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Preface

The book is a collection of high-quality peer-reviewed research papers presented at
the International Conference of Experimental and Numerical Investigations and New
Technologies (CNN Tech 2023) held at Zlatibor, Serbia, from 4 to 7 July 2023. The
conference is organized by the Innovation Center of the Faculty of Mechanical Engi-
neering, the Faculty of Mechanical Engineering at the University of Belgrade, and the
Center for Business Trainings. A high number of delegates were attending the CNNTech
2023—academicians, practitioners, and scientists—presenting and authoring more than
100 papers. The Conference Program included 13 Invited Lectures, 4 sessions (oral and
poster), and 4 workshops—including the traditional Regional Innovation Forum 2023
and B2B meetings. Twenty-seven selected full papers went through the double-blind
reviewing process.

The main goal of the conference is to make a positive atmosphere for the discussion
on a wide variety of industrial, engineering, and scientific applications of engineering
techniques. Participation of a number of domestic and international authors, aswell as the
diversity of topics, have justified our efforts to organize this conference and contribute to
the exchange of knowledge, research results, and experience of industry experts, research
institutions, and faculties which all share a common interest in the field in experimental
and numerical investigations.

The CNN Tech 2023 was focused on the following topics:

• Mechanical Engineering,
• Engineering Materials,
• Chemical and Process Engineering,
• Experimental Techniques,
• Numerical Methods,
• New Technologies,
• Clear sky,
• Dental Materials and Structures,
• Advanced Materials and Technology,
• Artificial intelligence,
• Student session and
• Successful Project Stories.

We express our gratitude to all people involved in conference planning, preparation
and realization, especially to:

• All authors, specially invited speakers, who have contributed to the high scientific
and professional level of the conference,

• All members of the Organizing Committee,
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• All members of the International Scientific Committee for reviewing the papers and
Chairing the Conference Sessions,

• Ministry of Education of the Republic of Serbia for supporting the Conference,
• Ministry of Science, Technological Development and Innovation of the Republic of

Serbia for supporting the Conference.

Belgrade, Serbia Nenad Mitrovic
Goran Mladenovic

Aleksandra Mitrovic
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Vera Pavlović University of Belgrade, Faculty of Mechanical

Engineering, Serbia
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Key Factors of Business Sustainability: Analysis
of Human Resources’ Versus Business

Performance in Case of Serbian Companies

Iva Dragicevic1, Marko Mihic1 , and Sinisa Arsic2(B)

1 Faculty of Organizational Sciences, University of Belgrade, Belgrade, Serbia
2 Telekom Serbia, Belgrade, Serbia
sinisaars@telekom.rs

Abstract. This research paper analyzes the key risk factors within a company,
in terms of three main pillars of its sustainability for the long-term: business per-
formance, human resources and financial viability. Scope of research involves
for-profit, small and medium-sized manufacturing companies doing business in
Serbia. This paper explores efforts of strategic decision makers operating in spe-
cific circumstances, by unveiling key correlations between key risk indicators on
company sustainability pillars. The quantitative part of this research was con-
ducted during the last quarter of 2022, and it involved 380 companies. Current
theory localizes shortcomings of observing and analyzing business performance,
employee performance and financial viability as separate indicators of sustainabil-
ity. As in existing literature, long-term planning (and recognition of possible risk
influences) very often covers only one pillar of the envisioned sustainability nexus,
key contribution of this paper is that it offers integral view over the influence of
risk on all three aspects, which was backed up with results of implementing clus-
tering method, and with the help of applying statistical learning tests. The future
work on this research includes extension of the analysis to other countries in the
West Balkans region, and comparison of all determined correlations and findings.

Keywords: SME · Risk · Human resources · Performance · Financial viability

1 Introduction

Modest, but constant progress represents the modern-day buzz sentence, of nearly all
business worldwide. Business owners, as key strategic decision makers, are facing more
influences than ever before, on their path of maintain their business (or company) as a
sustainable one. Amidst the current massive shift in economic paradigm of the world,
small and medium sized companies (SMEs) are under influence of different sources of
risks to their long-term business sustainability.

Moreover, in a special case from Europe, reports show that Serbia’s economy is
rising within last period of 2021 and 2022 (early announcements for this year suggest
GDP growth) and recovering after massive disruption caused by COVID-19 pandemic
in 2020. Further analysis is needed in expectations of early reports for 2022, having in

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024
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mind the outbreak of war on European soil and its influence on many aspects of life and
business.

EU remains the largest foreign trading partner with Serbia, most significant investor
and number one recipient of immigrants from Serbia (majority of people leaving Ser-
bia are adults aged between 25 and 50) [1]. In a country economic diagnostics report
published by the World Bank group [2], three key enabling factors were identified that
could support further economic growth of Serbia as a country and its business subjects.
First one is financial viability (limited access to finance, complex tax system appear as
the most important constraints to SMEs), it is followed by human capital (most Serbian
companies face difficulties when trying to hire and retain employees, especially those
with a faculty degree) and employee skills (skills gap between EU average and Serbian
average is the second most important business environment obstacle), and lastly third
factor is employee productivity (i.e. Serbian manufacturing business needs three times
as manyworkers as the average business in the EU, for the same level of output). Starting
as of 2023, USAid in Serbia started a new five year program named “Big small business-
es” [3], aimed at empowering SME growth, increase in productivity and profitability,
in order to maintain long-term sustainability. Sajc and Haldrup [4] defined means for
Serbian SMEs to grow along digital and green transformation efforts, in order to avoid
risk to their sustainability in the years to come. Key priorities which were identified were
development and retention of skilled human resources and improved access to finance.
Ehnert [5] defined human resource management in the context of supporting business
sustainability as management of human resource performances, in order to overcome
paradoxes and tensions of sustainability between economic, business and social (human)
components.

Very few existing research studies focused on analyzing integrally fromdifferent per-
spectives, all the possible influences on company long-term sustainability. Key indicators
which appear essential at first sight are business performance and financial viability, but
their joint influence has not been analyzed. Additionally, rarely can be found quanti-
tative research conducted in European SMEs, analyzing specific indicators of human
resources’ performance, and analysis of statistically determined negative influence on
company sustainability. These important research topics can present a research gap,
which may be further extrapolated in empirical research presented within this article.
Previously there were no similar research attempts conducted in the Balkans region,
but certainly these problems can be observed equally in a global context. Therefore, the
authors of this paper started from the following research questions in order to address
deficiencies within the existing worldwide body of literature:

• RQ1. Is it possible to identify key risk influences over three pillars of company
sustainability – business performance, human resources performance and financial
viability?

• RQ2. What are the key determinants of each defined sustainability pillar?

The authors of this paper analyzed influence on long-term business sustainability,
by determining most important indicators of business performance, human resources
performance and finally indicators of financial viability.

Identification of key influences on company long-term sustainability may be
determined when examining them integrally:
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• Which business performance indicators, and to what extent of risk, are influencing
the company sustainability?

• Which indicators of human resources performance, and to what extent of risk are
influencing company sustainability?

• Which indicators of financial viability, and to what extent of risk, are influencing
company sustainability?

Therefore, it is possible to define the main goal of this research:

• To identify key risk indicators on business sustainability of a company measured
through influence on business performance, financial viability and performances of
human resources;

Based on literature review and defined research gap, as well as results of discussion
with experts, the main purpose of this research was to determine key indicators of each
pillar of sustainability, and also to estimate and analyze risk of potential influence of
these indicators on sustainability as a whole.

Research methodology in this manuscript involves conducting quantitative research
on a selected sample of small and medium sized companies operating in Serbia, by
testing several research hypotheses. The authors used gathered data to determine clusters
of companies based on similarity, and also to analyze correlations within each cluster.
Findings and conclusions were discussed in detail in separate part of this manuscript.

The research itself has been defined through following four chapters. Literature
review chapter covers in adequate level of detail, the theoretical review topics, covering
possible indicators of sustainability in the domain of business performance, human
resources and financial viability.

Next, a separate chapter is dedicated to methodology, as it displays framework pre-
sentation and formulation of research hypothesis, developed in order to find answers to
two main research questions.

Following that chapter is the specific Results chapter, where authors of this paper
presented key research results, by determining similar, homogenous groups of compa-
nies, and by analyzing correlations between all indicators. Special attention has been
given to hypothesis testing (followed with appropriate tests).

Finally, research results are followed by conclusions and detailed discussion, which
provides feedback from research results across existing theory. This chapter includes
short elaborations on limitations, practical implications and future plans for research of
the re-search team.

2 Literature Review

Even though economies of Europe are nowadays facing changes of great magnitude,
regarding political, business, economic and social perspective, national economies and
businesses were recovering in the past two years from pandemic outbreak, with success.
Damnjanovic [6] discovered how strategic outlooks influence success of medium sized
companies, making it harder to preserve business sustainability in cases of supply chain
disruptions. Schulte andKnuts [7] analyzed different risk influences to sustainability of a
business, from a long-term perspective, making it easier to comprehend from a strategic
viewpoint.
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2.1 Influence of Business Performance Indicators on Company Sustainability

H1: Sustainability of small and medium sized companies is directly influenced by
business performance indicators.

Mahmudova and Kovacs [8] defined business performance measurement in SMEs
through performance measurement system which examines and inspects every factor
that influences a company’s business performance. The main purpose of the system is
to concentrate on studying the organization’s functions at high and low levels of activity
which can also be applied effectively to assess the performance of SMEs.

Hristov and Chirico [9] identified several business – economic performance indica-
tors which can influence sustainability, out of which the most important ones are return
on sustainable investments and revenues invested rate. Mengistu [10] analyzed business
parameters contributing to sustainability in case of SMEs, and within the list of 40 most
important indicators, profit, revenue (total and per customer) were the key ones, while
R&D expenditure and material and labor costs were identified also as important ones.

In a large-scale research on European SMEs, including a sample from four countries,
Moursellas [11] discovered multiple sustainability practices and performance indicators
attached to sustainability. Results show that turnover growth as well as market share and
return on investment. On the other side, Malesios [12] determines turnover and business
growth in a study on influences of SME sustainability practices and performances, while
Ciemleja and Lace [13] identified profitability and liquidity as key risks of potential SME
decline.

Bae and Smirdon [14] identified profitability and sales as key business performance
indicators of sustainability and endangering those two indicators can influence whole
sustainability of the company. This is in line with research studies by Soto-Acosta [15]
andBroccardo [16]who added effectiveness and competitiveness apart fromprofitability,
as key influences of business performance to sustainability of SMEs.

Sundin [17] identified customer satisfaction and customer retention rate as key busi-
ness indicators for small and medium sized businesses. Israel [18] adds to it by link-
ing customer retention rate to supply chain performance, making it easier to perceive
sustainability issues if supply chain disruptions are causing loss of key customers.

2.2 Influence of Human Resources’ Performance on Company Sustainability

H2: Sustainability of small and medium sized companies is directly influenced by
performances of company human resources.

According to HRM [19] “Human resources play a key role in maintaining the long-
term sustainability of a business”.

On the other side, looking at previous similar period after a major economic crisis,
in a paper by Rezaee [20], employee productivity has been marked as key for business
sustainability. Bartel [21] went further in the analysis of human resources management
and company performance, by linking employee satisfaction with overall quality of
performance evaluation.

In a study by Woeffray and Chen [22], key conclusions were made about address-
ing most significant risks to sustainability, such as talent acquisition and maintaining
employee numbers at constant rate. Additionally, Hernita [23] introduced “manpower
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skills” by placing employee key competences in the epicenter of business effectiveness
in SMEs.

Lastly, some authors (Vandenberg [24], Appave [25]) identified outflow migra-
tions towards more prosperous countries of Europe, as the key influences to business
sustainability of domestic SMEs.

2.3 Influence of Company Financial Viability on Its Sustainability

H3: Sustainability of small and medium sized companies is directly influenced by
financial viability of a company.

Different finance and economic indicators are causing variety of influence on small
and medium sized businesses, making it harder to maintain business sustainability.
Camberato [26] analyzed inflation rate as the most significant indicator, since over 80%
of small-business owners have increased their prices to counter inflation. This fact most
certainly causes risk to sustainability, because for the SME to preserve its financial via-
bility, business must define higher price points, and some of their customers may not
accept the change. In addition to this.

On the other side, Timm [27] investigated on state support to SME sector in case
of Asia and South America, while Risteska [28] analyzed Europe and the EU regarding
institutional support to SME sustainability. Conclusions in both papers confirm that this
kind of support can represent key enabler for business growth of an SME. Devonshire
[29] adds to it by detecting supply chain issues for SMEs, outlining lack of rawmaterials
and rising transport costs.

From perspective of risks deriving from banks, Shihadeh [30] analyzed bank interest
rates and their influence of rise on future investment levels. Apart from that Bartolacci
[31] discovered capital raising in the scope of overall financing as key indicators of
financial viability in a company.

3 Methodology

3.1 Framework

This research presents results of a survey conducted during last quarter of 2022, on a sam-
ple of small andmedium sized companies from Serbia, who are adequate representatives
of economy in every country (and is true also in the case of Serbia), and a good testing
ground for estimation of different risk influences on overall business sustainability. The
authors decided to perform a survey in order to include risk influence variables based on
subjective opinions of CEO as the key decision makers (such as business performance,
human resource management, and financial viability). Similar has been performed in
papers by Burlea-Schiopoiu [32] and Alvarez Jaramillo [33].

All company owners or CEOs who decided to participate in the survey had to reply
to a total of 17 closed questions where they could rank risk influence level, with possible
values from 1 to 5, for each of the 17 independent variables. Groups of questions were
connected to ranking the following variables:
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• Rank key financial viability variables?
• Rank key variables connected with performance of company human resources?
• Rank key variables related to business performance?

Replies from survey participants (CEOs, strategic decision makers) were used to
estimate risk influence of multiple indicators, on overall sustainability of their business.
These estimations were later used to analyze key correlations within each cluster of
companies (SMEs). All survey replies were statistically tested for internal validity, there
were no missing replies or mistakes in completion of the survey.

Key findings from literature displayed that companies are under higher risk regarding
long-term sustainability if business performance indicators are deteriorating (existing
literature is heavily interested around the measurable parameters, such as profitability
and investments financing, [34]), or if external economic shocks (such as amajor conflict
on European soil, energy crisis or pandemics outbreak) are causing financial struggle for
SMEs [35]. Very few literature references have statistically determined internal influence
of company human resource performances, on company sustainability, and this can be
perceived as the gap to be analyzed within this research.

The authors introduced a graphical interpretation of research framework, presented
with Fig. 1, which helps the reader better understand the research framework, problem
identified from identifying a specific literature gap, discussion with experts about poten-
tial indicators for quantitative research, connection with key research goal and research
question, and lastly correlation and testing between research hypothesis and research
variables within the sustainability nexus.

Fig. 1. Research framework
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Firstly, from a variety of possible variables established from the literature review
(in previous chapter), the authors discussed with 10 experts (with 10+ years of experi-
ence) from Serbian Government ministry of economy, National Chamber of Commerce,
University professors, banks operating (giving loans) with small and medium sized
companies. After the discussion with experts, the list of indicators defined through the
literature review was shortlisted (the content of this discussion involving all possible
variables analyzed by the experts can be viewed in Appendix B).

The shortlisted research variables are the following:

• financial viability - inflation rate, bank interest rates, capital raising, state support to
SME sector, supply chain issues regarding raw materials and energy sources?

• human resource management - productivity issues, employment rate fluctuations,
availability of key competences, outflow migrations towards western Europe?

• business performance - decrease in revenue per customer, lowor negative profitability,
revenue decrease, low retention rate of key customers, low customer satisfaction?

The total sample consisted of contacting again 380 companies from Serbia (who
replied to the survey in 2022, out of total 5000 contacted companies), which employed
more than 9 employees and up to 249 employees, across different manufacturing or
service industries. Description of sampled companies is available in Table 2 as well as
in Appendix A.

The research included statistical learning analysis based on clustering homogeneity
results, as defined by Hastie [36], with key regressions within each cluster, in order
to be able to come to some conclusions on influences of different risks over company
sustainability. Methods used are explained in Sect. 3.3.

Taking into consideration measurability and scalability with quantitative methods
and techniques, key correlations between business factors were analyzed through meth-
ods and techniques of statistical learning, via clusteringmethod as it represents an integral
process of discovering statistically significant inference and correlations between similar
sampled companies.

3.2 Hypothesis Formulation and Variables Definition

The authors defined three research hypotheses, which could provide answers to which
influences are essential for preserving company sustainability, and alsowhat are themost
important indicators that influence it. Factors linked with these hypotheses were checked
through defined main survey questions and conducted on the sample. The questions
present an attempt to measure influence of different indicators, by estimating risk level
of influencing company long-term sustainability. Research hypotheses were formulated
as following:

– H1: Sustainability of small and medium sized companies is directly influenced by
business performance indicators.

– H2: Sustainability of small and medium sized companies is directly influenced by
performances of company human resources.

– H3: Sustainability of small and medium sized companies is directly influenced by
financial viability of a company.
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In order to determine clusters of companies based on similarity (homogeneity), as
well as key correlationswithin the clusters, the authors introduced seventeen independent
variables (Table 1), which are then ranked from 1 to 5 (value “1” implies lowest value
of rank; value “5” implies highest value rank).

Table 1. Clustering variables

Group of variables Value of variable Independent variable Possible rank value of
variable

Financial viability High inflation rate Y1 [1, 2, 3, 4, 5]

High bank interest rates Y2 [1, 2, 3, 4, 5]

Low capital raising Y3 [1, 2, 3, 4, 5]

Low state support to
SME sector

Y4 [1, 2, 3, 4, 5]

High Cost of raw
material

Y5 [1, 2, 3, 4, 5]

Low availability of raw
material

Y6 [1, 2, 3, 4, 5]

High cost of energy
sources

Y7 [1, 2, 3, 4, 5]

Low availability of
energy sources

Y8 [1, 2, 3, 4, 5]

Human resources
performance

Low productivity Y9 [1, 2, 3, 4, 5]

High fluctuation of
work force

Y10 [1, 2, 3, 4, 5]

Low availability of key
competences/expertise

Y11 [1, 2, 3, 4, 5]

High outflow
migrations outside the
country

Y12 [1, 2, 3, 4, 5]

Business
performance

Decrease in total
revenue

Y13 [1, 2, 3, 4, 5]

Decrease in revenue per
customer

Y14 [1, 2, 3, 4, 5]

Decrease in profitability Y15 [1, 2, 3, 4, 5]

Low retention rate of
key customers

Y16 [1, 2, 3, 4, 5]

Low customer
satisfaction

Y17 [1, 2, 3, 4, 5]
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All research hypotheses were tested using their respective multiple linear regression
tests (by analyzing regression coefficients - slopes, adjusted R squared values) and val-
idated for significance (ANOVA, t-test, p-value). All data generated during the survey
tests was processed by using Stata16 and it is presented within the Appendix B part of
this paper.

3.3 Clustering Method Used for Quantitative Analysis

The research sample data has been processed using the Stata 16 tool. Clustering rep-
resents adequate technique in statistical learning, where data points are grouped based
on the similarity of some, and on distance of other data points. The basic axiom behind
clustering is that it enables grouping of data points, such that those data points present
in the same cluster possess a degree of similarity (see Petegrosso in [37]).

