

manufacturing companies in the transformation towards 

Industry 5.0 

ÂÌÓÑÒÖɯ54*$+(F1, Hrvoje CAJNER 2Ȯɯ&ÖÙËÈÕÈɯ! 1(F2 

1Marius d.o.o.,Voćarska 44, 10000 Zagreb, Croatia 

2University of Zagreb, Faculty of Mechanical Engineering and Naval Architecture, Ivana Lučića 5, 

10002 Zagreb, Croatia 

Adopting the concept of Industry 4.0 enables manufacturing companies to gain 

advantages from digital production management, though issues have been identified 

related to human resources, management and organisation. Problem areas concern 

workplace ergonomics to the general wellbeing and satisfaction of workers, and social 

responsibility. Industry 5.0 promotes progress based on human-machine 

collaboration and sustainable, human-centred value creation. The research model of 

the degree of technological humanism, which aims to ensure that technological 

progress improves human wellbeing in manufacturing companies in the 

transformation towards Industry 5.0, is a demanding area that has not been 

sufficiently researched or unambiguously defined so far. The presented model can 

facilitate the digital transition of manufacturing companies towards Industry 5.0, as it 

contains the components necessary for the transformation of organisational processes, 

thereby enhancing and accelerating the implementation of smart manufacturing. 

Keywords: ergonomics, social responsibility, technological humanism, transformation 

towards Industry 5.0 
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A Comparative Evaluation of Augmented Reality Indoor 

Navigation versus Conventional Approaches 
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1University of West Bohemia, Univerzitni 2732/8, 301 00 Plzen, Czech Republic 

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 
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Improving Manufacturing ProcessesThrough Artificial 

Intelligence - Example of Printed Circuit Board Manufacturing 

Jiri TUPA 1, Andrea BENESOVA 1, Frantisek STEINER 1, Tomas RERICHA 1 

1University of West Bohemia, Department of Materials and Technology, Univerzitni 26, Pilsen, Czech 

Republic 

The advent of Artificial Intelligence (AI) in manufacturing has heralded a new era of 

industrial revolution, characterised by unprecedented efficiency, productivity, and 

innovation. This critical review delves into the application of AI technologies in the 

manufacturing sector, scrutinising their impact on process enhancement and 

addressing the spectrum of opportunities and challenges they present. By thoroughly 

analysing recent studies, industry reports, and case examples, this paper outlines the 

transformative potential of AI in various manufacturing domains, including 

predictive maintenance, supply chain optimisation, quality control, and intelligent 

manufacturing. However, the paper does not shy away from discussing the critical 

challenges facing the deployment of AI in manufacturing. These include technical 

limitations, data privacy and security concerns, the need for substantial investment, 

and the socio-economic implications of workforce displacement and skill gaps. 

Concluding with a forward-looking perspective, the review suggests practical 

strategies for overcoming these hurdles, such as fostering public-private partnerships, 

investing in AI literacy and training, and adopting ethical guidelines for AI use. 

Keywords: Artificial Intelligence, Process Improvement, Quality Management, Predictive 

Maintenance, Lean Management, Printed Circuit Board 
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Artificial intelligence system for the digitalization of 

information distribution  

Hrvoje KOBER 1, Maja TRSTENJAK 1, Tihomir OPETUK 1, Hrvoje CAJNER 1, Goran 

L4*(F1 

1University of Zagreb, Faculty of Mechanical Engineering and Naval Architecture, Ivana Lučića 5, 

10000 Zagreb, Croatia 

In the realm of manufacturing, creativity and innovation are pivotal for gaining 

competitive edges and ensuring long-term viability. With technology evolving rapidly 

and market demands escalating, manufacturing firms strive to optimize processes to 

stay competitive globally. Artificial Intelligence (AI) emerges as a vital tool in this 

transformation, heralding Industry 4.0's focus on integration and automation. AI 

integration promises enhanced product consistency, cost reduction, and operational 

efficiency. By fostering collaboration between humans and machines, connected 

systems can gather, analyze, and optimize production data. This synergy lays the 

groundwork for Industry 5.0, prioritizing human-centricity and sustainability. This 

paper examines AI's role in ushering in Industry 5.0 at local glassware company. By 

reviewing pertinent literature and addressing implementation challenges, it 

delineates strategies for market leadership through AI adoption. The implementation 

unfolds in four phases, focusing initially on digitizing information flow to streamline 

management. Additionally, it offers insights into leveraging AI to gain competitive 

advantages, illustrating its transformative potential in the dynamic manufacturing 

landscape. 

Keywords: artificial intelligence, AI, digitalization, human-centric, Industry 4.0, Industry 

5.0, information distribution, organizational communication 
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Digitalization in logistics for competitive excellence: case study 

of Estonia 
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1Vilnius Gediminas Technical University, Sauletekio Avenue, 11 10223 Vilnius, Lithuania 

Logistics is presently undergoing a transformative phase driven by rapid 

digitalization. This trend has spurred an in-depth exploration of the industry's 

theoretical potential and practical challenges. This comprehensive review focuses on 

practical applications, delving deeply into the increasing interest in digital 

technologies within logistics. The primary objective of this study is to conduct a 

bibliometric analysis to unravel the growth and academic development of the concept 

of logistic digitalization. The investigation examines academic literature from the Web 

of Science database spanning 2020-2024. Using VOS Viewer, an intellectual structure 

and bibliographic analysis are performed on selected articles. The cluster that 

concentrates on articles about the Internet of Things (IoT) technology and its impact 

on the logistics economy (the fourth cluster) is most closely related to the digital 

theme. The study combines theoretical framework, including Michael Porter's and the 

Resource-Based View, to illustrate the connections that improve business 

competitiveness. The examination of investments in digital technology sheds light on 

the logistics sector's experiences during the years when these investments impact 

labor productivity. Descriptive analysis results suggest that companies implementing 

technology can achieve a workforce productivity increase of up to 20%, underscoring 

the significance of technology investments for enhancing business competitiveness. 

These findings shed light on how various logistics sub-sectors respond to investments 

in software and computers and the rate at which these technologies influence labor 

productivity metrics. These empirical findings substantially reinforce the theoretical 

framework, providing practical implications and emphasizing the critical necessity for 

logistics firms to integrate digital technologies into their operational frameworks 

seamlessly. In conclusion, as the logistics landscape hovers on the brink of a digital 

revolution, businesses must adeptly navigate and wholeheartedly embrace digital 

solutions to ensure competitiveness. 