The analysis within this paper aims to use clustering as a method of unsupervised
learning since there is no external label attached to the object of research. Based on the
answers from the sampled business owners, it is not possible to automatically determine
what are the key influences on company sustainability, since they estimated risk from
1 to 5 on a number of indicators, which were shortlisted by the experts (before the
quantitative research). The Mini Batch K means clustering algorithm learned features
and patterns all by itself without any given input–output mapping. The algorithm was
then able to extract inferences from the nature of data objects and then create distinct
clusters of companies, to be able to distinct them appropriately.

The authors have followed the implementation instructions defined by Xiao [38].
Since the dataset cannot be considered as large (only 380 companies), the Lloyd and
Forgys algorithms were left out of the process; therefore, clustering was performed
through the McQueen and Hartigan algorithms. In clustering machine learning, the
algorithm divides the population into different groups, such that each data point is similar
to the data points in the same group and dissimilar from the data points in the other
groups. Based on similarity and dissimilarity, the algorithm then assigns an appropriate
sub-group to the object. Generally, data should be organized into clusters, should have
high level of intra-cluster similarity, but also low level of inter-cluster similarity.

4 Results

4.1 Research Sample

The quantitative research consists of survey questions related to estimations of different
risk indicators, on company business sustainability. The survey deals with ranking mul-
tiple indicators such as business performance, human resource management, financial
viability.

All respondents were given the opportunity to respond to the survey by e-mail, by
contacting the authors over online communication tools, or by using the online ques-
tionnaire response form. A questionnaire was sent three times to each company during
October 2022, to ensure that managers were able to find the time to complete the survey
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questionnaire. The validation of the questionnaire was done immediately upon arrival
(the e-mail address of the company was checked against the one to which the inquiry
was sent), the identity of the owner was validated. All respondents filled in answers to
all the questions offered.

The authors contacted 5000 companies in total. Exactly 380 companies replied, and
44 was in the process of closing. Finally, several companies (20 of them) did not have
the owner or CEO available at the time of the survey process, due to over-occupation.

On average, sampled companies employ approximately 71 employees in 2022, with
a clear increase in employment (compared to the previous year) of an average of 1.5%.
Taking the official division of companies by size into consideration (fewer than 249
employees and more than 9 employees – small and medium sized companies), the dis-
tribution of the companies surveyed was done according to their overall number of
employees, and also by type of business (Table 2):

Table 2. Segmentation of companies surveyed according to their size.

Company size 10–49 50–100 101–200 201–249

No of manufacturing oriented companies (%) 43 (11%) 68 (18%) 38 (10%) 12 (3%)

No of service oriented companies (%) 46 (12%) 76 (20%) 32 (8%) 14 (4%)

No of combined companies (%) 12 (3%) 24 (6%) 11 (3%) 4 (<1%)

The sample does not include companies employing more than 249 employees, and
micro companies with less than 10 employees. To be able to include valid sample of
companies in terms of size, the precondition was that the company had status of small or
medium sized at least for the last 3 years. In the companies surveyed during last quarter
of 2022, there were 22,672 employees, while in 2021 and 2020 there were 21,133 and
19,885, respectively. These numbers indicate employment in small and medium-sized
companies in Serbia to have increased incrementally, with significant economic growth
shown in the national GDP of Serbia during the last period. All surveyed companies are
profit oriented and doing business in manufacturing, service or combined industries.

The authors have tried to ensure representativeness of the sample in terms of regional
distribution (all 4 regions were represented to be proportionally similar) and industry
distribution (there are examples of companies across most of the major industries in
Serbia), as it can be viewed in Appendix A. The overall population of companies in
Serbia is not defined in literature originating from Serbia, as there is little formalized
data on private owned companies (apart from official registry of all businesses from
Serbia which includes entrepreneurs, small, medium and large sized companies). All
sample data was cross-referenced and tested.

The authors based internal validity of the data gathered from the sample on the
authenticity of questions, which was derived from discussion with experts. The ques-
tionnaire reflects actual estimations of real-life risk influences on company business
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sustainability for the long-term period, to extract maximum information on the topic,
from the respondents. Regional representativeness has been ensured (see further statisti-
cal breakdown in Appendix A, Table 5), the authors collected data from 380 companies
registered in the four main regions of Serbia herein noted:

• Belgrade - 153 companies (11,000 in total, of which 5,000 generate 80% of total
revenue for this region)

• Vojvodina - 87 companies (4,000 in total, of which 1,000 generate 80% of total
revenue for this region)

• Western Serbia - 81 companies (2,500 in total, out of which 1000 generate 80% of
total revenue for this region)

• South and East Serbia – 59 companies (800 in total, of which 300 generate 80% of
total revenue for this region).

Now follows a presentation of research findings.

4.2 Research Findings

In order to understand complex influence of different indicators, a total of 5 clusters have
been defined, with intra cluster ranges (values) of variables which have highest level of
homogeneity. Those correlations have been incorporated into the clustering process. By
providing the characteristics of each cluster, key influences on company sustainability
can be described, but also it represents a true representation of the mixed influence of
different indicators in reality. Cluster descriptions are presented in Table 3.

Table 3. Cluster description of variable ranges

Homogeneity – internal ranges
of variables within clusters

Key business
performance
indicator

Key human resource
performance indicator

Key financial
viability
indicator

C1 - high influence (of all three
groups of indicators and very
high influence (of human
resource performance and
financial indicators)

Low retention
rate of key
customers

Low availability of key
competences/expertise

Low availability
of energy sources

C2 - medium influence, of all
three groups of indicators

Decrease in
profitability

Low productivity High inflation
rate

C3 - very low and low influence,
of all three groups of indicators

None High fluctuation of
work force

High cost of raw
material

C4 - very high influence of
business performance indicators

Low customer
satisfaction

None None

C5 - very high influence of
human resource performance
indicators

None High outflow
migrations outside the
country

None
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In addition, a brief, simplified graphic display of influence of each indicator has been
introduced in Figure, to provide a visualization of the clustering results (Fig. 2).

Fig. 2. Visualization of clustering results (importance of key indicators/variables within clusters
C1 toC5; blue color – distribution ofmost important indicator in one cluster; red color – distribution
of all other indicators within the same cluster)

Comparison of clustering results across important performance metrics can be seen
in Appendix B. It can be concluded that the optimal results of the clustering process
are achieved when k = 5, considering all important clustering performance measures
(when k = 5, SSE, ARI, and VI have the minimum recorded values, and NMI has the
maximum recorded value, compared with k = 2, 3, 4, 6).

Main findings can be defined as the following:

• In terms of the cluster C1 - where the key variables with high influence was “low
retention rate of key customers” (business performance), and very high influence
was variable “low availability of key competences/expertise” (human resources), as
well as variable “low availability of energy sources” (financial viability indicators).
Depending on different descriptive characteristics (company size, years of doing
business, type of business, region) companies within this cluster are determined in
case of manufacturing, medium sized companies doing business more than 5 years
across all regions from Serbia;

• Regarding cluster C2 - where the key variables were “decrease in profitability” (busi-
ness performance), “low productivity” of human resources (human resources), and
lastly “high inflation rate” (financial viability). Depending on descriptive character-
istics, companies within this cluster are determined in case of mainly manufacturing,
small or medium sized companies, doing business less than 5 years in Belgrade and
Vojvodina regions.
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• Regarding the smallest out of all five clusters – C3 cluster – where the key vari-
ables were “high fluctuation of workforce” (human resources), and “high cost of raw
material” (financial viability). Depending on descriptive characteristics, companies
within this cluster are determined in case of mainly medium sized companies, doing
business more than 5 years, mainly in Belgrade region.

• Finally, regarding clusters C4 and C5 - the clusters are described with a single,
very high influence indicator – for cluster C4, most important indicator of business
performance is “low customer satisfaction”, and regarding fifth cluster, the most
important indicator is “highoutflowmigrations ofworkers”.Dependingondescriptive
characteristics, companies within cluster C4 are determined in case of mainly small,
service oriented companies, doing business for more than 5 years, originating from
East, West and South Serbia, and in case of cluster C5, companies are mainly small,
manufacturing oriented, doing business more than 10 years, mainly from Belgrade,
West and Vojvodina regions.

4.3 Hypothesis Testing

Statistical ANOVA tests were conducted in order to test statistical significance within
and between groups of data, across all five clusters. Results can be viewed in Table 4.

Table 4. ANOVA tests for research hypothesis

Hypothesis Cluster Sum of squares Mean of squares F test
P valBetween

groups
Within
groups

Between
groups

Within
groups

H1 C1, C2, C3,
C4

78,155 7,655 9,337 2,643 F 11,46
p-val <0.01

H2 C1, C2, C3,
C5

92,556 8,226 10,353 3,113 F 9,44
p-val <0.01

H3 C1, C2, C3 18,754 4,554 8,664 3,444 F 4,33
p-val <0.01

From results of ANOVA test, regarding groups of data within and between across
all five clusters are sufficiently representative to be tested for correlations. With the help
of the sampled companies from Serbia, a great deal of variability was described within
independent variables (based on the values of the sum of squares and mean of squares,
which are significantly larger than zero). Clusters 1, 2 and 3 have the highest score
for ANOVA (the biggest difference of variability, depending on the fact of whether the
sampled respondents come from different regions in Serbia). In the case of clusters 4
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and 5, defining the sole influence of one group of indicators on company sustainability,
there is lower, but enough level of difference in variability to be able to confirm the
statistical significance of the defined results. When analyzing test results for H1, it can
be concluded that there is a statistically significant difference between clusters C1, C2,
C3 and C4, suggesting that heterogeneity between clusters included adequate level of
variability in data. Similar results have been analyzed also in the case of H2 and H3,
confirming the existence of statistical variability across clusters C1, C2, C3 and C5,

To be able to properly test all research hypotheses, it is necessary to conduct appropri-
ate regression tests within separate clusters. To confirm each hypothesis, it is necessary
to analyze the impact of each independent variable representing a specific pillar of sus-
tainability (specific indicator of business performance, human resources performance or
financial viability).

The regression analysis is conducted by determining the level of regression between
cluster centroids (dependent variables) and separate indicators (independent variables),
with the help of several statistical indicators:

• Regression coefficients (slope) for specific independent variables (indicators);
• The p-value and comparison based on a confidence interval of 0.05;
• Student’s t-test.

The results of the regression tests can be observed in the Appendix B.
Regarding the regression test results between independent variables and the cluster

centroids C1, C2, C3 there does exist a significant level of regression. In addition, strong
regression can be identified for cluster centroids C4 and C5.

It can be concluded that all hypotheses can be confirmed, but hypothesis H3 could
not be described with two clusters, as is the case with hypothesis H1 and H2.

In other words, it was not possible to determine from available data that financial
viability indicators have separate, individual significant influence on company sustain-
ability, like it has been determined with business performance indicators and human
resources performance indicators.

The adjusted R2 parameter is above 0.8 in all cases and it was not displayed in
the table. Statistical parameters that also follow the regression coefficients (p-value and
Student’s t-test) show that adequate independent variables were used in the analysis
(there are no cases where the p-value exceeds 0.05 and the t-test is always at a non-zero
level) so it can be concluded that the test results are statistically significant at the 95%
level.

5 Discussion and Conclusions

5.1 Key Findings and Conclusions

As this research aimed at identifying key risk indicators on business sustainability of a
company measured through influence on business performance, financial viability and
performances of human resources, and with provided results and analysis, it can be
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claimed that the goal has been fulfilled. Key focus of this paper was to analyze small
and medium sized businesses in Serbia, which represent the backbone of the economy,
and are facing heavy consequences of all global shocks and risks coming to life.

Key correlationswere determined for the total of 10 parameters,whichwere analyzed
by the experts, then those parameters were estimated by business owners. Taking into
account everything analyzed throughout this research, to comprehensively understand
the problem, the existing rationale about influences on sustainability of SMEs in the
long run can now be understood with more detail.

Key results of the study displayed five identified clusters of SMEs, depending on the
homogeneity between estimated values of different indicators.Most significant influence
(highest correlation) was recorded for four human resources indicators of performance.
Also, financial viability of SMEs does not influence sustainability individually, but influ-
ences jointly with othermeasured indicators (evidence of this claimwas derived from the
fact that there was no identified separate cluster with dominant homogeneity of financial
viability indicators.

5.2 Discussion of Research Findings

Results of analysis from this study, are complementary with existing research papers,
such as the studies by Olah [39], who analyzed financial and economic risk sources in
SMEs of Visegrad group and Serbia (based on a sample of 2110 SMEs from Hungary,
Poland, Slovakia, the Czech Republic, and Serbia). One of key conclusions identified
Serbia as more vulnerable to financial viability threats to sustainability. Advantage of
this paper is that it broadens the research by involving influence of human resource
performances, while in the study by Olah it was not the case.

Also, while Arsic [40] investigated logistics capacity as a form of business
performance indicator of sustainability, it was not the case in this research paper.

Methodologically, this paper is in line with research by Glisovic [41], who also
performed cluster analysis on a sample of Serbian SMEs, who assessed sustainability
through life cycle management.

As previously also performed by Latip [42], the authors defined the main idea of
creating an insightful report on the influences of different indicators on SME sustainabil-
ity, as well as to determine the specific influence of human resources, so the following
conclusions may expand on the following:

• Influences on sustainability with varying levels from medium to very high confirm
that key competences and expertise, and low productivity present the key profilers of
sustainable SMEs. This conclusion presents an expansion on the results conducted
by Aharanwa [43] on strategies for business sustainability of SMEs in South Africa;
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• Exclusively, high influence of indicators such as customer satisfaction (business per-
formance), and on the other side high outflowmigrations of employees outside Serbia,
helps in identifying such massive disruptions to company sustainability, all of which
is in line with previous studies by Niedomysl [44] (migration has been analyzed in
the case of business owners) and in Cantele [45].

Long-term sustainability of SMEs has been analyzed through ten most important
indicators, therefore expanding preliminary findings by Manzaneque Lizano [46], who
claimed that customers (business performance perspective) and state or creditor support
to SME viability are key indicators to ensure long-term sustainability. Finally, long-
term sustainability of SMEs is particularly under influence of family member in case of
family-owned SMEs, which has been thoroughly analyzed by Mihic [47].

5.3 Limitations of Conducted Research

This research study had several limitations, apart from the facts that there is an economic
crisis rising in Europe, but also a raging war on European soil. Selection of companies
for research based on their size and type of industry (business activity) represents an
important limitation from the aspect of research inputs.

Since because of these facts, strategic decision makers as the main respondents to
the survey (and source of practical confirmation of theoretical findings) were suggestive
in form of pessimistic biases, this estimation presents also one of the main limitations
of this research. Important limitations of this paper to be noted are also the availability
and selection of experts for discussion in qualitative stage, as well as certain level of
subjectivity of experts,while defining keyparameters for quantitative part of the research.

An overall conclusion may also be made that the sample needs to be broadened, as
mostly all surveyed companies in Serbia recorded some form of growth in years until
2022, but also predicted negative effects for 2022, 2023 and long period of years to
come.

5.4 Practical Implications

This research contributes to theoretical andpractical findings already reported throughout
existing literature, by analyzing business indicators who may potentially pretend as
sources of risk for maintaining sustainability of a business.

When observing the defined and analyzed research gap, the authors constructed
several implications which can be useful when approaching the problem of analyzing
risks against sustainability of SMEs in the long run:

• From aspect of business performance indicators, the authors determined that dom-
inantly, SMEs with risk towards sustainability, shall be those SMEs with bad per-
forming post-sales activities, measured through low retention rate of key customers
and low customer satisfaction;
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• From aspect of human resources performance, research outlined low availability of
key competences of employees, low productivity, and finally high fluctuation of work
force;

• From financial viability perspective, it is mostly determined by current political,
economic and energy issues in Europe, since low availability of energy sources and
high inflation rate were marked as key indicators of influence on sustainability of
SMEs.

After analyzing all these indicators on SMEs from Serbia, there is one domi-
nant description applicable: only the mixture of different indicators and their esti-
mated influence on sustainability of SMEs, enables best understanding of the topic,
and interpretability of the statistical clustering applied.

Therefore, results of this research imply that in order to integrally control sustainabil-
ity over a longer period of years, it is mandatory to take care about all three dimensions
analyzed in this research.

5.5 Future Research Plans

Expansion based on this initial research can investigate deeper the correlations between
important indicators, that can be identified with some risk influence on a certain extent.
Overall sustainability in limited reach markets and economies such as in the case of
Serbia, should also be observed from a regional level, by involving a broader number of
experts and SMEs from other countries in the West Balkans region.

Additionally, vision for this research in time to come is to extend scope of research
by testing several new variables within defined clusters. One such variable could be
related to profile of the organization leader, which has been previously analyzed by
Dragicevic and Mihic [48]. Since what has been concluded from this research, findings
from analyzed data confirm the initial hypothesis that sustainability of small andmedium
sized companies are under risk (threat) primarily because of financial viability risk
indicators.

Gathering and analyzing more knowledge about businesses from Balkans region,
who contribute the most significant share of economic activity within their countries,
will certainly provide better understanding of wider variety of influences on company
sustainability.

Appendix A

See Tables 5, 6 and 7.
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Table 6. Results of survey – sum of replies from 380 business owners

Risk influence level estimation on company sustainability

Survey question 1
(Very low)

2
(Low)

3
(Medium)

4
(High)

5
(Very high)

RQ1-high inflation rate 0 0 22 83 275

RQ2-high bank interest rates 0 5 37 218 120

RQ3-low capital raising 4 8 21 204 143

RQ4-low state support to SME
sector

29 54 78 99 120

RQ5-high Cost of raw material 42 111 143 47 37

RQ6-low availability of raw
material

0 4 14 86 278

RQ7-high cost of energy
sources

0 11 22 156 192

RQ8-low availability of energy
sources

1 2 30 44 303

RQ9-low productivity 0 2 32 271 75

RQ10-high fluctuation of work
force

3 77 123 76 101

RQ11-low availability of key
competences/expertise

34 45 51 90 140

RQ12-high outflow migrations
outside the country

10 100 67 77 126

RQ13-decrease in total
revenue

23 154 144 59 0

RQ14-decrease in revenue per
customer

24 56 75 97 128

RQ15-decrease in profitability 13 65 121 101 80

RQ16-low retention rate of
key customers

0 5 54 89 232

RQ17-low customer
satisfaction

6 44 68 124 138

Table 7. Statistics about surveyed small and medium sized companies

Company size Average years
on the market

Belgrade
Metropolitan
region

Vojvodina East and South
Serbia

West Serbia

Small 10 88 55 27 35

Medium 11 65 32 32 46
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Appendix B

See Tables 8, 9 and 10

Table 8. Variables discussed with experts

Variables deducted from literature review Key variables after discussion with selected
experts

High inflation rate
High bank interest rates
Low capital raising
Low state support to SME sector
High Cost of raw material
Low availability of raw material
High cost of energy sources
Low availability of energy sources
Low productivity
High fluctuation of work force
Low availability of key competences/expertise
High outflow migrations outside the country
Decrease in total revenue
Decrease in revenue per customer
Decrease in profitability
Low retention rate of key customers
Low customer satisfaction

Marked as key variables

Return on sustainable investments
Revenues invested rate
R&D expenditure
Material and labor costs
Turnover growth
Market share
Business growth
Liquidity
Sales
Effectiveness
Competitiveness
Supply chain performance
Employee satisfaction
Lack of raw materials
Transport costs

Marked as less important
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Table 9. Hypothesis regression tests for all variables (cluster centroids C1, C2, C3, C4, C5)

Independent variable Cluster centroid Regression coefficient p-value t-test

High inflation rate C1 0.24 <0.01 1.38

C2 1.83 <0.01 1.44

C3 0.15 <0.01 1.22

C4 0.14 <0.01 1.25

C5 0.87 <0.01 1.56

High bank interest rates C1 0.03 <0.01 1.33

C2 0.11 <0.01 1.87

C3 0.54 <0.01 1.24

C4 0.43 <0.01 1.95

C5 0.13 <0.01 1.44

Low capital raising C1 0.11 <0.01 1.42

C2 0.31 <0.01 1.65

C3 0.14 <0.01 1.74

C4 0.14 <0.01 1.34

C5 0.16 <0.01 1.22

Low state support to
SME sector

C1 0.25 <0.01 1.65

C2 0.14 <0.01 1.74

C3 0.06 <0.01 1.33

C4 0.03 <0.01 1.73

C5 0.02 <0.01 1.22

High cost of raw material C1 1.24 <0.01 1.05

C2 1.11 <0.01 1.64

C3 1.99 <0.01 1.83

C4 0.32 <0.01 1.95

C5 0.01 <0.01 1.43

Low availability of raw
material

C1 0.43 <0.01 1.53

C2 0.21 <0.01 1.43

C3 0.15 <0.01 1.33

C4 0.53 <0.01 1.14

C5 0.34 <0.01 1.73

(continued)
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Table 9. (continued)

Independent variable Cluster centroid Regression coefficient p-value t-test

High cost of energy
sources

C1 0.32 <0.01 1.32

C2 0.54 <0.01 1.84

C3 0.54 <0.01 1.32

C4 0.64 <0.01 1.24

C5 0.13 <0.01 1.25

Low availability of
energy sources

C1 1.98 <0.01 1.08

C2 0.43 <0.01 1.21

C3 0.33 <0.01 1.63

C4 0.11 <0.01 1.43

C5 0.34 <0.01 1.36

Low productivity C1 0.34 <0.01 1.35

C2 1.86 <0.01 1.74

C3 0.34 <0.01 1.53

C4 0.43 <0.01 1.32

C5 0.13 <0.01 1.22

High fluctuation of work
force

C1 0.32 <0.01 1.78

C2 0.21 <0.01 1.24

C3 1.98 <0.01 1.43

C4 0.45 <0.01 1.66

C5 0.12 <0.01 1.99

Low availability of key
competences/expertise

C1 1.89 <0.01 0.99

C2 0.31 <0.01 1.13

C3 0.11 <0.01 1.43

C4 0.31 <0.01 1.34

C5 0.32 <0.01 1.33

High outflow migrations
outside the country

C1 0.43 <0.01 1.66

C2 0.25 <0.01 1.74

C3 0.11 <0.01 1.54

C4 0.32 <0.01 1.74

C5 1.98 <0.01 1.86

(continued)



24 I. Dragicevic et al.

Table 9. (continued)

Independent variable Cluster centroid Regression coefficient p-value t-test

Decrease in total revenue C1 0.05 <0.01 1.99

C2 0.11 <0.01 1.88

C3 0.21 <0.01 1.43

C4 0.35 <0.01 1.56

C5 0.54 <0.01 1.84

Decrease in revenue per
customer

C1 0.11 <0.01 1.21

C2 0.02 <0.01 1.63

C3 0.32 <0.01 1.43

C4 0.11 <0.01 1.32

C5 0.32 <0.01 1.54

Decrease in profitability C1 0.05 <0.01 1.73

C2 1.67 <0.01 1.43

C3 0.31 <0.01 1.53

C4 0.11 <0.01 1.32

C5 0.06 <0.01 1.21

Low retention rate of key
customers

C1 1.78 <0.01 1.19

C2 0.43 <0.01 1.99

C3 0.23 <0.01 1.32

C4 0.11 <0.01 1.53

C5 0.33 <0.01 1.44

Low customer
satisfaction

C1 0.11 <0.01 1.41

C2 0.34 <0.01 1.21

C3 0.54 <0.01 1.85

C4 1.83 <0.01 1.24

C5 0.65 <0.01 1.93

* C1—centroid for the cluster defining the high and very high risk influences on company sus-
tainability; C2—centroid for the cluster defining medium influences on company sustainability;
C3—centroid for the cluster defining very low and low influences on company sustainability;
C4—centroid for the cluster defining the very high influence of business performance indicators
on company sustainability; C5—centroid for the cluster defining the very high influence of human
resource performance indicators on company sustainability.
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Table 10. Comparison of clustering performance metrics in case of 2 to 6 clusters (k = 5 is
optimal)

Clusters C1–C5
C1—centroid for the cluster defining the high and very high influences on company
sustainability; C2—centroid for the cluster defining medium influences on company
sustainability; C3—centroid for the cluster defining very low and low influences on company
sustainability; C4—centroid for the cluster defining the very high influence of business
performance indicators on company sustainability; C5—centroid for the cluster defining the
very high influence of human resource performance indicators on company sustainability

No of clusters SSE ARI VI NMI

K = 2 1167 0.36 0.77 0.22

K = 3 1073 0.34 0.68 0.29

K = 4 1011 0.31 0.66 0.27

K = 5 955 0.25 0.62 0.79

K = 6 1222 0.33 0.59 0.77
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entrepreneurship in SMEs: a business performance perspective. Sustainability 8(342) (2016)

16. Broccardo, L., Truant, E.: SMEs and sustainability management: comparison of two case
studies 2 (2016). Web report https://www.impresaprogetto.it/sites/impresaprogetto.it/files/art
icles/new_broccardo_sme_sustainability_10_16.pdf. Accessed 30 Dec 2022

17. Sundin, E., Nasslander, E., Lelah, A.: Sustainability indicators for small and medium sized
enterprises in the transition to provide product service systems. Procedia CIRP 30, 149–154
(2015)

18. Israel, B.: Enhancing customer retention in manufacturing SMEs through supply chain inno-
vative practices. Manag. Dyn. Knowl. Econ. 10(3) (2022). Web version. https://www.manage
mentdynamics.ro/index.php/journal/article/view/473. Accessed 21 Dec 2022

19. HRM Handbook: Human resources management, a complete and comprehensive guide to
Human Resources Management. Web handbook. https://hrmhandbook.com/agenda/hr-challe
nges/, (2021). Accessed 2 Jan 2023

20. Rezaee, Z., Rezaee, H.: Business sustainability and key performance indicators. J. Bus. Econ.
5(9), 1484–1490 (2014)

21. Bartel, A.P.: Human resource management and organizational performance: evidence from
retail banking. ILR Rev. 57(2), 181–203 (2004)

22. Woeffray, O., Chen, Z.: How harnessing the power of SMEs and mid-sized companies can
shape the future of sustainability, World Economic Forum study. Web report. https://www.
weforum.org/agenda/2022/04/smes-future-of-sustainability/, (2022). Accessed 27 Dec 2022

23. Hernita, H., Surya, B., Perwira, I., Abubakar, H., Idris, M.: Economic business sustainability
and strengthening human resource capacity based on increasing the productivity of small and
medium enterprises (SMEs) in Makassar City, Indonesia. Sustainability 13, 3177 (2021)

24. Vandenberg, P.: Micro, small and medium-sized enterprises and the global economic crisis,
International Labour Organization.Web version. https://www.ilo.org/wcmsp5/groups/public/
@ed_emp/@emp_ent/documents/publication/wcms_108413.pdf, (2009). Accessed 13 Dec
2022

25. Appave, G., Sinha, N.: Migration in the 2030 agenda, International organization for migra-
tion. Web report. https://environmentalmigration.iom.int/sites/g/files/tmzbdl1411/files/doc
uments/migration_in_the_2030_agenda.pdf, (2017). Accessed 18 Dec 2022

26. Camberato, J.: The impact of inflation on small businesses and how to manage It, Forbes
Finance Council (2022), Web report. The Impact Of Inflation On Small Businesses And How
To Manage It (forbes.com). Accessed 15 Dec 2022

https://publications.aston.ac.uk/id/eprint/32482/1/impact_of_SME_sustainability_practices.pdf
https://sciforum.net/manuscripts/990/original.pdf
https://www.impresaprogetto.it/sites/impresaprogetto.it/files/articles/new_broccardo_sme_sustainability_10_16.pdf
https://www.managementdynamics.ro/index.php/journal/article/view/473
https://hrmhandbook.com/agenda/hr-challenges/
https://www.weforum.org/agenda/2022/04/smes-future-of-sustainability/
https://www.ilo.org/wcmsp5/groups/public/%40ed_emp/%40emp_ent/documents/publication/wcms_108413.pdf
https://environmentalmigration.iom.int/sites/g/files/tmzbdl1411/files/documents/migration_in_the_2030_agenda.pdf


Key Factors of Business Sustainability: Analysis of Human… 27

27. Timm, S.: How the state and private sector can partner to boost support to SMEs: Lessons
from Chile Malaysia, Trade and Industrial Policy charges. Web report. https://www.tips.org.
za/files/how_the_state_and_private_sector_can_partner_to_boost_support_to_smes.pdf,
(2012). Accessed 21 Dec 2022

28. Risteska, A.: The institutional support to SME’s development and entrepreneurship in coun-
tries of South Eastern Europe, Conference: South-East European Countries towards European
Integration (2012)

29. Devonshire, J.: Supply chain issues, recruitment challenges threaten SME manufacturing
recovery warns latest Barometer. Web version available at: Supply chain issues, recruitment
challenges threaten SMEmanufacturing recoverywarns latest Barometer—TheManufacturer
(2021). Accessed 24 Dec 2022

30. Shihadeh, F., Gamage, S.K.N., Hannoon, A.: The causal relationship between SME
sustainability and banks’ risk. Econ. Res. 32(1) (2019)

31. Bartolacci, F., Caputo, A., Soverchia, M.: Sustainability and financial performance of SMEs:
a bibliometric and systematic literature review. Bus. Strat. Environ. 29(4) (2019)

32. Burlea-Schiopoiu, A.; Mihai, L.S.: An integrated framework on the sustainability of SMEs.
Sustainability 11(6026) (2019)

33. Álvarez Jaramillo, J., Zartha Sossa, J.W., Orozco Mendoza, G.L.: Barriers to sustainability
for small and medium enterprises in the framework of sustainable development—literature
review. Bus Strat Env. 28, 512–524 (2019)

34. Mulhern, A., Stewart, C.: Long-term decline of small andmedium size enterprise share. Small
Bus. Econ. 21, 215–228 (2003)

35. OECD: The Impact of the Global Crisis on SME and Entrepreneurship Financing and Policy
Responses,OECDStudyReport.Web report. https://www.oecd.org/industry/smes/49316499.
pdf, (2009). Accessed 11 Dec 2022

36. Hastie, T., Tibshirani, R., Friedman, J.: Elements of Statistical Learning, 2nd edn. Springer
(2017)

37. Petegrosso, R., Li, Z., Kuang, R.: Machine learning and statistical methods for clustering
single-cell RNA-sequencing data. Brief. Bioinform. 21(4), 1209–1223 (2020)

38. Xiao, B., Wang, Z., Liu, Q., Liu, X.: SMK means. An improved Mini Batch K
means algorithm based on mapreduce with Big Data. Tech Sci. Press 1(1), 1–
5 (2018). Web report. https://www.napier.ac.uk/~/media/worktribe/output-1233588/smk-
means-an-improved-mini-batch-k-means-algorithm.pdf. Accessed 28 Dec 2022

39. Oláh, J.; Kovács, S.; Virglerova, Z.; Lakner, Z.; Kovacova, M.; Popp, J.: Analysis and com-
parison of economic and financial risk sources in SMEs of the Visegrad Group and Serbia.
Sustainability 11(1853) (2019)
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Abstract. This paper describes a program for robot movement for pick and place
materials using ABB Robot Studio. Program allows its users to make a complete
workspace for robot control via virtual work space and make simulation for robot
movement. Users can make their own 3D model of the work piece and import it
to the virtual workspace. Advantage of making the simulation is exposing errors
without direct contact with robot and its workspace. If no errors are present in the
simulationusers generate the programcode for robotmovement in accordancewith
demanding conditions. At the end of the experiment of pick and place materials
the users are introduced to the Robot Studio software package. Users are able,
after the experiment, to build a robot workspace for transport of materials with the
help of the lecturer. The advantage of doing the experiment is that the users get to
know the software directly, which enables the design of certain objects within the
program itself. In order to improve the experiment, the objects of manipulation has
different forms, where users are given the chance to design the parts themselves in
the SolidWorks program and to import that 3Dmodel into Robot Studio by saving
the modeled part with.SAT extension, then add another task for the robot to move
around the contour of the object after placing the part, simulating the type of a
milling process, where users use the knowledge gained from placing the targets
of the end effectors.

Keywords: Robotics · Artificial intelligence · Simulation · Education

1 Introduction

Industrial robots are used effectively in industry to enhance the production, while at
the same time using industrial robots in education has increased over the years, [1, 2].
Advantages applying robots in industry are:

• Production quality
• Increased productivity
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• Safety
• Flexibility
• Reducing labor costs.

Robot Studio is a program for off-line robot programming and simulation generating.
Robot Studio allows users to make and test complete robot installation for certain tasks
made in virtual 3D environment without visiting production line or interrupting the
production process, [3–5]. The ability to program a robot in virtual world before the robot
completes tasks in real time has drastically changed the perception of most companies
regarding robot movement programming, [6]. This method is used for testing robot
movement before executing the task to avoid potential collisions, faults or damage, [7–
9]. Programming a robot using the device (on-line) is still popular in some tasks, but
today robots are applied for complex operations where off line method needs to be used.

Advantages of off-line robot programming are:

• Programming is executed without interrupting the production,
• Risk of damage is reduced,
• Installation of robot line is faster,
• Complex tasks are easily programmed.

2 Making the Work Environment

The first step includes selection and placing the robot in the station. Robot placement
is located in the Home tab, via the ABB Library menu. Selecting ABB Library gives a
drop-downmenuwith a selection of robot models. The IRB 1200model will be selected.
After placing the robot, the end effectors are added. The end effectors are located via
the Home tab, by selecting the Import Library drop-down menu, then on Equipment, by
scrolling down, to the final device named myTool (Fig. 1).

Fig. 1. A robot model and myTool selection.
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By selecting myTool places the end effectors are placed at the beginning of the
coordinate system of the station and the robot. It is necessary to place the tool on the
final segment of the robot. Placement of the end effectors on the last segment of the robot
is done in the Layout window, by selecting the end effectors (myTool), as is shown in
Fig. 2.

Fig. 2. End effectors position change.

Setting up the controller is done via the Home tab, by selecting Virtual Controller.
Virtual Controller gives a drop-down menu with a selection of controllers. For this
example controller From Layout is selected.

After controller installation is completed the work table is set. When work table is
imported its location needs to be changed. Opening more options on the table in layout
window and selecting the position option, entering the values in the axis boxes (X 400,
Y 400, Z0) and the rotation of the table around Z axis (90°) (Fig. 3).

Fig. 3. Table placement (before and after changing the position).

Work-piece should be placed from the floor to the table. From the modeling tab,
selecting the solid menu the cylinder will be made with the diameter of 250 mm and
height 250 mm. The position of the cylinder will be X 0, Y −700 Z 0 which is placed
on the floor. After the creation of the first cylinder, the same cylinder will be created at
the table. Second cylinder is created to help for the target placement.
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3 Target Placement

Next step is to add the top that the end effectors should reach. The first target is on the
upper surface of the cylinder located on the floor (Part_1), at the center of the circle,
while the second point is on the upper surface of the second cylinder on the table (Part_2),
at the center of the circle (see Fig. 4).

Fig. 4. Target 1 and target 2 placement.

Third target represents the point of guidance of the end effectors (see Fig. 5), since
it is necessary to make a path in the form of a circular arc. To add a third target, it
is necessary to enter the coordinates of that point in the Create Target window. The
coordinates are: X 700, Y 0, Z 550. Target 3 is renamed to “circular”.

Fig. 5. Third target.

Next step is to check the position of the end effectors for each target. The check is
performed by opening more options on an arbitrary Target, View Tool at Target, and
name of the final device (myTool).

Next two targets are safe distance targets; they are placed on that way, so when robot
is approaching the target it doesn’t collide with the work piece. Target 1 and 2 are to be
copied and pasted in the layout window but their positions need to be changed to make a
distance from the point of end effectors and the surface of the work piece. Safe distance
in this example will be 30 mm, which means that in the Z axis box, in the offset window,
value − 30 is entered. Value − 30 is entered because the positive direction of the Z axis
is upside down due to the tool position changes.
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4 Path Generation

Since all the required targets are set, the end effectors path will now be generated based
on those targets. By opening more options on the point Target_10_2, then on Add to
new path, the generated path Path_10 will appear. Adding the targets to the path is done
by dragging the selected target to the last instruction of the path movement. The order
of adding targets is:

• Target_10_2 (Approaching the work piece from the floor)
• Target_10 (Picking the work piece)
• Target_10_2 (Lifting the work piece)
• Circular (Moving to Target 3)
• Target_20_2 (Approaching the table)
• Target_20 (Placing the work-piece on the table)
• Target_20_2 (Moving away from the work-piece)
• Home (Returning to the home position).

To make circular arc movement possible, two targets are selected from the Path
layout: MoveL circular and MoveL Target_20_2. By opening more options on selected
targets in the Modify Instruction menu an option Convert to Move Circular is selected.
In order for the robot to have the correct positions during movement, it is necessary
to perform calculations for each position. This is done through the Auto Configuration
command, which automatically calculates the position for each movement of the robot.

5 Simulation and Code Generation

For the end effectors to pick (attach) the object, it is necessary to add a component that
will connect the end effectors to the object. That component is called Attacher. The
connection is established by selecting MyTool in the Parent drop-down menu. Parent
indicates which object is doing the manipulation. Child indicates which the object of
manipulation is; in this case it is the work piece (Part_1).

For the end effectors to place (detach) the object, it is necessary to add a component
calledDetacher. It is necessary to drop the object ofmanipulation (work piece). Releasing
is done by selecting the Child drop-down menu and selecting Part_1.

Collision sensors are used to detect the distance between two objects in order to
avoid a collision. In this case, it is necessary to add two collision sensors:

• The first sensor to when the final device/end effectors approaches the object of
manipulation,

• Second sensor when the object of manipulation is left at the desired location.

Method of adding collision sensors is the same as adding the Attacher but instead of
parent and child options are Object 1 (parent) and Object 2 (child). In order to detect the
presence of the objects by the sensors a distance between those objects will be added in
the NearMiss box. The distance between objects in order to be detected is 10 mm.

Reset simulation signals are added from Signals and Connections tab, with Add I/O
signals. Type of Signal task requires a digital input signal. Signal Base Name represents
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the name of the signal. Since a signal is needed to restore the simulation, reset is entered
in the field. Signal Value represents the value of the signal, whose value in this case is 1.

After adding the components that connect the objects in the station as well as adding
the signals, it is now necessary to connect the components to synchronize the task
functions. Connecting components is done through the Design tab, which displays the
components that have been created. The following components need to be connected:

• Reset (1) → Positioner – Execute (0) (Start and repeat program and simulation),
• Collision Sensor – Sensor out (0) → Attacher – Execute (0) (Activation of first

collision sensor),
• Collision Sensor_2 – SensorOut (0) → Detacher – Execute (0) (Activation of the

second collision sensor) (Fig. 6).