Keywords: logistic sector, digitalization, labor productivity, investments 
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The German Case of Clean Energy Transition: How Grid 

Customers Perceive Regulatory Requirements, esp. 

Photovoltaic ‘Obligation to Install’ 

Max REGENFELDER 1, André P. SLOWAK 2, Angela WERNER 1, Marlene 

WEIBLEN 1, Josha GOLDMANN 1, Serpil SENGER 1 

1Netze BW GmbH,Schelmenwasenstraße 15, 70567 Stuttgart, Germany 

2University of Roehampton, Business School, Roehampton Lane, London, SW15 5PJ, United Kingdom 

Whilst Germany’s transition towards renewable energy sources is gaining 

momentum, such as, new photovoltaic installations numbers have multiplied over 

past three years, new policies’ implementation is yet to be fully rolled out to all grid 

customer segments. First, this paper systematically lays out current developments in 

the areas of decentral renewable energies generation, electrification of heating & 

mobility, and supply grid operators. We carefully reflect on the institutional factors 

driving and shaping current developments. Second, the study focusses on grid 

customers’ perception of new legislation that imposes the installation of photovoltaic 

systems onto roofs. We find that despite a majority supports the ‘obligation to install’, 

other pull factors may still be more important in shaping the decision-making process 

towards purchasing a photovoltaic system. 

Keywords:  photovoltaic obligation, renewables, energy transition, distribution system 

operator, DSO, electricity grid 
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Human resource management 4.0 - empowerment from a 

holistic perspective 

Patricia GIRRBACH 1 

1International University, Blücherstrasse 20, 76185 Karlsruhe, Germany 

The aim of this work is to examine the communication behaviour of Generation Z in 

a professional context and to identify their specific wishes regarding the behaviour of 

superiors. In addition, success factors of contemporary Human Resource 

Management 4.0 (HRM 4.0) are identified. A further goal of this paper is to 

demonstrate companies and superiors how they can meet the needs of Generation Z, 

in order to position themselves as good leaders and as an attractive employer in order 

to maintain the company's performance in the long term. The most important results 

of this study show that appreciative leadership behaviour creates trust between 

employees and superiors. This optimizes Generation Z's communication behaviour 

towards superiors. Furthermore, for Generation Z, an appreciative management 

culture that is committed to the well-being of employees is crucial for their choice of 

employer, their work productivity, their employee loyalty and their fluctuation 

behaviour. In consequence, it is essential for companies to consider the demands of 

Geneneration Z in order to remain competitive. 

Keywords: Empowerment, Generation Z, human resource management, leadership, social 

sustainability 
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Comparative Analysis of Employee Training Using 

Conventional Methods and Virtual Reality 
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1 University of West Bohemia, Univerzitní 2732, 301 00 Plzeň 3, Czech Republic 

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: Virtual Reality, Virtual training, Safety training, Industry 4.0, New training 

method, User Acceptance 
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The impact of the use of VR on the effectiveness of training in 

the field of occupational health and safety and ergonomics - the 

perspective of Polish enterprises 

Wiktoria CZERNECKA 1 

1Poznan University of Technology, Faculty of Engineering Management,2 Prof. Rychlewskiego Str., 

60-965 Poznan, Poland 

Enterprises are increasingly using modern solutions to train employees in the field of 

occupational safety and ergonomics. This is intended to encourage active participation 

in such training and to shape employees' awareness of these topics. One of the 

solutions used may be VR technology, which allows the employees to learn about 

issues by presenting situations as close to real ones as possible. The aim of this article 

is to present conclusions from the use of VR in Polish enterprises. The advantages of 

this solution were analyzed according to the OHS specialists, and the difficulties with 

implementing it in training were also indicated. 

Keywords: occupational health and safety, ergonomics, virtual reality, OHS trainings 
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Method to assess computerised systems supporting 

maintenance services 
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1Faculty of Mechanical Engineering, Casimir Pulaski Radom University , 26-600 Radom, ul. 

Stasieckiego 54, Poland 

2Faculty of Mechanical Engineering, University of Technology and Life Sciences, 85-789 Bydgoszcz, al. 

Prof. S. Kaliskiego 7, Poland 

3Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb, Ivana Lučića 5, 

10000 Zagreb, Croatia 

There are many CMMS (Computerized Maintenance Management Systems) systems 

on the market in a wide range of prices and capabilities. An important problem for 

enterprise decision-makers is the selection of a system supporting maintenance 

services, appropriate for the specificity of the enterprise. The study presents an 

analysis of methods for assessing and selecting this type of systems and proposes a 

subjective-point method for analysing this type of issues. The issues presented in the 

study are part of the work on the development of materials and tools supporting 

enterprise decision-makers in the process of analysing existing solutions and selecting 

IT systems supporting maintenance services. Additionally, survey research was 

carried out, which enabled the generation of a database of basic values for the features 

of selected products, evaluation criteria, and in particular the determination of weight 

values for individual criteria, which contributed to the automatic execution of 

calculations for the adopted assumptions. 

Keywords: CMMS, Computerised Maintenance Management, Selection Method, 

Maintenance, Computer Aided Systems 
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Torsional strength testing of machine components 

manufactured by hybrid rapid prototyping methods 
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1Departament of Machine Design, Rzeszów University of Technology, Rzeszów, Poland 

This paper presents a technology for manufacturing mainly torsionally loaded 

machine parts made by hybrid rapid prototyping methods. The technology is based 

on a combination of incremental manufacturing technique involving layered 

extrusion of thermoplastic polymers (MEX) and casting at different conditions. The 

proposed manufacturing method is based on a thin-walled mold made by the MEX 

incremental method, which determines its external geometry and core geometry. The 

core of the real model is formed by filling the mold with a chemically-cured polymer 

in technologies that allow casting at different pressure conditions. 