Fig. 6. Robot tool path

The program contains commands that are entered into the robot’s control system so
that the robot in real time performs the tasks created for it in virtual space. The program
is generated via the RAPID tab by selecting Synchronize option. Synchronize opens
a new window that allows the selection of objects in the station that the program will
affect. Since the entire station is included, all objects and targets need to be checked.

After successful synchronization, the message “Synchronization to RAPID com-
pleted” will be displayed in the Output window. The overview of the program can be
found in the Layout window, via the drop-down menus RAPID, T_ROB1, by selecting
Module1.

6 Conclusion

At the end of the practical demonstration of pick and place materials the users are intro-
duced to the Robot Studio software package. Users are able to build a robot workspace
for material transfer by following instructions given from the teacher. The advantage of
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doing this practical demonstration is direct introduction to the software, which enables
the design of certain objects within the program itself. To implement the generated code
in real time it is necessary to make workspace exactly as it is on the simulation, which
means placing the same robot and final device like in the simulation, also to equip the
robot with sensors which have near miss value exactly as the value set in the simula-
tion. The advantage of the simulation is allowing the users to directly select where will
the final device manipulate with work objects via merging the starting points of both
coordinate systems of the final device and the work object, also how will the object be
manipulated (in this example via attacher and detacher options). For additional tasks the
objects of manipulation should have different forms, where users are given the chance
to design the parts themselves in the SolidWorks program and to import that 3D model
into Robot Studio by saving the modeled part with.SAT extension, then add another task
for the robot to move around the contour of the object after placing the part.
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Abstract. Welded joints’ reliability in responsible welded structures is of the
utmost importance. If such a structure, for example, a bucket wheel excavator,
suffers damage or failure, the financial losses are two-folded – the machine does
not deliver the required quantity of coal, while, due to that, the power plant does
not deliver sufficient electricity to the industry and households. This paper presents
a method, based on the probabilistic and semi-probabilistic approaches to express
the coefficient of validity and welded joints weakening, defining reliability as a
measure of the quality of installed vital welded structures on the bucket wheel
excavators in service. The “fault-tree” analysis was applied to enable a quanti-
tative and qualitative analysis of the welded structure failure causes, diagnostics
of behavior, and structural degradation, to evaluate the integrity and estimate the
service life of the vital welded structures that have a flaw in the welded joint.
The database was created, as well, by which the reliability of the bucket wheel
excavators can be increased. The proposed method enables to efficiently test the
welded joints during all the phases, frommanufacturing, via acceptance to assem-
bling of various welded structures, e.g. machines, like excavators or cranes, or the
constructions like bridges, etc.

Keywords: Bucket wheel excavator · Welded structure · Fault-tree analysis ·
Welded joint reliability

1 Introduction

Bucket-wheel excavators represent extremely complex machines that perform very
responsible and demanding tasks. All this imposes the need for all the elements of
the assembly to be operational for a long period of time. Excavator consumables are
most often replaced through preventive (periodic) maintenance, although certain, most
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responsible positions can be monitored with measuring instruments, as well, to be able
to react as soon as possible in the case of noticed irregularities. This especially applies to
elements that are made by welding. Another way of monitoring the working conditions
of such constructions is the fault-tree analysis, through which one is able to identify
potential causes of failure and analyze their impact on the integrity and reliability of the
construction as a whole.

The objective of this paper was to show/introduce a new method, based on the
probabilistic and semi-probabilistic approaches, which predicts that based on possi-
ble/potential errors that may occur in the welded joints on the excavator, their impact on
the excavator as a whole can be predicted. In addition, the method implies the introduc-
tion of the coefficient of validity and welded joints weakening, which defines reliability
as a measure of the quality of installed vital welded structures on the bucket wheel
excavators in service.

Taking into account all the potential causes of failures and applying the proposed
method, it is possible to monitor the condition of the structure during exploitation and
to assess its reliability and integrity in operation, as well as to carry out more efficient
maintenance of the equipment, which can lead to prevention or delay of accidents and
prevention of material (monetary) losses due to replacement of parts or downtime of a
machine.

2 Cracks as Causes of Failure of the Bucket-Wheel Excavators
and a Role of the Non-destructive Testing in Assemblies State
Diagnostics

The stress state in a bucket wheel excavator is complex due to residual stresses after man-
ufacturing and assembling, stationary and dynamic loadings in operation non-stationary
dynamic loadings caused by unexpected events. The most critical areas in this respect
are welded joints since crack-like defects are always likely to be present. Figure 1 shows
the schematic of the bucket wheel excavator complex stress state.

Considering that the bucket wheel excavators have a long service period in very
harsh exploitation conditions, their vital welded joints have to be controlled both contin-
uously and periodically since their integrity depends on a large number of technological-
metallurgical [1, 2], structural [3, 4] and exploitation factors [5–7]. This explains a wide
range of welded joints’ fatigue strength values, at different values of the asymmetry
coefficient of loading (R = σmin/σmax) [8]. Therefore, it is necessary not only to mon-
itor their structural condition [9–15], but to monitor possible defects that can lead to
damage of the structure [16–19], as well. One possible way is shown in Fig. 2.

The reason for monitoring this type of equipment is that failures on such complex
systems can occur due to improper maintenance or by accident. Accidental failures of
the bucket-wheel excavator were considered by authors in [9], which found that by care-
ful analysis of failures, the expected time of proper operation of the excavator, for each
year, can be obtained. That is an important factor when considering the maintenance, as
well as periodic controls and repairs of parts of the bucket-wheel excavators and min-
ing equipment, in general. In addition, the contribution is that plans for that machine
operations, i.e. its expected productivity, can be made. In the case that such machines
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Fig. 1. Presentation of the total stress as divided according to the stress origin.

were loaded more than they should be, i.e. to be exposed to prolonged work in difficult
working conditions, failure can occur very easily. The initiator of such a failure can be
even a small error, as analyzed by the authors in [10]. They determined that failure of
larger excavator components can occur due to fatigue and accelerated/sudden failure. By
analyzing the failure of an excavator, they reached the conclusion that even very small
errors during the welding, which are most often ignored, can lead to a chain reaction
and the failure of a more responsible and expensive working part. The authors of the
paper [11] went a step further and conducted research into the causes of damage and an
assessment of the integrity of the welded grid structure of the boom of the bucket-wheel
excavator’s dumper, before and after the repair of vital parts of the structure. The anal-
ysis of the results obtained after the non-destructive testing, measurement of the stress
state and numerical analysis, determined that there was no danger to the integrity of the
grid structure of the boom of the bucket-wheel excavator after repair, if it was executed
correctly and if the procedures in working conditions were followed. Similar research
was carried out in papers [12–15], where the influence of cracks on various working ele-
ments on the integrity of the entire structure was mainly considered. Excavator wheels
and tracks [12, 13], bridge conveyor [14] and mine hoist rope attachment elements [15]
were analyzed. All the analyses have shown that the impact of cracks on the integrity
of the structure is very strong, whether it was already generated in an element dur-
ing its manufacture or created by welding the entire structure or during the machine’s
operation. The author’s recommendation is that with such complex constructions, in
the places that are considered the most critical, constant monitoring of their condition
during exploitation, especially when working in very difficult conditions (modes), must
be performed.

Classes and quality of the welded joints are defined by the DIN 22261–3 standard
[20]; ultrasonic testing of the welded joints is being conducted according to the standard
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Fig. 2. Placement of the strain gauges on the welded structure of the bucket wheel boom [6].

SRPS EN ISO 17640 [21]; control of the quality of the welded structures in manufactur-
ing and exploitation of the bucket wheel excavators is done according to standard SRPS
EN ISO 5817 [22].

For the non-destructive testing (NDT) of the welded structures the following tests are
prescribed by the standard: for the welded joint of the quality class “B” – 100% of joints
must be subjected to NDT (visual test – VT, magnetic particles test – MT, ultrasonic
test – UT and radiographic test RT); for the quality class “C” – 20% of joints and for
the quality class D – 10% of joints must be tested [22]. Performing those tests requires
certain labor costs and significant losses in production productivity due to the excavator’s
downtime during the tests.No standards, norms, recommendations, ormethodology exist
in the available literature, which would require some other type of control of the welded
structures of the bucket wheel excavators, so these methods can be considered reliable
enough [23].

Welded structures of the bucket wheel excavators are made of structural steels S235
and S355 [24]. The plan and program of tests of the welded joints on the bucket wheel
excavator predict the tests to be conducted after every 5000 h of exploitation (approx-
imately a period of one year of excavator’s operation). In order to reduce the costs of
welded joints’ tests and losses in production due to the excavator’s downtime, a new
method was developed, based on the fault-tree analysis, which decreases the testing
costs by 70% and the excavator’s downtime by 50%.

Crack-like defects are frequent phenomena during the manufacturing, assembling
process and exploitation of the complex welded structures, due to flaws in the production
technology, insufficient forming, structural stress concentrators and conditions of the
structure realization (Fig. 3).
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Fig. 3. Locations at which fatigue cracks mainly occur [6].

The characterization of fracture as amultiphase process of crack initiation and growth
also includes different starting stages, on which depend the possibilities for further crack
growth. The crack can, generally, be stable, subcritical and unstable and possibilities for
the crack growth can be along different paths (Fig. 4, paths 1–8). This is especially
characteristic of the welded joints and welded structures.

All the bucket wheel excavators at open-pit mines in Serbia are produced by German
companies “TAKRAF” and “Thysen Krupp”, while the excavators on the coal deposits
are produced by “Ameco” from France. They are designed according to the DIN 18800
standard.

There are examples of fault-tree analysis application for nuclear power plants, air-
planes, communication systems and some other industrial processes, but there are no
cases of its application in manufacturing and exploitation of the vital welded structures
of the bucket wheel excavators.

Numerical indicators (validity coefficient of the welded joint and weakening coeffi-
cient of the welded joint and reliability) for quantitative, as well as qualitative analysis
and evaluation of the failure causes of the welded joints in vital welded structures of
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Fig. 4. Options for crack propagation.

the bucket wheel excavators, which appeared as a consequence of manufacturing and/or
exploitation, are described in this paper. By analyzing the individual failure cases, one
comes up with a conclusion about what their causes were, like wrong material and/or
welding technology selection, wrong calculation or the forming method, or deviation
from the predicted exploitation conditions.

3 Materials and Methods

The failure analysis is a process where a failed product is investigated in order to find out
what caused the failure. Different methods can be used to detect the cause of failure, like
the Ishikawa fishbone (cause-and-effect) diagrams, failure modes and effects analysis
(FMEA) and fault-tree analysis (FTA).

The basic concept of the Fault-Tree Analysis is the translation of the failure behavior
of a physical system into a visual diagram and a logic model. The FTA is an analytical
technique, where the undesired state of the system is specified and the system is analyzed
to find all the realistic ways why and/or how the undesired event occurred or could occur.
The FTA analysis uses the bottom-to-top approach and the undesired event (failure) is
the so-called top event.

In the FTA, the diagram presents a visual model that shows system relationships and
the root cause paths. The logic segment provides a mechanism for qualitative and/or
quantitative evaluation. Events, analyzed as faults by the FTA, can be associated with
hardware failure, human or software errors, or any event, which has led to the undesired
one. Thus, a fault tree presents the logical interrelationships of basic events that led to
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the top event of the fault tree. The FTA is based on reliability theory, Boolean algebra
and probability theory and uses a very simple set of rules and symbols to provide a
mechanism for the analysis of very complex systems, as well as complex relationships
between hardware, software and humans [25, 26].

TheFTA is a deductivemethod,which by analyzing the individual influences, enables
a conclusion on causes and individual contributions to failure [27]. The main advantages
of the FT method are:

• Simple graphical presentation of the logic of failure,
• Failure logic can be followed gradually,
• Possibility of both qualitative and quantitative analysis by application of the Boolean

algebra,
• When the quantitative input data are available both quantitative and qualitative anal-

yses can be performed, in the opposite case only the qualitative analysis is being
conducted,

• The computer programs are developed for the fault tree analysis, as well as for its
graphical presentation,

• The fault tree analysis can include various influences, unlike some other methods,
• No special training or knowledge is necessary for the application of the fault tree

method.

Results of the fault tree analysis are used for failure prevention, analysis of failure
causes, namely influences on reliability, clearly defining and quantifying those individual
influences, and ensuring conditions that would give good reliability.

Application of the FTA in manufacturing of a welding structure of the bucket wheel
excavator, taking into account chemical composition (CC) of the base metal and filler
metal (FM), base metal quality, welding parameters, shielding gas and heat treatment,
as well as the heterogeneity of welded joints (base metal, BM, weld metal, WM, heat-
affected-zone, HAZ), is presented in details in [28]. It was shown that the cooling rate
significantly influences the structure of theWMandHAZ, diffusedhydrogen and residual
stresses.

Application of the FTA during the welding structures of the bucket wheel excavator
exploitation is also presented in detail in [29]. It was shown that the undetected flaws
have an important effect on the reliability and safety of the bucket wheel excavators
since they are frequently causing fractures and sometimes failures. It was also shown
that the fatigue crack growth, defined by the Paris Law [30].

da

dN
= C · (�K)m, (1)

where a is the crack length, N is the number of loading cycles, C and m are the mate-
rial constants and �K is the stress intensity gradient, which presents one of the major
problems, if undetected before the crack reached the critical value (ac).

One should also keep in mind that corrosion plays a significant role in the fatigue
process, so special focus should be given to the failure due to corrosion fatigue, as shown
in Fig. 5 and explained in [28]. Notation in Fig. 5 is as follows:

T – Fracture due to the corrosion fatigue (T = F = 1–R);
E1 – Flaw was not detected through NDT;
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E2 – Crack propagates due to fatigue until reaching the critical length (a = ac);
E3 – Flaw was not detected through the NDT;
E4 – Flaw was not detected through the NDT immediately after the occurrence;
E5 – Flaw was not detected through the NDT in the later phase of inspections;
A – Conditions for the crack propagation;
B – test device did not detect the flaw;
C – The operator did not detect the flaw, which could have been detected by the

device.
Derivative of the fault tree in Fig. 5 is then:
T = E1 × E2 = E2(B1 + C1) = A(B1 + C1) = A(E4 + E5)(B1 + C1) = A(B2 +

C2 + C3)(B1 + C1).

Fig. 5. Appearance of the fault tree due to the corrosion fatigue [27].

For the case when the crack reaches length a > ac (event A in Fig. 5), the fault tree
is shown in Fig. 6.

4 Results

Using the fixed values for calculating the validity and weakening coefficient and the
degree of safety of the welded joints is the usual deterministic calculation method.
However, the probability of failure can vary from very small to unacceptably large
values, for the same values of calculation coefficients and factors, taking into account
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Fig. 6. The fault tree for the crack length a > ac (event A in Fig. 5)

the smaller or greater possible variability of stress, strength, cross-sections, welded joint
flaws and the like.

Since the properties of the welded joint and the basemetal, as well as the exploitation
conditions, are variable, themore realistic and efficient for the evaluation of various quan-
tities and analysis of the joint’s properties and phenomena is the probabilistic approach
[27].

The reliability of the welded joints is a numerical probability, with given confidence
limits, that the welded joint will execute the set function within the predicted conditions
and exploitation time. The probabilistic expression of the welded joint’s reliability is
more realistic than the reliability factors, which represent a pair of random values.

The bucket wheel excavator design defines the categories (classes) of welded joints
that correspond to the predicted reliability of welded joints or welded structures.

Reliability of thewelded joint or thewelded structure can be calculated by application
of the probabilistic model “welded joint yield stress (WJYS) – base metal yield stress
(BMYS)” Fig. 7, for the case of the normal distribution by application of Eq. (2), which
for the mean distribution value m = 1 and when the dissipation of the mean value – the
standard deviation is s = 1, obtains the form of Eq. (3):

R =
t∞∫
f (t)dt = 1

σ
√
2π

t∞∫
e− (t−m)2

2σ2 dt, (2)

R =
m∞∫

f (t)dt = 1√
2π

m∞∫
e− t2

2 dt = �(m1), (3)
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with

m1 = − WJYS − BMYS(
σ 2
WJYS + σ 2

BMYS

) 1
2

, (4)

where: WJYS is the mean value of the welded joint yield stress, BMYS is the mean
value of the base metal yield stress, σ 2

WJYS is the variance (average value of the square
of deviation of the random variable welded joint yield stress), σ 2

BMYS is the variance
(average value of the square of deviation of the random variable base metal yield stress).

Equation (2) is valid with the assumption that there is no correlation between theWJ
and BMYS properties. The reliability calculated as

R50% = R
(
WJYS,σWJYS ,BMYS, σBMYS

)
, (5)

is an average value for 50% of the reliability estimate and for a single way of failure,
only.

The lower limit for reliability RL , with introducing the number of samples n and
confidence limit hγ , is calculated according to the following expressions:

RL = �
(
m/
1

)
, (6)

m/
1 = m1 + hγ

n1/2

(
1 + m2

1

2

)1/2

, (7)

RL = RL
(
WJYS, σWJYS ,BMYS, σBMYS , hγ , n

)
. (8)

Figure 7 presents the schematics of distribution of the base metal yield stress, weld
metal fatigue strength and base metal fatigue strength. Based on schematics in Fig. 7,
the welded joint properties weakening, reliability and weldability can be quantified.

5 The Welded Joint Validity Coefficient

Every test of a certain welded joint (WJ) property – resistance to some failure and
comparison to the corresponding base metal (BM) property, is a part of the weldability
investigation.

If the individual fixed values are being compared, one obtains indicators of thewelded
joint validity or exploitation of the base metal properties. The lower the weakening,
namely the bigger the welded joint validity coefficient, the weldability is better:

ν = Properties of the welded joint

Properties of the base metal
= WJ

BM
. (9)

Considering that the WJ and BM are the random variables, distributed according to
a certain distribution law (Fig. 13), the validity coefficient (v) is a random variable, as
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Fig. 7. Schematics of the base metal yield stress distribution (BMYS, σBMYS ), weld metal fatigue
strength (WJ , σWJ ) and fatigue strength of the base metal (BM , σBM ).

well. It is usually defined with certain confidence limits and assumption of the normal
distribution for a single failure:

ν = WJmin

BMmin = WJy
BMy

= WJ−hγ ·σWJ

BM−hγ ·σBM

. (10)

Values σWJ and σBM are estimates of the standard deviations of the basic sets of
welded joint and base metal properties. Values of the hγ coefficient depend on the
required estimate of reliability. For the standardized normal distribution, they are given
in Table 1.

Table 1. Recommended values of reliability hγ in terms of welded joint quality [26]

Reliability estimate γ (%) hγ Welded joint quality level

99.86 3.0 “B”

99.0 2.33 “C”

95.0 1.65 “D”

90.0 1.28 Engineering practice

The validity coefficient v can be calculated for some other characteristic pairs of
properties, like the average values of the WJ and BM properties, or WJ minimal and
maximal properties and yield stress (WJYS).

ν = WJ

BM
; ν

WJmin
BMYSmax min

; ν
WJmax

BMYSmin max
. (11)
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In a similar manner, one can define the calculated safety degree for the welded joint
SWJ and the base metal SBM :

SWJS = WJmin
BMYSmax

; SBM = BMmin

BMYSmax
. (12)

In the design of the bucket wheel excavators, one usually uses the safety degree and
the weakening coefficients of the welded joints and thus of the welded structures, as well
and their experimental verification is usually not required.