Keywords: torsional strength, polymeric materials, additive technologies, hybrid technology, 

Vacuum Casting 
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Development of a model to support the management of the 

resistance welding process 
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1University of Rijeka, Faculty of Engineering, Vukovarska 58, 51000 Rijeka, Croatia 

The work was carried out as part of a project to improve the corrosion resistance of 

welded joints. The optimal selection of input parameters reduces the consumption of 

welded material as well as the negative impact on the environment. The samples were 

welded by electrical resistance welding, more precisely by cross-wire welding. Electric 

resistance welding is a process for welding with electricity in which of high electrical 

resistance is used to generate heat at the contact point of the welded parts. Steel wire 

S235 with a diameter of Ø4 mm and Ø3 mm was used. The article shows the creation 

of the model to predict the percentage of setdown and weld strength as a function of 

the input parameters, welding current and welding time. The first task was to create 

a Design of experiments in which the process parameters or the range of input 

parameters are determined. The Design of the experiments was created for both wire 

diameters. This covers the range of parameters with which a welded joint of wires can 

be realised. A statistical analysis of the process follows, where it was found that for 

Ø4 mm and Ø3 mm diameter wires the percentage setdown increases with increasing 

welding current and time. An increase in strength as a function of welding current 

and welding time is also observed, but the results overlap in most cases and the range 

of their values is greater than that of setdown. The appearance of the weld was 

analysed for each sample. The visual inspection revealed seven categories of welds, 

which were divided into two groups, i.e. good and poor welds. All results were listed 

in a table with the percentage of expectation for a particular category of weld 

appearance. Based on the analysis, a model for determining the welding result 

parameters depending on the specified input parameters was developed, which can 

be used in practise to support the management of the electric resistance welding 

process. 

Keywords: cross-wire welding, welding process, Design of experiments, model, weld 

classification, management 
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Bridging the Gap to Industry 5.0: Comparative Analysis of 

Technologies in Industry 4.0 and 5.0 and the Evolutionary Path 

of the Smart Production Lab 

Lena Sophie LEITENBAUER 1, Sabrina Romina SORKO 1, Christine LICHEM -

HERZOG 1 

1Institute Industrial Management, FH JOANNEUM University of Applied Sciences,Werk-VI-Straße 

46a, 8605 Kapfenberg, Austria 

Since 2011, the term 'Industry 4.0' (I4.0) has gained significance in industry. After a 

decade of digital transformation, the European Commission is now advancing 

towards Industry 5.0 (I5.0). The focus is on using technology to support people, 

enhance ecological sustainability, and make industry more resilient. This paper 

examines the transition from I4.0 to I5.0, with a particular focus on the learning factory 

Smart Production Lab as a model for future-oriented manufacturing companies. The 

study involves a systematic literature review to identify key technologies and 

concepts of I4.0 and analyse their evolution in the context of I5.0. A comparative 

analysis forms the basis for a matrix that facilitates a clear comparison and guides 

future developments of the Lab. This research identifies the technologies 

underpinning the goals of I5.0 and their implications for practical applications in 

manufacturing. It also provides actionable recommendations for companies. 

Keywords: Digitalization, Industry 4.0, Industry 5.0, Transformation 
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Innovative culture: a predictor of digital transformation in 

technical manufacturing companies 
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The innovative culture and the implementation of new digital technologies in the 

overall operation of enterprises are predictors of their digital transformation process. 

This paper, based on a study conducted on a convenient sample of 42 technical 

manufacturing companies in Croatia, examines their awareness and determines their 

readiness for digital transformation, with particular emphasis on the manufacturing 

process itself. Accepting the results of related international studies, according to 

which the Republic of Croatia is placed in the lower part of the readiness scale for 

business operations in the digital age, the hypothesis was set that Croatian enterprises 

are insufficiently familiar with the benefits of digital transformation achieved through 

the development of a digital innovative culture. Based on the analysis of the results, 

the reasons for the effective semi/unpreparedness of technical manufacturing 

companies to enter the process of digital transformation are determined, inductive 

conclusions are drawn, and suggestions for ways to encourage innovative culture are 

given. 

Keywords: awareness, digital transformation, innovative culture, technical manufacturing 

company 
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Multicriteria optimisation of machining operations using a 

spreadsheet model 

Borut BUCHMEISTER 1, Iztok PALCIC 1, Robert OJSTERSEK1, Klemen KOVIC 1, 

Aljaz JAVERNIK 1 

1University of Maribor, Faculty of Mechanical Engineering, Smetanova 17, 2000 Maribor, Slovenia 

The rapid development of new materials and tools demonstrates the need for efficient 

and feasible machining processes. Modern production systems must guarantee 

sustainable, flexible, productive and high-quality production at low cost. Therefore, 

the combination of technological data with advanced software solutions is very 

important, especially when using complex CNC machining systems, where the 

reliability of the technological information is crucial, as simple measures can make a 

very positive contribution to the productivity achieved. When optimising the 

machining parameters, costs and machining time must be taken into account. The 

article deals with the optimisation of the turning process with a large number of 

influencing variables (machine, workpiece material, tool, cutting parameters, costs, 

etc.) and two objectives: the fastest possible machining (minimisation of machining 

time) and the lowest possible machining costs. The model is designed in an Excel 

spreadsheet and the multi-criteria optimisation is carried out using the approximation 

method. Step by step, we can find the optimal processing regime for each selected 

case. 

Keywords: cost, cutting parameters, machining, optimisation, time 
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Development and control of virtual industrial process using 

Factory IO and MATLAB 
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In today's rapidly evolving business landscape, the strategic adoption of virtual 

manufacturing methods has emerged as a key driver for companies seeking to 

streamline operations and expedite product launches in a cost-effective manner. This 

progressive approach involves the creation of a synthetic and interconnected 

environment, empowered by advanced software tools and systems, including Virtual 

Reality and Simulation technologies, tailored to optimize industrial processes. Our 

methodology employs a unique combination of two simulation software tools: Factory 

I/O for process development and MATLAB for control program implementation. 

Furthermore, we explore the use of the Modbus TCP/IP communication protocol as 

the framework for seamless interaction between these software tools during 

simulation. This research presents practical insights into the transformative potential 

of virtual manufacturing, showcasing its real-world application in enhancing 

operational efficiency and agility within industrial settings. 

Keywords: Factory I/O, MATLAB, Modbus TCP/IP, Simulation technologies, Virtual 

manufacturing 
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A combined discrete event simulation and factorial design 

experiment for the scheduling problem in a hybrid flow shop 
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Production plants have always been confronted with the problem of scheduling, as 

this has a direct impact on production time and therefore on production costs. This is 

especially true in today's world, where it is necessary to produce a quality product at 

a low price and in a short time, while at the same time responding flexibly to customer 

demands. Due to the complexity and for economic reasons, testing different variants 

in a real production environment is insufficient and ineffective. For this reason, this 

paper proposes a new method that combines discrete event simulation and factorial 

design experiment to find the optimal schedule in hybrid flow shop. It was tested with 

the goal of achieving the minimum makespan. The results show that this method 

makes it possible to find improved solution very quickly. Compared to the original 

production schedule, the makespan could be reduced by 3 hours and 31 minutes 

which is reduction of 16.3%. The proposed methodology can be used in many discrete 

and process production plants. 

Keywords: scheduling; Hybrid Flow Shop; Discrete Event Simulation; factorial design 

experiment; makespan; Tecnomatix Plant Simulation 
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Analysis of the geometric accuracy of wax models produced 

using polyjet molds 

Mariusz  CYGNAR 1, Tomasz DZIUBEK 2Ȯɯ3ÖÔÈÚáɯ*C#9(.o* 1, Grzegorz 

BUDZIK 1, 2 #ÈÔÐÈÕɯÃ$+$"'.62*(3, Mateusz MAJEWSKI 3Ȯɯ/ÈÞÌėɯ341$*1 

1Academy of Applied Sciences in Nowy Sącz, ul. Staszica 1, 33–300 Nowy Sącz, Poland 

2Rzeszów University of Technology, Al. Powstańców Warszawy 12, 35-959 Rzeszów, Poland 

3PROSOLUTIONS Majewscy Sp. J., Trasa Lubelska 22, 05-462 Majdan, Poland 

The article presents an analysis of the geometric accuracy of wax models produced 

using PolyJet molds. Photopolymer resin was used to make the molds, and the surface 

of the model was finished in a gloss mode in the 3D printing process. This allows you 

to obtain a smooth surface of the molded part model. The geometric accuracy of the 

models was determined by measurements with the GOM ATOS scanner and analysis 

of the measurement results in relation to the base model made in the 3D-CAD 

program. Accuracy analysis was the basis for determining the wear of the mold wear 

when making subsequent models. 

Keywords: 3D Printing, geometric accuracy, PolyJet mold, Rapid Tooling 
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Possibilities of automating the additive manufacturing process 

of material extrusion – MEX 

Grzegorz BUDZIK 1,2Ȯɯ,ÈÛÌÜÚáɯ/19834o 2, Andrzej PASZKIEWICZ 2, Mariusz 

CYGNAR 1, oÜÒÈÚáɯ/19$29o.62*(2, Tomasz DZIUBEK 2 

1Academy of Applied Sciences in Nowy Sącz, ul. Staszica 1, 33–300 Nowy Sącz, Poland 

2Rzeszów University of Technology, Al. Powstańców Warszawy 12, 35-959 Rzeszów, Poland 

The article presents the possibilities of automating production pre-processing and 

post-processing operations for the Material Extrusion - MEX process based on Fused 

Filament Fabrication technology. Automation is based on hardware and software 

solutions. For this purpose, a special research station was developed, equipped with 

a warehouse of working platforms, a 3D printer and a collaborative robot that 

integrates individual elements of the manufacturing process. The developed solution 

allows for increasing the efficiency of the manufacturing cell and reducing the 

operator's involvement in manual operations at the pre-processing and post-

processing stages. 

Keywords: 3D Printing, Collaborative Robot, Material Extrusion, Rapid Manufacturing 
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Dynamic model of spur gear with friction and crack in tooth  

 ÓÌįɯ!$+§ *1, Matej OZEBEK 2, Mario HIRZ 3 

1University of Maribor, Faculty of Mechanical Engineering, Smetanova ulica 17, 2000 Maribor, 

Slovenia 

2Higher Vocational School, Pot na Lavo 22, 3000 Celje, Slovenia 

3University of Maribor, Faculty of Mechanical Engineering, Inffeldgasse 11/II, 8010 Graz, Austria 

A mathematical model developed to support investigation of pairs of gears is 

presented. It includes the effects of actuation, the loads, the changing tooth stiffness, 

and the changing friction between tooth flanks during engagement. Friction between 

the tooth flanks generates an alternating non-symmetrical periodic function and the 

behaviour during the contact. The system actuation is modelled for different sources 

and the tooth stiffness. The mathematical model of the mechanical system of gear has 

the form of a system of two non-homogeneous nonlinear second-order differential 

equations. 

Keywords: Gears, Dynamic analysis, Surface friction, Gear fatigue crack 
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Analysis of the impact of geometry modifications on the fit of 

splined shaft connections manufactured using selected AM 

methods 

Grzegorz BUDZIK 1, Tomasz DZIUBEK 1Ȯɯ,ÈėÎÖÙáÈÛÈɯ&.-3 191Ȯɯ!ÈÙÛėÖÔÐÌÑɯ

SOBOLEWSKI 1Ȯɯ,ÈėÎÖÙáÈÛÈɯ9 !.1-( *1 

1Rzeszów University of Technology, Al. Powstańców Warszawy 12, 35-959 Rzeszów, Poland 

Broadly understood additive manufacturing techniques expand the spectrum of 

production of machine parts that are used in various types of devices. However, the 

requirements to ensure dimensional and shape accuracy require the determination of 

appropriate material allowances or clearances to enable correct assembly. For the 

above reasons, the study presents an analysis of the impact of the assumed geometry 

modifications on the possibility of assembling a splined connection manufactured 

using selected AM techniques. The work focused on the analysis of changes in 

geometry resulting from the technology used. Using the Atos II Triple Scan optical 

measurement system and Gom Inspect software, the possibility of installation was 

determined for four variants of the splined shaft connection geometry, resulting from 

the technologies used. 