Example: Evaluation of the welded joint strength on the bucket wheel excavator
SRs 2000 20/5 after 10 years of exploitation

Evaluation of the WJ strength can be equated with the reliability estimate, given here
for the bucket wheel excavator SRs 2000 20/5 (manufactured by “Thyssen Krupp” of
Germany) (Fig. 8). Based on the test results of the BM and WJ mechanical properties,
as well as analysis of flaws discovered by the non-destructive tests in the weld metal of
joints made by welding process 111 (SMAW), on the vital constructions of the bucket
wheel excavators made of the S235 and S335 steels, the probabilistic model of the
reliability calculation, based on the WJ properties, is presented.

By applying Eq. (3), the following relationship between themean value of thewelded
joint yields stressWJYS and the standard deviationσWJYS = f

(
WJYS

)
can be established.

Results of the (WJ , σWJ ) properties investigations are entered into the diagram in Fig. 15
and the level of reliability, namely the level of quality, to which they correspond is being
determined. Categories of vital welded structures are denoted by the Roman numerals
I through IV (the rest belong to “engineering practice”) and classes of the WJ validity
are denoted by the Arabic numbers 1 to 7 (Fig. 9).

Three sets of welded joints are being depicted, which belong to the validity classes
“B” (1–3), “C” (4–5) and “D” (6–7). Belonging of a point to a higher level of reliability
(the smaller value of the weld weakening coefficient), expressed by the reliability coef-
ficient of reliabilitym2, corresponds to the higher validity coefficient of the welded joint
v.

Thewelded jointweakening coefficientη can be expressed as a numerical probability,
with given confidence limits that the WJ properties would be equal to or better than the
BM properties. As it is possible to use the numerical probability for reliability R, one can
also use the numerical probability for the welded joint weakening coefficient η instead
of the welded joint validity coefficient, for a certain way of failure.

When the WJ and BM properties are given by the normal distribution law, analytical
expression for value of the weakening coefficient can be obtained in the usual way:

η =
∫ ∞

m2

f (t)dt = 1√
2π

∫ ∞

m2

e− t2
2 dt = �(m2) (13)

m2 = − WJ − BM(
σ 2
WJ + σ 2

BM − 2 · ρ · σWJ · σBM
)1/2 (14)

σWJ =
(
WJ

2 − 2BMYS · WJ + BMYS
2 − m2 · σ 2

YS

)1/2
m2 = f

(
WJ

)
, (15)
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Fig. 8. The bucket wheel excavator SRs 2000 20/5 in exploitation, Kostolac (Serbia)

Fig. 9. Influence of the WJ properties on reliability R(m2), according to Eq. (3)

with ρ being the correlation coefficient between the WJ and BM properties,

η50% = η
(
WJ , σWJ ,BM , σBM , ρ

)
. (16)

It is also possible to calculate the lower limit of the welded joint weakening, intro-
ducing the confidence limits m/

2 and the minimal number of samples n for the WJ and
BM properties.

ηL = �
(
m/
2

)
(17)



Bucket Wheel Excavator Reliability Improvement by Use… 49

m/
2 = m2 + hγ

n1/2

(
1 + m2

2

2

)1/2

(18)

ηL = ηL
(
WJ , sWJ ,BMsBM , ρ, n, γ

)
. (19)

Based on laboratory investigations of the workshop and in-situ executed WJ and
their comparison to the initial or the current BM properties, the weldability indicators
can be obtained.

If the BM properties are known
(
BM , σBM

)
, the weakening coefficient of the welded

joint η would then numerically represent the WJ weakening. Values of η will be 0.5
when the properties of the WJ and BM are equal (WJ = BM ), thus the value for η

can be expected within limits 0–0.5 [31]. The equalityWJWJ γmin should be additionally
checked.

Example: Evaluation of the welded joint strength on the bucket wheel excavator
SCh Rs 1400 28/3 during the assembly

The tensile strengths of the BM and WJ, executed by the welding procedure 111 of
structures made of the S235 and S335 steels, can be considered according to the normal
or Weibull distribution [27], as presented for the bucket wheel excavator SCh Rs 1400
28/3 (produced by “Thyssen Krupp” of Germany) (Fig. 10).

Fig. 10. Bucket wheel excavator Sch Rs 1400 - 28/3 during the assembly, Kostolac (Serbia)

Reliability of the welded joint R, expressed by the weakening coefficient η, or by
the reliability coefficient m2, for the case of the strong correlation between the tensile
strengths of the WJ and BM, namely for the correlation coefficient ρ = 1 (though
experimental results have shown that the correlation depends on the welding parameters
and is within limits from ρ = 0.75 to ρ = 0.85 [32]) and for medium values of the BM
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and WJ tensile strengths, smaller than Rmbm = 600MPa and Rmwj = 590MPa for their
standard deviations σBM = 26 MPa and σWJ = 33 MPa, will amount to:

m2 = − RmWJ − RmBM(
σ 2
WJ + σ 2

BM − 2 · ρ · σWJ · σBM
) 1
2

= − 590 − 600(
322 + 262 − 2 · 1 · 32 · 26) 1

2

= 0.20, (20)

with η50% (m2)= η50% (0.20)= 0.42 from the tables of standardized normal distribution.
By establishing changes of mechanical properties of the base metal and the welded

joints of structures during the exploitation, by varying the large numbers of influential
factors and reducing the undesirable effects to the acceptable values, one can realize the
favorable design solution of a bucket wheel excavator as a whole. This paper represents
a good basis for creating such a database, a structure of which is presented in Fig. 11.

Application of the presented method also enables efficient reparation and revitaliza-
tion of the bucket wheel excavator, with savings in the invested labor and reducing the
production losses due to shortening the excavator’s downtime. The efficient investigation
of the welded joints, during the manufacturing, acceptance tests and mounting of the
new welded structures, are enabled, as well. In that way, the structure can be monitored
during all of the exploitation periods with satisfactory reliability.

6 Conclusions

The method presented in this paper is an efficient and reliable tool to evaluate and
improve the safety of vital welded structures of the bucket-wheel excavators, as well
as to determine the causes of their failure during the exploitation. The probabilistic
and semi-probabilistic approaches are defined for expressing the validity coefficient (v),
weakening coefficient (η) and reliability (R), as measures of reliability in the exploitation
of the welded structures, mounted to the bucket wheel excavators. The applied fault tree
method enabled qualitative and quantitative analysis of the causes of the welded joint
failures and the creation of the corresponding database, which contributes to increasing
the bucket wheel excavators’ reliability. If still the damage occurs, the data from the
proposed database (Fig. 11) can be used to do the reparation of the structurewithminimal
costs and losses.
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Fig. 11. Database structure for vital welded structures of the bucket wheel excavators
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18. Jovančić, P., Ignjatović, D., Tanasijević, M., Maneski, T.: Load-bearing steel structure diag-
nostics on bucket wheel excavator, for the purpose of failure prevention. Eng. Fail. Anal. 18,
1203–1211 (2011). https://doi.org/10.1016/j.engfailanal.2011.03.001

https://doi.org/10.1016/j.engfailanal.2010.09.001
https://doi.org/10.1016/j.engfailanal.2010.11.009
https://doi.org/10.1016/j.engfailanal.2008.06.006
https://doi.org/10.1016/j.engfailanal.2017.11.017
https://doi.org/10.17531/ein.2016.2.1
https://doi.org/10.1016/j.engfailanal.2019.06.072
https://doi.org/10.1016/j.engfailanal.2011.11.005
https://doi.org/10.17559/TV-20151227221434
https://doi.org/10.1016/j.engfailanal.2019.104180
https://doi.org/10.1016/j.engfailanal.2021.105451
https://doi.org/10.1016/j.engfailanal.2011.03.001


Bucket Wheel Excavator Reliability Improvement by Use… 53
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Technical Gazette 20, 811–816 (2013)

https://doi.org/10.1016/j.trpro.2019.07.060
https://doi.org/10.1134/S1061830921100053
https://doi.org/10.1016/j.prostr.2022.12.023
https://doi.org/10.1016/j.ijfatigue.2021.106298


Risk Management of Foreign Trade Financing
of Bosnia and Herzegovina
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Faculty of Economics, University of Banja Luka, Majke Jugovića 4, 78000 Banja Luka, Bosnia
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Abstract. The great wave of changes that began in 2008 with the great eco-
nomic crisis, continued with the migrant crisis and the COVID 19 crisis, until
the events in Ukraine and major geopolitical changes. All this caused enormous
tectonic upheavals in the spheres of foreign trade affairs and initiated the need for
risk management. In such conditions, the problem of financing foreign trade deals
attracts special attention. The aim of thework is to point out themodel of optimiza-
tion of sources of financing foreign trade operations. In our work, we performed
modeling in order to optimize the sources of financing foreign trade operations in
Bosnia and Herzegovina. Modeling of sources of financing of foreign trade affairs
of Bosnia and Herzegovina was carried out on the basis of the simplex model. The
results of the research show the necessity of optimizing the sources of financing,
as an important segment of the risk management of the financing of Bosnia and
Herzegovina.

Keywords: Risk management · Foreign trade · Financing

1 Introduction

In addition to yield, which is the main motive for investment and foreign trade, there
is another side related to uncertainty and that a positive result is not guaranteed. This
becomes especially important when considering foreign trade transactions at a time of
global geopolitical changes taking place today. There is always the danger that there
will be no return or that there will be a change or even a fall in prices. The risk speaks
of this danger and probability. In the modern world, raising national competitiveness is
based on improving the business environment, which should enable an increase in the
volume of foreign trade transactions. Foreign trade deals are international transactions
of goods, services and intellectual property contracted between legal entities based in
different countries, and the basis of a foreign trade deal is the export or import of goods
[1].

Business entities engaged in foreign trade need financial resources in order to suc-
cessfully carry out foreign affairs with foreign partners. The subject of research belongs
to the field of risk optimization. The aim of the research is to identify the specifics of
the risk management of financing foreign trade operations, to investigate the legality
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of financing and their impact on foreign trade operations. The goal is also to perform
modeling based on the simplex model. The financing of foreign trade operations is gain-
ing more and more importance, especially at a time when capital knows no borders and
export represents one of the basic factors of business competitiveness [2].

Certainly, these forms of financing carry with them certain doses of risk. In the
simplest terms, risk is the probability of suffering loss, damage or injury. It is a very
complex and multidimensional concept that manifests itself in different ways and in
different forms. On the basis of the above, we can confirm the research hypothesis of Ho
that, “Risk management implies the optimal combination of sources of financing foreign
trade operations in Bosnia and Herzegovina at the most favorable cost of capital”. In
general, it is considered that all subjects in relation to risk can be divided into three
categories - those who love risk and are ready for anything, those who are indifferent or
indifferent and those who are averse, that is, they do not like risk. The aim of the work
is to develop a risk management model and to model the sources of financing foreign
trade operations.

2 Review of Literature Through Previous Research

Globalization processes, major economic crises, business turbulence, migration move-
ments and other processes have significantly affected the other side of foreign trade
financing, namely risks. In general, we can say that as much as the possibilities of
financing and the number of factors that influence financing increase, the situation in
terms of risk and risk management of foreign trade financing becomes more complicated
[1]. Risk represents any uncertain situation, that is, possible loss as a result of uncertain
events [3–5]. Over time, various methods of risk management have emerged, from clas-
sic risk analysis to more modern quantitative methods for risk assessment that are used
today by large international banks. The use of complicated methods, i.e. models for risk
management, requires the engagement of larger financial resources, but it brings greater
precision in risk assessment, thus contributing to the stability and security of business.
All participants in risk management cooperate with each other in the adoption of the
most important policies and their implementation. A necessary condition for a possible
risk assessment is a clear definition of goals, so the company has a clear idea of which
way it is going and where it wants to get to [6].

In the first chapters of the ISO 31000 standard, the usual elements of risk man-
agement are given, and they include several segments, risk management must create
new and protect existing value, risk management must be an integral part of organiza-
tional processes, risk management must be part of the decision-making process, risk
management must explicitly show uncertainty, risk management must be a systematic,
structured and timely process, riskmanagement must be based on the best possible avail-
able information, the risk management system must be appropriate for the organization,
risk management must take into account human and cultural factors, risk management
must be transparent and comprehensive process, risk management must be dynamic,
iterative and sensitive to changes and the risk management system must be capable of
continuous improvement and improvement [7, 8].

The process of risk management, as well as its development, differs from country to
country as well as from organization to organization. These differences are conditioned
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primarily by the degree of development of management culture (knowledge and skills),
the size and needs of the organization itself [6]. In the practice of risk management,
quantitative methods are mostly used, where it is possible to quantify the probability
of a harmful event. In addition, in recent times, qualitative methods are widely used,
which serve when decision-making about risks cannot be quantified, and other models
are used instead. Also, qualitative risk management models are often used as a comple-
ment to quantitative models. According to the OECD guidelines, when developing their
national standards, countries generally follow the risk management standards recom-
mended by COSO and Turnbull [9]. According to the OECD guidelines, the mentioned
models do not provide a sufficiently clear approach to solving problems in real condi-
tions, the shortcomings are primarily reflected in: lack of connection between risk and
strategy, definitions of individual risks are often short and insufficiently clear, interest in
ensuring the correctness of the risk management process is not sufficiently developed,
and another. Figueira-de-Lemos et al. [10] point to internal risk factors that can affect
foreign trade operations and thus financing, such as management, internal sources of
financing, international strategy business, etc., as well as external ones related to market
trends, international economic relations, and related to country risk, risk of interest rate
changes, currency risks, inflation risk and others [10].

They can appear independently of the actions of any party in the business, but they
can also be a consequence of the subjective actions of the participants in the business [1].
If problems arise in the execution of foreign trade affairs, which are beyond the reach and
influence of the decision maker, in that case it is a risk of force majeure, which is based
on objective circumstances [11]. In that case, insurance against this type of risk with
insurance organizations is recommended. A large number of participants, in itself, also
carries great risks that affect the success of the foreign trade business. Risks in foreign
trade business can be divided into [1, 5], risks to which the exporter is exposed, risks to
which the importer is exposed and risks to which the financial institution that lends or
finances the foreign trade business is exposed.

Commercial and non-commercial risks of foreign trade transactions are often classi-
fied in practice [12]. The most important risks of financing foreign trade operations can
be seen in the following, risks in international lending, risks in international factoring,
risks in international forfeiting and risks of self-financing foreign trade operations [13].
In banking-oriented systems, such as in Bosnia and Herzegovina, loans are often the
source of financing that is most used in the financing of foreign trade operations. In
cases where banks lend to importers, they are secured by bank guarantees issued by
export agencies in favor of banks or by a lien on imported goods [14]. However, trends
in the EU and the world show that credit-based export financing is greatly reduced [15],
Report to the U.S. Congress on Global Export Credit Competition [16].

In many areas of the economy, including foreign trade, the field of risk manage-
ment has developed as a separate scientific segment. The most common risks to which
the exporter is exposed during the implementation of the contract are the risks of non-
payment of the delivered goods, which can happen when delivering goods before pay-
ment or when delivering goods on credit [1, 12, 17]. On the other hand, the importer can
take the risk of paying the agreed advance part, without the delivery even taking place,
then paying properly for the goods, which do not correspond to the agreed properties or
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do not function in the agreed way [1, 12]. The amount of the loan represents a significant
factor, which can generate numerous risks, such as liquidity risk, solvency risk and other
risks associated with the exporter or importer who borrows. The risks associated with
that issue in the case of fixed interest are linked to the risk of paying a higher cost of
capital, if the market interest rate falls in the long term [12]. On the other hand, the
factoring contract implies that one contracted party (assignor of claims undertakes to
transfer to the other contracted party (the factor current or future claims from the basic
business and to pay a commission and interest specified in the contract for the factoring
services performed, while on the other the factor undertakes to collect the assigned claim
or to perform other factoring services [18, 19].

In the case of factoring with recourse, the factor addresses the client (seller) if the
receivables become bad, i.e. if the client does not pay when it is due or if payments start
to fall behind [12]. On the other hand, if it is about self-financing export business, a
very important issue is the issue of delivery, time period, quantity, timing and quality of
delivery of goods.

3 Research Methodology

In order to identify the key segments of riskmanagement for the financing of foreign trade
operations in Bosnia and Herzegovina, we analyzed lending factors, factoring factors
and factors of self-financing of foreign trade operations. In the first step, we investigated
the parameters of the foreign trade policy of Bosnia and Herzegovina, regarding the
state of imports and exports. Appropriate dataset with verifiable data source used in
research based on database from https://tradingeconomics.com which uses data directly
from the Central Bank of Bosnia and Herzegovina. The research was carried out in 2023.
The period of analysis referred to the last ten years, that is, from 2013 to 2023 (Figs. 1,
2 and 3).

Fig. 1. Research on the relationship between exports and imports in Bosnia and Herzegovina in
the period 2013–2023.The author’s research is based on https://tradingeconomics.com

On the basis of previous data that will also serve us for modeling risk management,
we observe a constant intertwining of imports and exports in Bosnia and Herzegovina.

https://tradingeconomics.com
https://tradingeconomics.com
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In the last two years, there has been a trend of growth in exports compared to imports.
This trend is positive and has positive effects on the foreign trade balance of Bosnia and
Herzegovina.

Fig. 2. Research on the relationship between the level of interest rates and exports of Bosnia and
Herzegovina in the period 2013–2023.The author’s research is based on https://tradingeconomics.
com

Based on previous data, it is evident that the level of interest rates on loans in Bosnia
andHerzegovina has been constantly decreasing since 2014 until 2020.Most of the loans
were placed with a fixed interest rate. After 2022, there will be an increase in interest
rates, and the placement of loans with a variable interest rate. This is also a consequence
of the growth of the Euribor in that period.

Fig. 3. Research on the relationship between the level of interest rates and imports of Bosnia and
Herzegovina in the period 2013–2023.The author’s research is based on https://tradingeconomics.
com

https://tradingeconomics.com
https://tradingeconomics.com
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In order to have high risk management effects, it is necessary to optimize the sources
of financing foreign trade operations. Let the linear programming model be given in
canonical form [20]:

(1) (MINIMIZE) Z=c1x1 + c2x2 + . . . + cnxn, 
a11x1 + a12x2+ . . . + a1nxn = b1, 
a21x1 + a22x2 + . . . + a2nxn = b2,
. 
. 
. 
am1x1 + am2x2 + . . . + amnxn = bn, x1,x2, . . .xn≥0,

The extended canonical form of the model is given in the following form [20]:

(2) (MAXIMIZE) Z=c1x1 + c2x2 + . . . + cixi+. . .+ cnxn
a11x1 + a12x2+ . . . + a1ixi+. . .  a1nxn ≤ b1, 
. 
. 
. 
aj1x1 + aj2x2 + . . . + ajixi+ . . . + ajnxn  ≤ bj,
. 
. 
. 
am1x1 + am2x2 + . . . + amnxn+. . . + amnxn  ≤ bm,

The results of research into the banking sector of Bosnia and Herzegovina show that
the annual effective interest rate for financing export and import operations in 2022 in the
amount of 100,000.00BAMand a period of 10 yearswas at the level of 7%.Research into
factoring services by banks in Bosnia and Herzegovina shows that the annual interest
rate of factoring was at the level of 5.5%, and that they are used at the level of only
0.3%. Also, the results of the research show that a part of business entities in Bosnia and
Herzegovina also use funds from EU funds, through various incentives, programs and
projects that are available through development agencies. Research in local agencies and
state agencies showed that the share of financing on this basis amounts to only 0.1%,
and that their cost is 2%. However, these resources are not free either. You first need to
meet high criteria to get funding or make the necessary adjustments to meet the criteria.