Keywords: 3D Printing, CAx systems, coordinate optical measurements, coordinate 

measurements method, quality control 
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Non-Destructive Apple Defect Detection Using Machine Vision and Principal 
Component Analysis  

 
Chung-Ping CHANG, Syuan-Cheng CHANG, Yung-Cheng WANG, Ching-Lun, TSAI 

 

 
Abstract: This study proposes a non-destructive detection method for analyzing the defect of apple flesh. The detection method involves penetrating the 
interior of the apple with a Halogen lamp, where the wavelength is absorbed by the damaged flesh of the apple and reflects different frequencies of 
wavelengths. Internal images of the apple are captured using a charge-coupled device (CCD), and images of different wavelengths are obtained through 
band-pass filters at 780 nm and 832 nm. Finally, principal component analysis (PCA) is used to superimpose the original image with the images obtained 
from the two filters. According to the experimental results, processing the images with principal component analysis enhances the identification of the internal 
structure of the apple and improves the accuracy of detection. 
 
Keywords: Apple defect detection, Non-contact inspection, machine vision, principal component analysis  

 

 

 
1 INTRODUCTION  

 

Assessing the defect of fruits is crucial in 

agriculture as it directly impacts the quality, shelf 

life, and marketability of produce. Accurate defect 

detection allows farmers to harvest fruits at the 

optimal time, ensuring they are flavorful, nutritious, 

and visually appealing to consumers. In this context, 

various defect detection techniques, both destructive 

and non-destructive, have been developed to aid in 

agricultural practices [1]. 

 Traditional methods of assessing fruit 

defect often involve destructive techniques such as 

manual sampling or chemical analysis [2]. These 

methods require physically altering the fruit, which 

can lead to reduced shelf life, compromised quality, 

and increased susceptibility to rotting. For instance, 

manual sampling involves physically opening or 

puncturing the fruit to assess its internal 

characteristics, which may introduce pathogens and 

hasten spoilage. Similarly, chemical analysis 

methods rely on extracting juices or compounds 

from the fruit, which can alter its integrity and 

accelerate decay. 

 Recognizing the drawbacks of destructive 

techniques, non-destructive defect detection 

methods have gained prominence in recent years. 

These techniques allow for the evaluation of fruit 

defect without causing physical damage, preserving 

the fruit's quality and extending its shelf life. Non-

destructive methods utilize various technologies 

such as spectroscopy, imaging, and acoustic 

measurements to assess internal and external fruit 

characteristics [3-4]. 

 Additionally, it's crucial to understand the 

factors contributing to apple damage. Premature 

harvesting can result in various issues such as 

shriveling, scald, and bitter pit, while delayed 

harvesting may trigger the respiratory rise, causing 

flesh browning and breakdown. To mitigate these 

risks, timely harvesting is essential, aligning with 

the period before the onset of the respiratory 

climacteric [5]. However, even with careful timing, 

some apples may still exhibit lower quality. This is 

where the detection method proposed in the paper 

becomes invaluable. By identifying and segregating 

apples with potential defects beforehand, it offers a 

proactive approach to minimize the likelihood of 

subsequent damage during transportation, thus 

safeguarding the overall quality of apple shipments. 

 Therefore, this study proposes a non-

contact sensing method for determining the defect of 

apple flesh. By utilizing machine vision and 

principal component analysis, the recognition 

success rate is significantly improved, allowing for 

accurate assessment without causing physical 

damage to the fruit. The primary goal of this 

research is to prevent apples from entering 

transportation with flesh decay, thus averting 

potential spoilage that could compromise the quality 

of other apples in transit. 

 

2 LITERATURE REVIEW 

 

In 1978, Bunnik observed that apple samples 

with higher moisture content tend to have lower 

reflectance in the spectrum, especially within the 

range of 700 to 1900 nm [6]. Bruised apples exhibit 

notably lower reflectance compared to normal 

tissue, particularly in the visible and near-infrared 

(VNIR) and short wavelength infrared (SWIR) 

ranges. Recent studies have advanced this 

understanding by employing hyperspectral imaging 

systems encompassing a broader spectrum, 

including VNIR, SWIR, and mid-wavelength 

infrared (MWIR) ranges (400–5000 nm). These 

systems utilize principal components analysis 

(PCA), minimum noise fraction (MNF) analysis, 

and fast Fourier analysis to distinguish between 

sound tissue and areas with defects, while also 

providing information about the depth of the 

damage. Supervised classification methods such as 

soft independent modelling of class analogy 

(SIMCA), linear discriminant analysis (LDA), and 

support vector machines (SVM) have confirmed the 



Management of Technology – Step to Sustainable Production, June 04 – 06 June 2024, Dubrovnik, 
Croatia 

 

 69 

efficacy of broad-spectrum fruit surface imaging in 

detecting early bruises with varying depths [7]. 

 

LÜ Qiang and TANG Mingjie investigated the 

applicability of hyperspectral imaging for detecting 

hidden bruises on kiwifruit, a challenge due to their 

unique peel properties. They collected Vis/NIR 

hyperspectral image data and utilized principal 

component analysis to extract the top four 

component images within the 600 to 1000 nm range. 

Bruise regions were then identified using 

parallelepiped classification. Their experimental 

findings revealed a 14.5% error rate in detecting 

hidden bruises using hyperspectral imaging, 

suggesting its potential as a non-destructive 

detection technique for kiwifruit quality assessment 

[8]. 

 

In 1998, B.L. Upchurch, J.A. Throop, and D.J. 

Aneshansley investigated a non-destructive 

technique using body transmittance in the 450 to 

1050 nm region to identify apples with internal 

breakdown. They found that apples with internal 

breakdown absorbed shorter wavelengths of light 

(<750 nm) more than good apples, while good 

apples absorbed more light at longer wavelengths 

(>750 nm). By using a classifier based on the ratio 

between light intensities at 720 and 810 nm, they 

could segregate apples with internal breakdown 

from good ones, with only 6.3% of good apples 

incorrectly classified. However, bruises on apples 

contributed to misclassification of good apples. 

Adjusting the cut-off reduced misclassified apples 

but increased the number of good fruit discarded, 

highlighting the trade-off between accuracy and 

waste reduction [9]. 

 

In 2018, Jiangbo Li, Wei Luo, Zheli Wang, and 

Shuxiang Fan proposed a method for early decay 

detection in harvested apples using hyperspectral 

imaging. They analyzed three spectral regions—

Vis-NIR (400–1000 nm), Vis (400–780 nm), and 

NIR (781–1000 nm)—using principal component 

analysis (PCA) to identify the most effective 

spectral region and PC vector for distinguishing 

between sound and decayed tissues. Key wavelength 

images were extracted from the raw hyperspectral 

data for multispectral image processing. A novel 

improved watershed segmentation algorithm was 

developed to accurately segment decayed spots on 

apples. Testing on 220 decayed and 220 sound fruit 

samples showed that the proposed algorithm, based 

on PC3 score images obtained from multispectral 

PCA of four key wavelengths in the NIR region, 

achieved high accuracy in identifying decayed and 

sound fruit. This study demonstrates the potential of 

multispectral imaging coupled with improved 

segmentation algorithms for early decay detection in 

apples, although further optimization is needed to 

meet consumer and industry standards for fruit 

quality [10]. The defective apple photo processed 

through PCA as shown in Figure 1. 
 

 
Figure 1. Defective apple photos processed through PCA 

 
3 EXPERIMENT STRUCTURE AND 

IMAGE PROCESSING 

 

To achieve non-destructive detection of apple 

ripeness, this study employs illumination to assess 

the internal condition of apples, as depicted in 

Figure 2. The sizes of the target apples are from 60 

to 70 mm. A halogen lamp serves as the light source 

in this experiment, with its light passing through the 

sample and being captured by a CCD for current 

image acquisition. According to literature, apple 

samples exhibit lower reflectance in the spectrum 

from 700 to 1900 nm, making it easier to discern 

their internal conditions. Therefore, this experiment 

utilizes band-pass filters at 780 and 830 nm to 

facilitate the identification of the extent of damage 

within the apples. 

 

 
Figure 2 Experimental structure diagram 

 
 To facilitate the observation of internal 

damage to apples, this experiment utilizes natural 

microbial communities cultivated from apple juice 

and reverse osmosis water to decompose the apples. 

The microbial communities are injected into the 

apples to observe the extent of internal decay, as 

shown in Figure 3. 
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Figure 3 The tool for decomposed apples 

 

 The primary purpose of principal 

component analysis (PCA) employed in this 

experiment is to extract the most significant features 

of objects and discard the rest. Taking this 

experiment as an example, three grayscale images of 

apple are captured: the original image, the image 

with a 780nm band-pass filter, and the image with 

an 830nm band-pass filter, as illustrated in Figure 4. 

These three images can be visualized as existing in 

a three-dimensional space with XYZ axes, where 

each apple image represents a point in this space. By 

adding and subtracting the grayscale values of the 

three images, it is akin to rotating the entire 

coordinate system. The goal is to find a reasonable 

angle that allows us to clearly distinguish between 

good and bad signals in the apples and project them 

onto a plane. Then, using the same method, they are 

projected onto a line, thus achieving the reduction 

from three dimensions to one dimension. 

 The advantage of principal component 

analysis lies in its ability to extract object features 

and compress data. The aforementioned process not 

only extracts features from the apples but also 

combines the three images into one, effectively 

reducing the data storage space required and 

speeding up processing. 

 

 
Figure 4 Three grayscale images of apple (a) the original image 

(b) The image with a 780nm band-pass filter (c) The image with 

an 830nm band-pass filter 

 

 Figure 5 shows the photo obtained after 

PCA processing. According to the PCA results, 

there is a significant difference in the part affected 

by bacterial decay in the synthesized image 

compared to the other images, indicating that 

principal component analysis indeed has the effect 

of extracting major features and successfully 

reducing the three images to one. 

 

 
Figure 5 The apple photos processed by PCA 

 

4 CONCLUSION 

 

 This study adopts a non-contact detection 

approach to eliminate the risk of physical damage to 

the apples during the detection process, thus 

ensuring the integrity of the samples. By utilizing 

different band-pass filters, specifically at 

wavelengths of 780nm and 830nm, the study enables 

the discernment of internal apple conditions. These 

filters have proven instrumental in enhancing the 

detection of internal damage or decay within the 

fruit. Through the application of principal 

component analysis (PCA) in processing apple 

photos, the study effectively extracts significant 

features and reduces the dimensionality of the 

images. The synthesized images clearly delineate 

areas affected by bacterial decay, indicating the 

successful application of PCA in distinguishing 

between healthy and damaged regions within the 

apples. This method holds promise for non-

destructive detection and assessment of fruit quality, 

contributing to advancements in agricultural 

practices and food quality control. 
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Torsional strength testing of machine components manufactured by hybrid rapid 
prototyping methods 

 
ğukasz PRZESZğOWSKI, Mariusz DňBSKI, Grzegorz BUDZIK, Bogdan KOZIK, ğukasz KOCHMAŒSKI 

 
 

Abstract: This paper presents a technology for manufacturing mainly torsionally loaded machine parts made by hybrid rapid prototyping methods. The 
technology is based on a combination of incremental manufacturing technique involving layered extrusion of thermoplastic polymers (MEX) and casting at 
different conditions. The proposed manufacturing method is based on a thin-walled mold made by the MEX incremental method, which determines its external 
geometry and core geometry. The core of the real model is formed by filling the mold with a chemically-cured polymer in technologies that allow casting at 
different pressure conditions. 
 
Keywords:torsional additive technologies, hybrid technology, polymeric materials, strength, vacuum casting 

 
 
1 INTRODUCTION 
 

Incremental technologies have evolved over the 

years in terms of the variety of methods and 

materials used, and as a result, they have found 

applications in many industries, such as automotive, 

aerospace, medical, construction, military and food 

[1, 2]. The medical industry has begun to experiment 

with the development of incrementally 

manufactured tissues, organs and cellular structures 

[3, 4]. The use of rapid prototyping methods reduces 

the time required for tooling and also reduces the 

cost of making prototypes [5]. 

The dynamic development of incremental 

technologies distinguishes several main 

manufacturing methods to which include material 

layering extrusion (MEX -MaterialExtrusion), 

volumetric photopolymerization (VPP - Vat 

Photopolymerization), selective powder bed fusion 

(PBF -Powder Bed Fusion), layered liquid material 

printing (MJT -MaterialJetting). The listed 

technologies are based, among other things, on the 

formation of bonds between the molecules of the 

parent material as a result of mixing of polymer 

chains, as well as by the phenomenon of liquid 

crystallization under the influence of a laser beam 

(light-curing resins) or UV radiation. Each of these 

technologies is characterized by different geometry 

mapping, as well as the achieved surface structure 

[6, 7]. 