Based on the project documentation, they are at the level of 0.01%. The stated results
for projects are the result of sampling and practice of development agencies inBosnia and
Herzegovina. In addition to the above, many business entities also use self-financing of
certain projects. Even self-financing is not free, given that certain operational activities
are required, which causes certain operational costs. On the other hand, there is also
opportunity cost, cost of lost opportunity and others. In connection with the previous
situation and the research of the situation in Bosnia and Herzegovina, we performed
modeling in order to find a risk management model through the optimal combination of
sources of financing in Bosnia and Herzegovina. When creating the model, we used the
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golden balance rule as a base, where the ratio of our own and other sources of financing
(1:1 rule) should be up to an even level.

4 Research Results

Risk management requires consideration of a large number of factors that influence
the optimization of financing sources. Certainly, looking at the factors of the model
and their further modeling provides the basis for a high level of risk management. The
research is of great importance, given that it is about Bosnia and Herzegovina, which has
a more pronounced country risk compared to other EU countries. In addition to country
risks, there are company risks, as well as part of the risk at the level of held securities.
In the following, we carried out optimization and risk analysis, based on the created
mathematical model of the optimization of foreign trade financing sources:

(The objective function) (MINIMIZE): Z = 0,07 X1 + 0,055 X2 + 0,02 X3 +
0,0001 X4.

Model limitations:

X1 +  X2 + X3 + X4 = 1
X1 ≤ 0,496

X2          ≤ 0,003
X3 ≤ 0,001

X4 ≤ 0,500

X1, X2, X3, X4 ≥ 0

Variables that build the methodological concept of research:

• X1–share of foreign trade financing based on loans, at a rate of 7%
• X2–share of financing foreign trade operations based on factoring at a rate of 5.5%
• X3–share of foreign trade financing based on financing throughEUprojects and funds

(2%)
• X4–share of financing of foreign trade operations based on self-financing (0.01%)

Below is the solution of the optimization model in the risk management function
based on the simplex table.

Extended (Canonical) model:

(The objective function) (MAXIMIZE): Z = - 0,07 X1 - 0,055 X2 - 0,02 X3 - 0,0001
X4 + 0 X5 + 0X6 + 0X7 + 0X8 + 0X9
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Model limitations:

X1 + X2 + X3+X4 + X9 = 1
X1 + X5 = 0,496

X2 + X6 = 0,003
X3 + X7 = 0,001

X4                                       + X8 = 0,500
X1, X2, X3, X4, X5, X6, X7, X8, X9 ≥ 0

The solution was obtained in the sixth iteration of the simplex table.

Table 1 Modeling in the function of risk management

0 0 0 0 0 0 0 0 −1

Base Cb P0 P1 P2 P3 P4 P5 P6 P7 P8 P9

P9 −1 1 1 1 1 1 0 0 0 0 1

P5 0 0.496 1 0 0 0 1 0 0 0 0

P6 0 0.003 0 1 0 0 0 1 0 0 0

P7 0 0.001 0 0 1 0 0 0 1 0 0

P8 0 0.5 0 0 0 1 0 0 0 1 0

Z −1 −1 −1 −1 −1 0 0 0 0 0

In the Table 1, modeling was performed in the function of risk management. The
basic elements of the model are set. Modeling led to Table 2.

Table 2. Modeling in the function of risk management

0 0 0 0 0 0 0 0 −1

Base Cb P0 P1 P2 P3 P4 P5 P6 P7 P8 P9

P9 −1 0.504 0 1 1 1 −1 0 0 0 1

P1 0 0.496 1 0 0 0 1 0 0 0 0

P6 0 0.003 0 1 0 0 0 1 0 0 0

P7 0 0.001 0 0 1 0 0 0 1 0 0

P8 0 0.5 0 0 0 1 0 0 0 1 0

z −0.504 0 −1 −1 −1 1 0 0 0 0

In Table 2, the modeling is continued, where the value of Z is obtained at the level
of −0.504. The achieved result is the result of modeling in 2 iterations.
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Table 3. Modeling in the function of risk management

0 0 0 0 0 0 0 0 −1

Base Cb P0 P1 P2 P3 P4 P5 P6 P7 P8 P9

P9 −1 0.501 0 0 1 1 −1 −1 0 0 1

P1 0 0.496 1 0 0 0 1 0 0 0 0

P2 0 0.003 0 1 0 0 0 1 0 0 0

P7 0 0.001 0 0 1 0 0 0 1 0 0

P8 0 0.5 0 0 0 1 0 0 0 1 0

z −0.501 0 0 −1 −1 1 1 0 0 0

Table 3 continues the modeling towards the final value of the objective function. in
the third iteration, its value was −0.501.

Table 4. Modeling in the function of risk management

−0.07 −0.055 −0.02 −0.0001 0 0 0 0

Base Cb P0 P1 P2 P3 P4 P5 P6 P7 P8

P4 −0.0001 0.5 0 0 0 1 −1 −1 −1 0

P1 −0.07 0.496 1 0 0 0 1 0 0 0

P2 −0.055 0.003 0 1 0 0 0 1 0 0

P3 −0.02 0.001 0 0 1 0 0 0 1 0

P8 0 0 0 0 0 0 1 1 1 1

z −0.034955 0 0 0 0 −0.0699 −0.0549 −0.0199 0

Below in Table 4, modeling was performed with the aim of installing the final value.
In doing so, a critical value was defined on variable P5 (Table 5).

Table 5. Modeling in the function of risk management

−0.07 −0.055 −0.02 −0.0001 0 0 0 0

Base Cb P0 P1 P2 P3 P4 P5 P6 P7 P8

P4 −0.0001 0.5 0 0 0 1 0 0 0 1

P1 −0.07 0.496 1 0 0 0 0 −1 −1 −1

P2 −0.055 0.003 0 1 0 0 0 1 0 0

P3 −0.02 0.001 0 0 1 0 0 0 1 0

P5 0 0 0 0 0 0 1 1 1 1

z −0.034955 0 0 0 0 0 0.015 0.05 0.0699
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Based on the previous analysis, we obtained the final value of the objective function
by modeling, at the level of Z = 0.034955.

The optimal solution value is Z = 0.034955.
With this structure of sources of financing for foreign trade operations, the minimum

average cost of capital of 3.4955% is realized, the SRO creates themost favorable variant
of risk management. On the basis of the above, we can confirm the hypothesis of Ho that
“Risk management implies the optimal combination of sources of financing for foreign
trade operations at the most favorable cost of capital”.

5 Conclusion

Riskmanagement is a central part of the strategicmanagement of every company, but also
an integral part of every individual’s life. The state of foreign trade policy parameters
and results show a positive export trend, but the import trend has also increased. In
such circumstances, the need for financing such activities grows, which carries great
risks, which need to be managed. Modeling aimed at managing risks and optimizing
the financing of foreign trade operations shows that the minimum cost of capital for
financing foreign trade operations in Bosnia and Herzegovina is achieved at the amount
of 0.034955. Given that risk is based on uncertainty, it is also based on perceptions of
that uncertainty, as well as whether we have enough information that can be seen.

Riskmanagement is a scientific approach to the problem of dealing with the full risks
that are placed before the individual and the organization. Risk management implies a
continuous process of constant monitoring of identified risks, but also the identification
of new ones and their treatment. The need for risk management is the basic need for the
market operation of the bank and the creation of a competitive advantage. It is particularly
important to note that Bosnia and Herzegovina models its system of financial support
for foreign trade operations on the model of its most important foreign trade partners.
One of the reasons for this is the maintenance of the existing and potential increase of
future foreign trade exchange with those countries. The management of any of the risks
or the management of all risks requires the formulation of a strategy, policy and process
for managing all risks in business.

The research results show that risks can be adequately managed by optimizing the
sources of financing of Bosnia and Herzegovina’s foreign trade operations, and that such
a methodological approach is the basis of the model’s basic platform. Certainly with
major geopolitical changes on the world stage, risk management and the development
of risk management models will gain even more importance in the future.
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Abstract. This paper presents the application of Industry 4.0 in the production of
machine parts using a CNCmachine and an industrial robot. The functional struc-
ture of the flexible production cell, its configuration, programming methods and
application in industry are explained in detail. The complete technology design
was carried out using the ESPRIT software package, which involved selecting
the processing system, introducing auxiliary accessories, selecting the required
sequence of operations, defining the tool, defining the processing mode, creat-
ing the tool path, and generating the NC code for the CNC machine. With the
help of a digital model of the machine (known as a digital twin), a controller
emulator, machine parameters and a post processor, the system provides precise
simulation and machine-optimized NC code. ESPRIT offers factory-developed
post-processors for most types of machines and control units, which generate
NC code without requiring subsequent modifications. It is also possible to cre-
ate special post processors for special types of machines and applications. In this
particular case, due to the work piece geometry and production speed, the 4 + 1
strategy was chosen on the 5-axis machine, involving the simultaneous movement
of four axes and the indexical movement of one axis. Real-time machine CAM
programming represents a fundamental change in the way tool paths are created,
resulting in longer tool life, shorter cycle times and better machine utilization.

Keywords: Industry 4.0 · CAD/CAM · Digital twins · Artificial intelligence

1 Introduction

Autonomous systems are characterized by the ability to work successfully in an unstruc-
tured work environment, which has an appropriate degree of uncertainty, [1–3]. Namely,
modern production systems involve the participation of autonomous industrial robots and
machine tools, which perform technological tasks in interactive and cooperative work,
in order to successfully implement a technological task in an engineering insufficiently
determined environment, [4, 5]. In the case of autonomous industrial robots of the last
generation, an empiricalmanagement strategy has been established (in research laborato-
ries), which inmanyways resembles the actions of humans in the realization of everyday
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activities, [6–8]. Human activities in the performance of regular jobs include approach-
ing, grasping and moving objects, with the participation of the sense of sight, motor
and mental abilities. At the same time, a person does not solve complex mathematical-
mechanical problems (e.g. inverse kinematics problem), [9–11]. Practically, a person’s
eyes “guide” the hand to the object, and thanks to previously learnedmotor skills, the cor-
rect grasping and manipulation of the object is carried out. The idea that was developed
in the conducted research [12–15], is based on an analogy with the described human
activity. It implies that, by applying intelligent control of the robot, an analogy with
the “biological hardware” of man is realized [16–18], where internal coordinates are
systematically generated in the function of solving the task (manipulation, packaging,
joining, etc.).

Based on this idea, the scientific goal was set to develop, in the interaction of mecha-
tronic subsystems (machinery, electronics, and information technology), an empirical
control strategy of hierarchical intelligent control of autonomous industrial robots based
on recognition and learning systems, which is intended for production technologies of
the 21st century, [19, 20]. In order to achieve this, it was necessary to improve the con-
trol algorithms, and to use and enhance the known principles of the recognition system
in new generation robots, using artificial intelligence, [21]. A control algorithm is, in
accordance with the need to realize the autonomous behavior of an industrial robot, the
key to establishing an empirical control strategy. In order for an autonomous industrial
robot to be able to successfully accomplish a technological task in a given real environ-
ment, it must recognize changes and disturbances in its working environment, in order to
realize autonomous behavior in accordance with its physical limitations and reasoning,
i.e. learning, abilities, [22].

Therefore, it is necessary for the robot in its controlmemory, as an empiricalmachine,
to remember previous events that were based on the appropriate prediction, to check by
evaluation (measurement) whether these events are in accordance with the prediction,
and finally, based on the obtained results, be able to change the basic prediction, so
that in future events he would have to select the highest probability of success in the
realization of the technological task. It is very important to emphasize that, if the SEN-
SOR/ACTUATOR relationship has been established, the empirical control system of
the robot will, on the basis of prediction, ensure the maintenance of the stability of
that relationship, so that after a large number of attempts, the empirical machine-robot
becomes intelligent, skilled and careful during realization of favorable opportunities for
autonomous behavior in one’s own real environment.

What is certain, is that the current downward trend in the need for unskilled labor
whose work can be automated will continue, while the need for experts who have the
skills to develop, launch and maintain such automated systems will grow year by year.

In this research it is described the industrial automation of the production process,
which is based on the fusion of a CNC machine and an industrial robot. After con-
necting all the elements of the flexible production cell into one unit, generating the NC
program for HAAS DM-1 in the CAM software ESPRIT, coding the cycle for process
measurement with a measuring probe and programming the robot, the complete system
is tested.
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2 System Installation

In the implementation of the set task, it is necessary to:

• Install CNC machine, with two-axis tilting table, robot and work piece for clamping
systems;

• Connect devices so they can communicate with each other;
• Create NC program for HAAS CNC machine in CAM software;
• Program the robot and align it with the program of the CNC machine.
• Make test pieces within the specified tolerances.

The main problem is to connect these systems and ensure their mutual communi-
cation in order to work as a single unit. After the installation of all components at the
customer’s premises by the service department it is necessary to level and calibrate the
machine and the robot.

Leveling the machine is bringing its horizontal axes (mainly X and Y in the case of
vertical machining centers) into a parallel position with the horizontal plane.

The leveling of the CNC machine and the robot is carried out with the help of a
special digital measuring device for leveling model “Big kaiser”, which is presented in
Fig. 1.

Fig. 1. Special digital measuring device Big kaiser

This device has the ability to connect to mobile devices and computers via Bluetooth
connection. By using this device, the leveling process is shortened by 70% compared to
the classic variant with analog machine devices for measuring the slope. The resolution
is 0.18 mm/m, i.e. 0.01°. Range from 0° to±90.00° for the first axis, from 0° to±10.00°
for the second axis.

After leveling, the machines are connected to the electrical network and the robot
and the machine are connected to each other with communication cables. The rotary
table, which is installed on the machine table, is directly connected to the machine with
a voltage-communication cable intended for that purpose.

The HAAS CNC machine communicates with the HAAS two-axis rotary table via
the 4th and 5th axis modules that are connected to the machine’s control unit.
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After installing the device on the machine, it is necessary to physically align the
rotating axes of the device with the linear axes of the machine, and then configure the
direction of the axes on the control unit in software, as is shown in the Fig. 2.

Fig. 2. Defining rotary axes on the HAAS control unit [26]

The command to open and close the pneumatic chuck is also sent from the machine
control unit via G-code (M-function). The same applies to the automatic opening and
closing of the cabin door on the machine.

The robot, like the CNC machine, can be specially programmed. Programming this
type of robot is much simpler than programming a CNC machine and can be done in
several ways:

• by pressing the 3D display arrows on the touch screen of the control unit;
• manually moving the robot, whereby it remembers each position and repeats it later;
• by programming the robot through the machine’s HAAS control unit;
• specialized robot programming software.

In order for the robot to receive information when the protective door of the machine
is open, i.e. for the machine to have information that the robot is outside the working area
and can close the door, they need to communicate with each other. This is also done via
the interface, i.e. additional M-functions, which HAAS offers as an option for working
with peripheral devices.

The layout of the fully connected system is shown in the Fig. 3, which is taken from
the reference [24].
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Fig. 3. Flexible production cell [24]

The machine has an ETHERNET network interface (communication between the
machine and a computer or server). One of the now very important options for mod-
ern production is HaasConnect. HAAS developed this application in response to the
requirements of Industry 4.0.

HaasConnect (Fig. 4) is a mobile application that enables remote machine monitor-
ing. The machine must be connected to the Internet via a LAN or Wi-Fi network. The
Wi-Fi option on the machine provides a wireless connection between the HAAS control
unit and the local network.

The status of the machine can be monitored from a computer or smart phone. Alarms
and notifications can be generated for the start of the cycle, the end of the program, aswell
as any alarms on the machine, or any changes in steps, revolutions, or rapid movements.
All notifications are sent to a mobile device or e-mail.

3 System Calibration

After installation and leveling of the machine, it is necessary to calibrate, i.e. correct the
movement of the axis of the CNC machine as a whole, which is directly responsible for
the precision of the part. This is donewith a special devicemanufactured byRENISHAW,
the so-called “Ball bar” test. In this case, the RENISHAW QC20-W model is used.

The popularity of this type of axis calibration is based on the simplicity of the test,
the speed of use and the large amount of quantitative information obtained.

In theory, if a CNC machine is programmed to follow an ideal circular path and the
positioning accuracy of the machine is perfect, then the actual circle the machine makes
will exactly match the ideally programmed circle. In practice, many factors influence
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Fig. 4. HaasConnect mobile application [26]

deviations from the ideal circle, starting from the geometry of the machine, through the
control system, to the wear and tear of the machine during long-term operation. All of
these can cause the radius of the test circle and its shape to deviate from the programmed
circle. If they could accurately measure the actual circular path and compare it to the
programmed path, they would have a measure of the machine’s accuracy. It is the basis
of all calibration systems that work this way. Testing consists of 3 simple phases: setup,
data collection and analysis.

Connecting to the device is easy thanks to the Bluetooth connection. Testing is
quick and easy with Windows-based software that guides the operator through each
step. A useful option is the so-called “NC program generator” which helps in writing
the appropriate program for the machine tool. In many cases, existing test templates are
used. Quick access to templates is done by simply searching for existing files.

The center support is placed on the machine table and (using the adjustment ball
supplied in the kit) the spindle is moved to the reference point and set to the test zero
coordinate. The spindle is then moved to the initial position to start the test and the
magnetic test rod is mounted between the two kinematic magnetic joints. A simple
circular interpolation program (G02 and G03) is required to run the test.

Figure 5 presents the beginning of the “Ball bar” test.
In the standard test, the CNC machine performs two consecutive rounds; one clock-

wise, the other counter-clockwise. In practice, an additional arc is added to the path
before and after the test lap to allow the machine to have a constant speed of travel in
the lap.
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Fig. 5. The beginning of the “Ball bar” test

By using dipstick attachments, a test radius can be selected and will be tailored
to machine size and sensitivity to specific problems (e.g. large radius circles are bet-
ter at finding machine geometry errors, smaller circles are more sensitive to servo
misalignment, or drawbar backlash).

The data recording is shown live on the screen; so that any errors or problems can be
detected as the test progresses and the test stopped without wasting additional time (this
is important if the test is performed with a large radius and slow movement speed). The
user has at his disposal several report formats in accordance with international standards
(e.g. ISO, ASME) and comprehensive RENISHAW diagnostics (including volumetric
analysis) with a number of different screen displays and links to the help manual.

Most reports can be adapted to a specific case, and the end result can be used for writ-
ten reports. As the technical documentation of the work piece requires certain tolerances
that are in the zone of around 0.01mm, and our machine is calibrated with the “Ball bar”
test to themaximumprecision of exactly 0.01mm, there is a high probability that a certain
number of pieces will be at the very limit of tolerance, and that some of the elevations
will even exceed the limit tolerances. It follows from this assumption that we need amore
accurate calibration system to make the machine even more precise. This is achieved
with a sophisticated optoelectronic laser calibration device called a laser interferome-
ter. Measurements can include certain characteristics of the waves themselves and the
materials with which the waves interact. In addition, this method is used for techniques
that use light waves to study changes in displacement. This displacement measurement
method is widely applied for calibration and mechanical control of the degree of dis-
placement in precision machining. The working principle of the used device is based on
a Michelson interferometer consisting of a beam splitter (semi-silvered mirror) and two
mirrors. When the laser light passes through a semi-silvered splitting mirror, the beam
(which is partially reflected) is split into two beams with different optical paths.