The range of applications for incrementally 

manufactured parts is now not limited to legacy 

applications, i.e. physical verification, production of 

demonstrators, demonstrator parts or spatial 

visualization of design solutions. Increasingly, 

incrementally manufactured parts are fully 

functional. These include components for machine 

drive systems, aerospace structures, automotive, 

electromechanical, household appliances, or models 

for medical, architectural, artistic, etc. applications. 

One of the most popular and widespread 3D 

printing techniques is the sandwich extrusion 

method. This technology allows the use of a wide 

range of polymeric materials, including composite 

materials and thermoplastics used in injection 

molding [8]. Due to its low-cost consumables, the 

layered extrusion method is widely used in the 

construction of functional prototypes and small 

batch production. The limitations of this technology 

are the relatively high (compared to other methods) 

anisotropy of the manufactured parts [9-11], the long 

time to print larger-sized objects, and the not very 

high accuracy of built models with high surface 

roughness, due to the stepping effect, the need for 

support structures and problems associated with 

material shrinkage [12, 13]. 

An alternative to the thermoplastic modeling 

technique indicated above, commonly used today, is 

the light-curing resin polymerization method. It is 

directly reflected in a number of techniques, i.e. 

SLA, DLP (Digital Light Processing), 3SP (Scan, 

Spin and Selective Photocure), JM (Jetting 

Modeling) [14]. Depending on the method used, the 

resin can be cured with a laser beam, projector light, 

or UV light from a spectrum generated by a set of 

dedicated lamps [15]. Incremental techniques based 

on photopolymer resins are characterized by high 

accuracy of geometry mapping against the 3D CAD 

model and ease of removal of the support material. 

The continuous development of these methods and 

the expansion of the range of materials allow the use 

of biocompatible resins, which are increasingly used 

in medicine, not only for the preparation of the 

anatomical model of the patient, but also for 

prostheses, implants, base tissue patterns and 

customized surgical instruments [16, 17]. However, 

the use of light-curing resins is often associated with 

a high price of consumables compared to the 

thermoplastics used in the layered extrusion method 

[7]. Manufactured models have low fracture 

toughness and low thermal strength [16, 17]. 

Powder sintering technology from polyamides 

and metal alloys is also being developed today. 

Advanced methods make it possible to produce 
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physical models with very good strength properties 

and high density [6, 7]. The energy imparted by the 

laser jet generator provides permanent and strong 

bonds between elementary powder particles. Due to 

the high accuracy of the sintering process and high 

repeatability, the method in question is used both in 

the prototyping process and in the manufacture of 

functional parts [6, 7]. It has found applications in 

the aerospace industry (especially for metal alloy 

powders), automotive, electromechanical and other 

industries [16, 17], among others. The key problem 

for these technologies is primarily the cost of the 

manufacturing apparatus as well as model and 

consumable materials, and the unfavorable 

consequences of the rapidly progressive aging of 

powders. Another disadvantage of the sintering 

technique is the high porosity of the parts produced 

and the significantly lower surface quality compared 

to other methods [6, 7]. 

Additive technologies make it possible to make 

objects whose geometry can be much more complex 

than when manufacturing parts by traditional 

methods. However, it should be borne in mind that 

the additive manufacturing process involves certain 

limitations, which should be taken into account in 

the part design process. The geometric conditions of 

the designed models depend primarily on the type of 

material used, the technological limitations of the 

chosen method and the printing device [10]. 

Research work completed to date has enabled the 

development of key critical parameters for 

individual techniques defining, among other things: 

minimum wall thickness, minimum holes to be 

made, fit relative to mating parts, support of so-

called bridges, minimum dimensions of necessary 

drain holes for the remaining model material 

(unprocessed) [9, 10 , 11]. 

The anisotropy of the materials of parts printed 

by layer extrusion has a significant effect on their 

strength [17]. This is a direct result of the direction 

of fabrication, which is perpendicular (normal) to 

the parting plane of the object. In the classic FDM 

method, the direction of fabrication remains 

constant during the construction of the model. The 

strength of the components decreases in load 

directions close to the direction of model 

construction. Therefore, it is necessary to strive to 

arrange parts in the working space of the device in 

such a way that the loads run parallel to the direction 

of the longest contour fibers, while not parallel to the 

direction of fabrication [16, 17]. In contrast, 

dimensional accuracy, especially for rotating parts, 

is highest in the direction of the model being built 

(vertical axis). The higher accuracy in the vertical 

direction is also due to the lack of need for support 

structures. When rotating solids are produced in the 

horizontal plane, where the generated supports meet 

the surface of the part, there is a distortion of the 

model and thus a reduction in dimensional accuracy. 

The solution to the problem of material 

anisotropy of printed parts using the layer extrusion 

method is a hybrid technology for manufacturing 

prototypes and functional machine parts based on a 

combination of the layer extrusion method and low-

pressure casting. The manufacturing method is 

based on a thin-walled mold made by the layer 

extrusion method providing a skeleton for obtaining 

the actual model, which is formed by filling the thin-

walled mold with a chemically curable polymer in 

the reduced-pressure casting technology. 

The analysis of studies on strength testing of 

parts manufactured by incremental techniques from 

model materials and hybrid composites mostly takes 

into account tests of material and strength 

parameters based on uniaxial tension, bending and 

compression testing. For parts manufactured from 

plastics by traditional methods (e.g., injection 

molding), the data obtained from these tests are 

sufficient to determine the strength of the material 

and apply the obtained results in the product design 

process. In the case of the sandwich extrusion 

method, due to the process of model construction, 

strength data based on normative samples do not 

have a direct bearing on the strength of machine 

parts operating in a different range of loads, 

especially torsional loads. Therefore, it is crucial to 

determine the torsional strength parameters for parts 

manufactured by a hybrid technology combining the 

sandwich extrusion method with reduced-pressure 

casting. The assumptions made in the paper provide 

for expanded, previously unused methods of 

manufacturing parts by hybrid rapid prototyping 

techniques. 

 
2 MATERIALS AND RESEARCH 

METHODOLOGY 

 

Torsional strength tests were carried out for 

specimens produced using three different 

technologies: sandwich extrusion, reduced-pressure 

casting technology and a hybrid technology 

combining sandwich extrusion and low-pressure 

casting. MEX-processed ABS and PLA 

thermoplastic and vacuum-cast PR2000 chemically-

cured resin were used to produce the samples. Test 

models produced by layer extrusion were arranged 

vertically and horizontally relative to the device's 

working platform, while the thin-walled shell was 

made in a vertical position. The master model for the 

silicon mold was made on an Object Eden 260V 

printer operating with PolyJet technology. Five 

samples were made for each configuration. 

The shape and dimensions of the specimens 

intended for torsional strength testing (Figure 1) 

were adopted on the basis of the literature describing 

the static torsion test (the recommended 

measurement length is 5 - 20 diameters of the shape) 

and experimental studies conducted at the 
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Department of Mechanical Engineering of Rzeszow 

University of Technology [9, 10,11]. 

 

 
Figure 1Shape and dimensions of: a) samples for bench 

torsional strength tests, b) core samples produced by hybrid 

technology 

 
Test specimens produced by layer extrusion 

were made on a Prusa i3 MK3 printer. The 

printing process for all models was 

characterized by the following basic 

parameters: 

• nozzle diameter – 0.4 mm, 

• alternating paths at 45º and 135º angles, 

• internal structure fill density - 100%, 

• two contour outlines, 

• height of the plastic layer - 0.2 mm. 

 
The strength in the quasi-static torsion test was 

determined on a constructed test stand (Figure 2) 

equipped with a motor, gear system, control system, 

torque and motion control sensor (encoder) and 

results recorder connected to a computer. Torsional 

torque forcing was implemented by means of an 

electric motor and worm gears with a total gear ratio 

of 1:1800.The designed system guaranteed that the 

test specimens were loaded with torsional moments 

whose torsional torque vector coincided with the 

longitudinal axis of the bar. A static torque sensor 

connected to a Mecmesin recorder was responsible 

for recording the test results, and proprietary 

software provided the ability to continuously record 

data in the form of torsional torque values as a 

function of angular displacement. The speed of the 

shaft forcing the load was 0.5 rpm. 

The shape and dimensions of the specimens 

intended for torsional strength testing (Figure 2) 

were adopted on the basis of the literature describing 

the static torsion test (the recommended 

measurement length is 5 - 20 diameters of the shape) 

and experimental studies conducted at the 

Department of Mechanical Engineering of Rzeszow 

University of Technology [14, 15]. 

 

 
Figure 2 Torsional strength testing machine: 1 – electric 

engine, 2 – gear system, 3- control system, 4 - torque sensor, 5 – 

encoder, 6- result recorder 
 

3 RESULTS AND DISCUSSION 

 

Figures 3 and 4 show summaries of the average 

values of torsional torque and torsional angle for 

each variant tested. 

 

 
Figure 3 Average values of the torsional torque of the tested 

variants of the samples 

 
Figure 4 Average values of the twist angle of the tested variants 

of the samples 

 
Analyzing the results of specimens made by the 

MEX method, an increase in torsional strength can 

be observed for test models produced horizontally 

relative to the working platform of the device 

compared to specimens made vertically. With 

respect to the average values of the torsional 
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moment for ABS copolymer it was an increase of 

42%, for polylactide of 31%. Samples made by 

hybrid technology, whose thin-walled mold was 

made of ABS copolymer had similar values of 

torsional torque in relation to samples made 

horizontally by layer extrusion, and recorded an 

increase in torsional torque of about 37% in relation 

to samples made vertically. In the case of a thin-

walled mold made of polylactide, the increase in the 

torsional torque values of the test models filled with 

PR2000 resin relative to horizontally aligned 

samples was about 35%. 

Comparing the strength tests of specimens made 

by reduced-pressure casting with test models made 

by hybrid technology, it can be deduced that 

specimens produced by a combination of MEX and 

VC technologies have each time a reduced torsional 

strength compared to those made from chemically-

cured resins. In the case of test models whose thin-

walled mold was made of ABS copolymer, the 

average torsional torque values are about 62% of 

those for the base material, while for polylactide it is 

about 76%. 

It is worth noting the differences between 

samples made by hybrid technology and the reduced 

pressure casting method. The average values of the 

torsional moment of the samples made by hybrid 

technology are noticeably, but not significantly 

lower in relation to the base material. The parameter 

that highlights the differences is the torsion angle, 

the value of which is 770% to 1000% higher in 

relation to samples made with the hybrid 

technology. Therefore, it can be concluded that the 

fabrication of specimens by the technology 

combining MEX and VC affects the reduction of the 

plastic deformation capacity of the core of the 

specimens made of chemically cured resin. This is 

due to the adhesion between the processed materials 

and the occurrence of notches at the point where they 

are joined. 

 

4 CONCLUSION 

 

The results of the experimental studies and their 

analysis allow us to conclude that it is possible to 

increase the mechanical strength of machine 

components by using the developed hybrid 

technology combining the layer extrusion method 

with reduced pressure casting technology. During 

the course of this work, important general 

conclusions were made regarding the incremental 

manufacturing of components by layer extrusion and 

the proprietary hybrid technology developed: 

a) The direction of fabrication of models 

by layer extrusion has a significant 

effect on their torsional strength. The 

strength of the parts decreases in load 

directions close to the direction of 

model construction. Specimens 

produced in a vertical position relative 

to the device's working platform had 

the lowest strength. 

b) The manufacture of rotating parts by 

hybrid technology reduces the plastic 

deformation capacity of the core of the 

specimens, due to adhesion between 

the materials and the occurrence of 

notching resulting from the 

implementation of the model building 

process by layer extrusion. 

c) The application of hybrid technology 

to the manufacture of machine drive 

train components from polymeric 

materials makes it possible to produce 

fully functional prototypes and 

machine parts. 

d) Adhesion between the thermoplastic 

polymer and the chemically cured resin 

has a significant impact on the strength 

of parts made using hybrid technology. 

Low adhesion results in a deterioration 

of the strength properties of the 

specimens, as is evident in the case of 

the combination of PR700 resin and 

polylactide. 
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