The basic components of the system are a compact laser head, an independent ambi-
ent temperature compensator system and a specialized software package located on a
portable computer. Togetherwith themeasuring optics, they form a highly precise system
for measurement and analysis.
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A laser interferometer manufactured by RENISHAW, a model XL-80, is used to
calibrate the machine.

Laser frequency accuracy of±0.05 ppm (parts per million) over 3 years is achieved
by thermally controlling the length of the laser tube in the nanometer range.

The linear measurement accuracy is ±0.5 ppm in the entire range of environmental
conditions, i.e. from 0 to 40 °C and atmospheric pressure from 650 to 1150 mbar.
The reading can be done up to 50 kHz, with a maximum linear measurement speed
of 4 m/s and a linear resolution of 1 nm; even at top speed. The XL-80 model has a
resolution of 0.001 µm (1 nm) in linear measurement, and ±5 µm/m, i.e. 0.01 arc s, in
rotational measurement. Correction of the movement of the machine’s axes is performed
by entering new,measured values into special tables located in themachine’s control unit
(so-called mapping). With this system, it is possible to reduce the error of the machine
to a level below 0.005 mm within the complete volume of the working space.

In this way, the desired accuracy of the machine is achieved and all tolerances on the
work piece are within the prescribed limits. It should be noted that the temperature of the
environment plays a very important role in the processing of precision parts. Any change
in ambient temperature negatively affects the machine’s accuracy. For this reason, the
entire production hall is air-conditioned. The device measures air temperature, pressure
and humidity, and then calculates the index of refraction of light through the air (and
thus the wavelength of the laser). The laser reading is then automatically adjusted to
minimize any variations in laser wavelength. The advantage of the automatic system is
that no user intervention is required and the compensation is updated automatically.

The calibration of the robot in this case does not require a special approach, because
it is a standard “pick and place” operation that does not require particular precision.
Allowed position deviations are up to 0.5 mm, which requires only basic calibration
with the mandrel on the reference mandrel located on the robot’s work table.

The calibration of the robot is given in Fig. 6.
The mandrel located in the robot gripper then needs to be brought to the surface

of the machine’s worktable to define the zero point of the coordinate system along the
Z-axis. The mandrel is then brought to two points on the table (the longer edge of the
table) that are parallel to the X-axis to define the X-axis, and then to a point located on
the side edge of the table to define the Y-axis. In this way, the initial coordinate system
of the working space of the machine is defined for the robot.

4 Program Support

CAM (Computer Aided Manufacturing) represents computer-supported preparation for
production and includes the translation of design information into technological infor-
mation and production with different levels of automation (NC machines, machining
centers, etc.), [23].

The design of the complete technology is carried out in the ESPRIT software pack-
age, which implies the selection of the processing system, the introduction of auxiliary
accessories, the selection of the required sequence (operation), defining the tool, defining
the processing mode, creating the tool path and generating the NC code for the CNC
machine, [24].
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Fig. 6. The calibration of the robot

ESPRIT is the flagship product of DP Technology, one of the leading CAM software
development companies and has been in their offering since 1982, [25]. ESPRIT is a
highly customizable, high performance CAM system used in industry for CNCmachine
control, optimization and simulation. It supports all knownCNCmachine configurations:

Milling (from 2 to 5 axes simultaneously)

• Turning (from 2 to 22 axes simultaneously)
• Wire electro erosion (from 2 to 5 axes simultaneously)
• Multitasking machines, long lathe machines (Swiss-type)
• HSM - high-speed processing (from 3 to 5 axes simultaneously)
• Automated process control on the machine
• Manufacturing by adding materials.

ESPRIT offers 5-axis simultaneous machining cycles that generate tool paths opti-
mized for fully 5-axis machines, as well as indexed 4 + 1 and 3 + 2 applications
for the production of complex tools and parts for a variety of industries, including
aerospace, automotive, energy and the medical industry. These cycles are optimized
to work on all classes of CNC machines with 5-axis movements, including milling
machines, multitasking machines and Swiss-type machines.

ESPRIT enables the creation of a so-called “digital twin” by simply importing a 3D
model of a machine tool and using it for programming, optimization and simulation.
Work pieces, fixtures, and cutting tools are simply placed into the 3D model assembly,
resulting in the ability to create demanding simulations, better tool paths, higher-quality
manufactured parts, and greater productivity. Whatever happens on the screen will also
happen on the real machine in the production plant.
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Real-timeCAMprogramming represents a fundamental change in theway tool paths
are created, resulting in longer tool life, shorter cycle times and better machine utiliza-
tion. Unlike traditional CAM software, ESPRIT’s machine kinematics and dynamics
information is used for setup, programming, optimization and simulation. In this way,
CAM programmers make better tool path choices, resulting in improved machining
performance.

The application of artificial intelligence in this CAM software simplifies part pro-
gramming by automatically selecting optimal processes (machining cycles, cutting tools
and machining conditions) for part characteristics based on proven best practices. Var-
ious machining strategies, tool selection, cutting modes and the like can be saved in
ESPRIT’s database (Knowledgebase™) and then applied in other cases where the same
or similar machining is required.

Another advantage of this software is the integration with cloud-based databases,
such as the Machining Cloud database. The Machining Cloud application provides the
latest product data from the world’s leading suppliers of cutting tools, clamping sys-
tems, and CNC machines, eliminating the hassle of manually searching through printed
catalogs, phone calls, and extensive Internet searches to find the optimal tool, while
removing the burden of manually entering tool data into CAM software.

Data about cutting tools is always up-to-date because it is stored in the cloud and is
available to everyone, including global and local availability data. Also, data on HAAS
CNC machines is available on Machining Cloud. The files are in GDML format and
contain simplified 3D machine models along with machine kinematics, making them
ready for use in CAM and simulation software. In this way, the gap between physical
tools and digital software has been removed.

Machining Cloud relies on the latest principles of Industry 4.0:

• Interoperability: search, select, and share cutting tools, assemble assemblies, and
export data to CAD, CAM, ERP, or other manufacturing software;

• Virtualization: cutting tool data including 2D drawings and 3D models including
elements and assemblies, complete descriptive data for CAD/CAM, cutting modes
for CNC machines;

• Decentralization: the manufacturer’s knowledge base related to the product is in
the cloud and makes product recommendations in relation to previous choices.
CAD/CAM developers still make the final decision, but manufacturers’ recommen-
dations are immediately available to them;

• Real-time capability: cutting tool data is always up-to-date as it is stored in the cloud
and is available to everyone, including global and local stock availability, resulting
in optimal tool selection and reduced delivery times:

• Service-oriented: simple installation and low-cost operation with all hosting services,
databases, servers and catalogs provided as a cloud service.

• Modularity: flexible enough to fit into an engineering, purchasing and workgroup
workflow in the cloud, or to retrieve product data for individual items or entire catalogs
for use in on-premises software.

As the concept of providing digital tool data on web portals becomes main stream,
the ability to integrate that data into other digital systems is transforming industrial
production. While digital tool catalogs make it much easier and faster to find the right
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tool for the job, a more significant and growing trend is making cutting tool geometry
data available as well as 3Dmodels for CAM programming, simulation and verification.
The trend of providing complete tool data is more important than ever. The production
of industries is increasingly moving to the “digital twin” model, i.e. the synchronization
of the digital and physical worlds.

A digital twin is an exact digital replica of a production in a computer. This pairing of
the virtual and physical world brings benefits in various applications such as simulation
and analysis, visualization, collaboration of multiple teams on the same projects, design
and NC programming to eliminate problems before they occur.

In recent years, the Internet of Things (IoT) has made the digital twin model even
more cost-effective to implement. Technology is no longer only available to large cor-
porations with big budgets. A manufacturing plant of any size can now benefit from
realistic simulation of every aspect of the machining process to improve cycle times,
part quality and equipment utilization.

The amount of data available exceeds the digital catalog. There is a growing trend
among tool manufacturers to populate digital tool catalogs on their websites to replace
the tedious and time-consuming work of searching through thick paper catalogs. While
the digital catalog makes it possible to quickly and easily find the necessary tools of
a specific supplier, it still requires visiting multiple websites if products from different
suppliers are used and the data is isolated in the so-called “information silos”.

Unlocking a huge database offers huge potential for easy integration into other pro-
duction applications.Direct access to tool data anddrawings ensures accurate and reliable
tool selection in applications such as CAM programming, tool verification and analy-
sis, enabling the efficient exchange of reliable and accurate data. Integration into other
systems is a key function of a centralized database.

Compatibility and function data are also used to optimally create virtual 3D tool
assemblies such as combinations of inserts, holders, bodies, adapters, etc. When tools
are assembled in the cloud, there is no need to download individual items and assemble
them in CAD software. The cloud uses product data provided by the manufacturer to
show only those items that can be put together and are available to order. For any selected
tool, the software suggests only holders that fit together. This saves hours of searching
for the right components and eliminates the uncertainty of whether the components will
fit together when shipped.

The two standards provide a communication bridge between cutting tool manufac-
turers and software manufacturers. ISO 13399 is a set of international standards that
regulate the exchange of digital tool data. The ISO 13399 standard is managed by the
ISO Technical Committee.

GTC (Generic Tool Catalog) is a digital format that supplements ISO 13399. It
enables easy transfer of data on cutting tools. These two standards help advance growing
applications for digital tool data.

In this particular case, due to the geometry of theworkpiece and the production speed,
the 4 + 1 strategy was chosen on the 5-axis machine. Thus, simultaneous movement of
four axes and indexical movement of one axis are presented in Fig. 7.

After connecting all the elements of the flexible production cell into one unit, gen-
erating the NC program for HAAS DM-1 in the CAM software ESPRIT, coding the
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Fig. 7. Simultaneous movement of four axes and indexical movement of one axis [25]

cycle for process measurement with a measuring probe and programming the robot, the
complete system is tested.

Figure 8 which is taken from the reference [24], shows the CNC machine and the
robot in operation.

Fig. 8. CNC machine and the robot in operation [24]
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The precision of the system, especially the HAAS CNC machine, is confirmed by
measuring the dimensions on a coordinate measuring machine (CMM) NIKON Altera
7.5.5 (Fig. 9).

Fig. 9. Coordinate measuring machine NIKON Altera 7.5.5

During the measurement, a complete tactile scanning of the surfaces is used (Fig. 10
is taken from the reference [24]). With this measurement strategy, even deformations on
the measured surface can be detected, and it is far stricter (more precise) than the tactile
measurement of surfaces in points according to a given pattern.

Fig. 10. An example of surface scanning measurement on a CMM [24]

The report from the exit control showed that all the tolerated elevations on the work
piece are done within the required tolerance limits (Fig. 11 is taken from the reference
[24]).
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Fig. 11. An example of a graphical report on CMM [24]

In this work, in addition to the ESPRIT program, the FANUC ROBOGUIDE simu-
lation package is used, which simulates both movement commands and robot applica-
tions, significantly reducing the time needed to create new movements. The software is
autonomous and does not require a constant connection to the network (robot).

To ensure minimal production downtime, cells can be designed using imported
CAD models, tested and modified completely offline. It is designed to be intuitive
and extremely easy to use. The software requires very little or no additional training
to operate.

FANUC HandlingPRO is a module within the FANUC ROBOGUIDE offline sim-
ulator that was used in this project. It is an intelligent 3D simulation for programming
robots whose purpose is to manipulate work pieces when servicing machines in produc-
tion. It simulates and tests material handling processes and conducts feasibility studies
for robotic applications without the need for physical system installation and the cost of
commissioning a trial work cell.

Features of the module:

• Internal robot controller that validates positions and cycle times;
• The virtual panel for manual programming functions like a real panel in a real

programming environment;
• Performance and reach checks, collision detection and accurate cycle time estimates;
• Fast connection with the robot;
• Detailed help and “How to” guides make it easy to get started with the software.
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Optimization of robot operation offline:

• The Workcell Wizard allows the user to easily step through the development of a
material handling program.The process includes a robotmodel, a controller, a gripper,
a machine;

• Workcell Browser provides quick access to every work cell detail that can be
expanded, checked and modified;

• Structured menus allow quick access to items needed to adjust the gripper, machine
and other elements;

• Machine Tool Workcell Generator wizard helps users create robot cells along with
machines.

Advantages

• System evaluation - programming can begin, before the actual robot system is
installed;

• Fast and accurate import of CAD data for layout of cell elements
• Simple simulation - simulating the operation of the robotic system and its perfor-

mance:
• Optimization and debugging - while the production line is running, the user can

improve and modify programs without downtime and loss of production time;
• Quick and economical problem solving.

Manual programming:

• HandlingPRO supports automatic robot position optimization;
• It is possible to program the path of the robot through the built-in virtual modules

programming;
• Visual representation of the movement of gripping the work piece;
• Path optimization according to process time and robot movement time.

5 Conclusion

In this scientificpaper it is described industrial automationof productionprocess basedon
the application of artificial intelligence, and fusion of theCNCmachine and the industrial
robot. The research is primarily focused on installation, calibration, and program support
of the flexible production cell, and production of machine parts with the use of machines
and software of the latest generation. By using this approach in production it is achieved
significant shortening of production time from 13 to 7 min, increased productivity to
75000 pieces of machine parts per year per machine, and almost total elimination of
scrap.

The direction of further improvement of the existing system would be to install a 3D
camera-sensor. In most cases, machines that have a built-in vision system are able to do
a specific task for which they are preprogrammed, but recently there are not rare cases
where a machine can learn certain things.

The demand for the autonomy of the industrial robot was the starting point for set-
ting up the hypothesis that, based on information from the sensor-camera and learning
based on artificial neural networks, it is possible to successfully realize the recognition
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of objects, and then the technological task of manipulation, i.e. autonomous positioning
and orientation of the gripper of the robot in relation to the recognized object. Intel-
ligent behavior, which implies an autonomous industrial robot, is represented through
adequate coordination between the visual information about the object obtained from
the sensor-camera and the control system. Realized intelligent control of robots using
sensor-cameras and artificial neural networks has proven to be effective in overcoming
modeling problems and the appearance of indeterminacy of the real environment (e.g.
changing the position of objects), because intelligent control of robots actually repre-
sents an adaptive sensor-motor coordination that uses visual mapping realized on the
basis of computer vision system.In the further development we expect new approaches
and using more factors and operators and thus getting new decision models which would
optimize important parameters such as: inspection of rolling stock and machine park,
reduced costs, better trained drivers, better service and satisfied customers, increased
productivity and efficiency, fewer overtime hours, less idle periods, easy vehicle and
machine monitoring, reduced fuel costs, and reduced maintenance and service costs.

During machine learning, visual input signals about the object are processed and
combined into a target mapping through adaptive weighting, based on which a control
signal for the robot’s actuators is generated. The error between the actual control signals
at the actuator and the calculated signals, after the acquisition of the signals from the
camera, is used to incrementally change the weight ratios. After the successful comple-
tion of the learning phase, during association, the learned sensory-motor correlation is
used in the recognition and manipulation of objects that are similar to the objects on
which the training process was performed.
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5. Miljević, N. Ratković Kovačević N., Dihovicni, D.: Automation of cup filling machine by
inserting PLC control unit for educational purpose. In: Proceedings of the International Con-
ference of Experimental and Numerical Investigations and New Technologies - CNN TECH,
vol. 153, pp. 344–361. (2020). https://doi.org/10.1007/978-3-030-86009-7

6. Wu, K., Brueninghaus, J., Johnen, B., Kuhlenkoetter, B.: Applicability of stereo high
speed camera systems for robot dynamics analysis. Int. Conf. Control. Autom. Robot IEEE
Singapore 44–48 (2015). https://doi.org/10.1109/ICCAR.2015.7155999

7. Dihovicni, D., Nedic, N.: Application of Finite spectrum assignment method on distillation
column.Modeling and simulation in engineering, economics andmanagement, Lecture Notes
in Business Information Processing, vol. 145, pp. 232–238. Springer-Verlag (2013)

https://doi.org/10.1007/978-3-030-86009-7
https://doi.org/10.1109/ICCAR.2015.7155999


CAD/CAM Approach to Automation of the Production Process 81

8. Dihovicni, D., Nedic, N.: Simulation, animation and program support for a high perfor-
mance pneumatic force actuator system.Math. Comput.Model. 48, 761–768 (2008) (Elsevier,
Washington)
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Abstract. The aim of this paper is to propose a bookshelf scanning mechanism
for library inventory, which uses a stepper motor-based linear drive (e.g. slider),
controlled by an Arduino board. While exploring different types of slider drives,
which could be used in this system, such as linear ball bearing sliders or belt-driven
sliders, screw-nut sliders are recommended in here described proposal, because
they provide a high level of precision and accuracy. The slider moves a carriage
holding a barcode scanner along a sliding track to accurately scan the barcodes
of books on a bookshelf. The key components required for the system to function
are highlighted, such as a suitable stepper motor driver, an Arduino board with
adequate digital input/output pins, and sensors (e.g., limit switches) for detecting
the endof the track.The example code iswritten usingArduino IDE, for controlling
the stepper motor. The positioning of the barcode scanner, motor, and sensors is
also crucial to ensure the system operates smoothly and accurately. The scanner
should be able to read the barcodes of the books accurately and without any errors.
In regards to that, the vital role played by Arduino in regulating the slider’s speed
and position is pointed out. The importance of proper power supply and wiring to
prevent potential issues with the motor and Arduino board, is emphasized.

Keywords: Barcode scanning · Embedded systems · Library automation ·
Linear drives ·Mechatronics

1 Introduction

Arduino can be used to control a wide range of electronic devices, including stepper
motors. Stepper motors are commonly used in robotics, automation, and other industrial
applications. By connecting a stepper motor to an Arduino board, its speed and position
can be controlled, making it useful in various projects.

Here a library automation project [1, 2] is further being developed and built. In this
case a stepper motor is used to control the linear drive that holds the carriage or a base
plate on which the barcode scanner is mounted.

Bookshelf scanning mechanism consists of a barcode scanner mounted onto a linear
drive mechanism. The barcode scanner can be mounted on a carriage or a base plate that
is able to slide along a track. The slider can be mounted above or below the bookshelf,
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with the carriage positioned such that the scanner is able to read the barcodes of the
books as it is slid along the track. A motor can be used to move the carriage along the
track, and sensors can be used to detect when the carriage has reached the end of the
track. Various library automation projects were explored [3–7] and their experiences are
used in an endeavor here presented.

2 Hardware Components

2.1 Arduino Microcontroller Board

Arduino Uno or Arduino Mega microcontroller board could be suitable for this library
automation project. Both of thesemodels have enough digital input/output pins to control
other electrical or electronic components (e.g., limit switches and the motor driver), and
both can be powered with a 5 to 12 V external power supply.

2.2 Stepper Motor

The stepper motor chosen should be capable of driving the mechanical transmission and
to be able to provide positioning of the barcode scanning equipment. Here a stepper
motor 28BYJ-48 was chosen which requires a 5 V DC power supply (Fig. 1).

Fig. 1. A stepper motor 28BYJ-48 (on the left) with motor driver TI ULN2003AN (on the right).

The 28-BYJ48 stepper motor is one of the most commonly used types of stepper
motors. This or similar motors can be used in various devices and embedded systems.
The 28-BYJ48 motor has four coils powered by unipolar voltage pulses and each coil is
rated for + 5V DC voltage [8].

It is relatively easy to control 28-BYJ48 motor with any microcontroller, and here
an Advanced Technologies AT mega 328P is used which is ‘heart and brain’ part of an
Arduino Uno board. To control the stepper motor 28-BYJ48 for the project described
and built here, equivalent electrical scheme given in [8] was implemented.

The code was adapted from [8] and Nikodem Bartnik’s solutions [9, 10].
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2.3 Stepper Motor Driver

To power a stepper motor that moves the carriage along the tracks using an Arduino, it
is necessary to choose a suitable stepper motor driver that is capable of managing the
voltage and current requirements of the motor. After obtaining the stepper motor driver,
it can be connected to the Arduino board, and then the Arduino can be programmed
to control the motor. Having in mind that the stepper motor chosen was 28BYJ-48
which requires a 5 V power supply, a corresponding driver was used: Texas Instruments
ULN2003AN (in Fig. 1 on the right).

2.4 Limit Switches

To determine if the base plate of the mechanism has reached the starting or ending point
on either side of the bookshelf, two limit switches were used (shown in Fig. 2).

Fig. 2. Two limit switches are used to detect if the slider with plate carrying barcode scanner has
reached either end of the bookshelf.

To connect the limit switches so that their activation controls the stepper motor (turn
on, turn off, and/or change in direction or rotation) for the project described and built
here, equivalent electrical schemes were used and code was adapted [11–13].

3 Challenges of the Device Design

There are four basic types of linear actuators: mechanical/electro-mechanical, hydraulic,
pneumatic and piezoelectric. Here a mechanical or electro-mechanical linear drives are
considered and explored. Linear drives could be belt drives, screw drives, rack and pinion
or linear motor. Figure 3 [14] shows a comparison between these four.

To ensure proper functionality of the bookshelf scanning mechanism, the following
considerations should be taken into account:

1. Positioning of the barcode scanner: The barcode scanner should be mounted in a
way that allows it to scan the barcodes of the books accurately. Also, it should be
positioned at an appropriate distance from the books and at an appropriate angle to
ensure that the barcode can be read without any errors. Honeywell Voyager 1250 g
barcode scanner was used in this project. Mentioned scanner scans 13 mil bar codes
from as far as 447 mm [16, 17]. This particular scanner needs to be on its stand in
order to scan barcodes continuously. Optimal distance for it, in order to scan barcodes
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Fig. 3. Comparing modular linear actuator drive types [14].

properly, is 5–10 cm. Even at that distance it periodically skips a barcode. If book
spine is too narrow, or if barcode is damaged or not placed correctly, scanner will
move on to the next book. In this stage of the project, the program that would detect
error (book not being scanned) and report where the error occurred has not been
created.

2. Positioning and mechanical coupling of the motor: The motor should be mounted
securely to prevent any unwanted movement or oscillation. The positioning of the
motor should be such that it can move the carriage smoothly and without any
interference with the barcode scanner. Our suggestion is at one end of the slider.

3. Positioning of the sensors: The sensors that detect the end of the track should
be mounted at the appropriate locations on the track or fixed on both ends of
the bookshelf, so that they can detect the carriage’s end-of-travel accurately and
consistently.

4. Speedof the slider: The speedof the slider should also be considered and in accordance
with the speed at which the barcode scanner scans the books. This will help ensure
that the scanner is able to read the barcodes of the books accurately and without
any errors. The speed of the slider can be controlled by the motor. It is important to
ensure that the speed is not too high or too low, as this can interfere the accuracy of
the barcode scanning process. Stepper motor used here, 28BYJ-48, takes 2038 steps
per turn. Motor delivers a torque of 34.3 mN.m at a speed of around 15 RPM. Using
a delay of 900 µs between steps. Arbitrary speed is given based on the code example
used [8].
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…

void loop() {

// Rotate CW slowly at 5 RPM

myStepper.setSpeed(5);

myStepper.step(stepsPerRevolution);

delay(1000);
…

In this stage of the project, and given the issues that scanner used here has, it is
still early to tell the exact speed.

5. Power supply: It’s important tomake sure that the power supply is capable of providing
enough power and current level to both the motor and the Arduino board. If the motor
draws too much current, it could cause the voltage to drop, which could potentially
cause issues with the Arduino board. In that case, it may be necessary to use a
separate power supply for the motor to ensure stable operation of both the motor and
the Arduino board.

6. Wiring: The wiring of the entire system should be neat and organized to avoid any
loose connections or interference between the different components.

When all these considerations are taken into account, the bookshelf scanningmechanism
can operate smoothly and accurately.

Table 1. Comparison of available linear drives of 100 cm length [15].

Type of linear drive Estimated price [Serbian
dinars]

Single part or complete
mechanism

Screw-nut sliders 2100 Estimate for all parts
needed

Linear guides for slider (1 to 3
rods)

2100–3500 Set of parts, need to be
assembled

Linear ball bearing sliders 6250 Partially completed
mechanism

Leads with carriage 7800 Partially completed
mechanism

Linear drive with belt-driven
sliders

24000 Completed mechanism

The Table 1 shows the comparison in price of several linear electromechanical drives.
The prices are approximate values without VAT [15].
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4 Software

4.1 The Code for Arduino Microcontroller Board

Arduino Uno is the microcontroller board which can be programmed and implemented
with ease since a numerous projects and solutions exist, available in open access on
Arduino Foundation site or in open source in Arduino on line communities. The Arduino
IDE (IntegratedDevelopmentEnvironment) is an open access and free of charge software
which can be used to write the code for regulating the operation of the stepper motor
and other hardware components (e.g., limit switches).

The code should include instructions for determining the direction and steps of the
motor, based on input from the sensors that detect when the carriage has reached the
end of the track. The code was adapted and used from [9–13]. The code of Nikodem
Bartnik [9, 10] was used to control the stepper motor and it was combined with the code
from Arduino Get Started [11–13] for using the limit switches. Considering whether the
limit switch was touched (and which one) the stepper motor is put to a halt or it changes
direction of rotation.

An example code is shown below from Arduino Get Started solutions [11–13]:

* Created by ArduinoGetStarted.com This example code is in the public domain
* Tutorial page: https://arduinogetstarted.com/tutorials/arduino-limit-switch
*/

#include <ezButton.h>
ezButton limitSwitch(7);  // create ezButton object that attach to pin 7;
void setup() {

Serial.begin(9600);
limitSwitch.setDebounceTime(50); // set debounce time to 50 milliseconds

} 
void loop() {

limitSwitch.loop(); // MUST call the loop() function first
if(limitSwitch.isPressed())
Serial.println("The limit switch: UNTOUCHED -> TOUCHED");

if(limitSwitch.isReleased())
Serial.println("The limit switch: TOUCHED -> UNTOUCHED");

int state = limitSwitch.getState();
if(state == HIGH)
Serial.println("The limit switch: UNTOUCHED");

else
Serial.println("The limit switch: TOUCHED");

} 

/*
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5 Conclusion

Here a project for library automation is further developed and built. Various linear
electro-mechanical and/or mechanical drives were compared. The system consists of
linear drive with stepper motor, and base plate carrying the barcode scanner and Arduino
board. Various linear drives are explored, however, screw-nut sliders are preferred in here
described proposal, because they provide a high level of precision and accuracy. The
stepper motor requires a driver which should be chosen so that it is capable of providing
the required voltage and current consumption of the stepper motor that is used. Various
challenges in making successful design are explored and elaborated. Arduino Uno board
is chosen and code is implemented to provide control of the stepper motor. Two limit
switches are connected to Arduino board to detect the end-of-travel of the base plate on
either end of the bookshelf. The code for Arduino Uno is obtained combining two open
source and open access resources.
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Studies Belgrade for their support.
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Abstract. Additive manufacturing and 3D printing technologies are rapidly
evolving and influencing changes in design, prototyping, engineering and man-
ufacturing processes in various industries, including aerospace. In order to use
3D printing processes to produce parts with adequate and satisfactory mechan-
ical properties for aircraft that are constantly exposed to extreme temperatures
and environmental conditions, the temperature variations that occur must be taken
into account. In this study, small-scale specimens of the thermoplastic polymer
material polylactic acid (PLA) were printed using an FDM printer while a thermal
imaging camera was used to record the temperature changes during the printing
process. The aim was to determine the temperature changes during each step of
the printing process of small specimens and to create a future model for testing
the temperature distribution.

Keywords: 3D printing · Aerospace industry · FDM · PLA · Heat distribution ·
Methodology

1 Introduction

The rapid development of additive manufacturing (AM) and 3D printing technologies
has led to significant changes in design, prototyping, engineering, and manufacturing
processes in various industries, including aerospace. In the last decade, the aerospace
industry has been one of the leading sectors using AM [1]. One of the most important
features in the aerospace industry is the need for lightweight components with the best
possible strength-to-weight ratio to improve safety, fuel efficiency, and reduce emissions
[2]. Aerospace engineers are working to reduce the weight of aircraft by minimizing
the number of materials used in each component, which increases the complexity of
the design in terms of structure and its function [3]. In addition, the materials used
for aircraft need to be lighter, more durable, and capable of producing any shape and
geometry, making 3D printing the best possible technology for production.
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The AM process always starts with the design of the 3D model in the appropriate
software. The performance of any product can be improved by using AM, as parts with
complex geometry can be produced. To determine the best geometry of the parts for the
desired purpose, various parameters must be optimized, such as manufacturing speed,
temperature, strength, mass, power and price. In addition, the approach must be tailored
and defined for the AM process selected.

In aerospace industry, parts manufactured with AM are divided into metallic and
non-metallic parts depending on the criticality of use [1]. Conventional metal parts are
being replaced with appropriately strong 3D-printed parts to reduce aircraft weight and
part repair time. Research shows that thousands of non-metallic AM parts have been
installed in various aircraft in recent years [4]. One of the most commonly used non-
metallic AM technologies in the aerospace industry is the Fused Deposition Modelling
(FDM) process, in most cases using polymers as non-metallic materials.

Even for the simplest aircraft part, several material performance parameters must
be considered, including strength, creep and fatigue resistance, temperature, processing,
electrical conductivity, chemical and radiation sensitivity, flammability testing, toxicity,
and cost. To produce parts with satisfactory and repeatable mechanical properties and
with dimensional control, the temperature distribution in the printing platform must be
as uniform as possible. Improved thermal control is required for most thermoplastic
polymer printing processes [5].

In this study, specimens of polylactic acid (PLA), a thermoplastic polymer mate-
rial, were fabricated with an FDM printer using a thermal imaging camera to record
temperature changes during the printing process. Various process parameters affect the
mechanical properties of the printed parts, such as the material used, the fill density,
the pattern, the layer thickness, the screen width and angle, the print orientation and
speed, and the nozzle temperature [6]. Since FDM is a thermal process, it is important to
observe the temperature changes that occur during the printing process and their influ-
ence on the other properties. The temperature evolution during printing depends, on the
one hand, on the printing parameters mentioned above and, on the other hand, on the
nozzle temperature and the temperature of the build platform [7], and the control of these
parameters is important for a better quality and accuracy of the final product produced
with the FDM process [8, 9].

Given that the aerospace industry produces both small and large parts, the goal of
this research was to first determine the temperature changes on small specimens in order
to develop a model for studying thermal imaging tests on large objects.

2 Methodology

The material used in this research is PLA, a thermoplastic, biodegradable and environ-
mentally friendly polymer. It is considered a good material for prototypes and parts
that require higher dimensional accuracy. The positive sides of PLA are low material
shrinkage, good thermoformability at low processing temperatures, high dimensional
accuracy after cooling, and fast crystallization after cooling, while the negative sides are
brittleness, degradation behavior, and lower thermal stability [10, 11].
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SolidWorks CAD software was used to model the specimens, 5 specimens with
dimensions 10 x 5 x 5 mm were produced and then printed on RepRap X400 3D printer
(Rep Rap, Germany). The printing parameters are shown in Table 1.

Table 1. Printing parameters.

Printing parameters Value

Filament diameter 1,75

Infill pattern Concentric

Infill density 30%

Layer height 0,2 mm

Printing speed 60 mm/s

Nozzle diameter 0,4 mm

Nozzle temperature 195,5 °C

Chamber temperature 33,2 °C

Build platform temperature 48,1 °C

Thermal imaging camera PeakTech 5620 (PeakTech, Germany) as non-invasive,
contact free measuring technique was places at the convenient distance of 30 cm from
printing specimens (Fig. 1). Chamber of 3D printer was opened in order to avoid poor
overview of the printing space due to plexiglas door. Ambient conditions were kept
constant, by air cooling and keeping temperature at 23 °C and humidity of 55% RH.
Emissivity of PLA material was set to be 0,92 [12].

Fig. 1. Experimental setup.

The first specimens was recorded, and additional images were taken every 10 s
during printing. The camera recordings are available in raw video and image format for
a given position in real time and show the temperature data for each specific point of the
specimen.
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Previously, it was shown that the effect of temperature on the finished part can be
controlled by different settings of the build plate and the pressure chamber tempera-
ture [13]. Deformations that occur during printing were monitored during the printing
process, observing the influence of the printing temperature, temperature distribution,
different layer heights and the subsequent cooling process [8].

3 Results and Discussions

The temperature distribution during the 3D printing process was monitored by thermo-
visual measurements, and data were collected for each newly printed layer. Thermal
Imaging iVMS-4800 software was used for process monitoring. The images captured
by the thermal imaging camera show a variety of colours that correlate with the position
of the nozzle as the hottest area. During the solidification of the filaments, there are
colour changes ranging from yellow and orange to red, while pink, purple and blue
correspond to the lower temperatures of the colder areas.

Fig. 2. Software presentation of thermal evolution during printing process.

The graphs show the average temperature in a certain area of the surface of the
built-up layer. In this experiment, the temperature changes are sinusoidal, while the
temperature values measured at the surface have approximate values at each moment
of pressure (Fig. 2). Previously, it was shown that the temporal temperature changes
during the cooling process are approximately linear for all measurement lines, and that
the cooling rate directly affects the average temperature of the surface layer [14].

4 Conclusions

Additive manufacturing, i.e., 3D printing, was one of the first processes used in the
aerospace industry to produce various aircraft parts of different sizes and importance,
including aircraft interior components, fuel tanks, etc. [15]. Airplanes are exposed to
extreme temperatures and chemicals during their repeated use and therefore need to be
as light as possible [16]. Many environmental parameters such as heat, humidity, and
radiation must be considered when the part is installed in an aircraft. To obtain the final
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part by 3D printing, which is a thermal process, analyzing the effects of temperature
changes during the printing process is an important step to obtain complete information
and avoid possible negative effects on the final product.

This study has shown that the temperatures of small specimens have a sinusoidal pat-
tern with approximate values at each moment. The temperature changes correspond to
the movement of the nozzle. Future research will include in-situ monitoring of tempera-
ture changes with thermal imaging on the large specimens to track the thermal evolution
in the manufacturing process.
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Abstract. The texture of food plays a vital role in its overall quality, affecting both
sensory experience and functional aspects, such as processing and preservation. To
study texture in the field of food science and technology, various analytical meth-
ods are used tomeasuremechanical properties such as hardness, cohesiveness, and
viscosity. One widely utilized technique for evaluating the texture of solid foods,
particularly those with high firmness or brittleness such as dried vegetables, is
compression testing. Here, a force is applied to a food sample until it deforms or
fractures. In this particular study, dried onions, carrots, and peppers were chosen
as test samples to investigate their texture and compression properties. To perform
the tests, the researchers employed a Shimadzu AGS-X universal testing machine
equipped with a 1 kN load cell capacity. This machine allowed them to compress
the samples and measure the force required to achieve a specific deformation.
The obtained results revealed that the texture and compression properties of the
dried vegetables were significantly influenced by the specific part of the vegetable
being tested. For instance, when examining the dried onions, a notable disparity
was observed between the inner and outer parts. The basal plate of the onion, in
particular, exhibited much greater hardness compared to the middle portion of the
dried onion. Consequently, breaking the sample required a higher compression
force. This discovery implies that the texture and compression properties of dried
vegetables are closely tied to their inherent characteristics, internal structure, and
composition.

Keywords: Food textures · Universal testing machine · Compression testing ·
Dried vegetables

1 Introduction

Food texture refers to the physical properties of food and is one of the key quality
attributes used to assess product quality and acceptability. These properties include char-
acteristics such as hardness, chewiness, crispness, smoothness, and viscosity [1, 2]. Food
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quality can be evaluated through two approaches - descriptive sensory analysis, which
is subjective, and instrumental analysis, which is objective [3–6]. Descriptive sensory
analysis is usually performed using a trained panel of sensory evaluation experts. This
approach is based on subjective assessment of sensory characteristics of food, such as
taste, texture, aroma, and appearance [7, 8]. On the other hand, instrumental analysis is
based on objective measurements of the physical, chemical, and microbiological charac-
teristics of food. This method includes the use of various technologies and instruments,
such as spectroscopy, chromatography, microscopy, and the assessment of mechanical
properties using a universal testing machine [8, 9]. These instruments can provide infor-
mation on the chemical composition of food, microbiological characteristics, and other
physical and mechanical properties of food. Both approaches have their advantages and
disadvantages. Descriptive sensory analysis can provide detailed information on the
sensory characteristics of food and obtain feedback on consumer tastes and preferences.
On the other hand, instrumental analysis can provide objective data on the ingredients
and characteristics of food, which can be useful for detecting potential problems in the
production process and for evaluating the nutritional value of food.

As already mentioned, testing food texture on a universal testing machine is an
objective method that is often used in evaluating food quality. This machine is used to
measure various food characteristics, including hardness, elasticity, brittleness, and vis-
cosity. This information can be useful in a variety of food-producing industries, including
manufacturers of pasta, meat products, sweets, and ice cream. For example, pasta manu-
facturers can use a universal testing machine to determine the quality and consistency of
the pasta [10]. This process usually consists of measuring the force required to break a
pasta sample over a period of time. This measurement is used to determine the resistance
of the pasta to breaking, which is an important characteristic when the pasta is cooked.
Similarly, researchers investigated the correlation between crispness and mechanical
characteristics of potato chips tested under pressure [11, 12]. It is believed that this anal-
ysis will contribute to the development of food engineering, providing new methods to
quantify the crispness of dry foods [11]. In addition to the crispness of the food, in the
works [13–15] measurements of the tomatoes’ firmness were examined.

In this work, the compression properties of different types of dried vegetables were
determined on a universal tensile testing machine, with a special focus on dried onions,
carrots, and peppers. Using the compression method, the resistance of vegetables to
pressure and their elasticity is studied. By measuring compression forces and changes
in the shape of vegetables during the application of force, obtained data can be useful
for determining the quality and usability of dried vegetables in various processes in the
food industry. The results of this research will provide valuable information on how the
compressive properties of vegetables change during drying and how they differ between
different types of vegetables. This knowledge can be useful for foodmanufacturers when
selecting and optimizing the vegetable drying process, as well as for end consumers in
terms of selecting the best quality dried vegetables for their needs and preferences.
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2 Materials and methods

The products used in this research are dried onions, carrots, and peppers. The samples
were cut into discs with a maximum thickness of 10 mm (see Fig. 1). In total, three
samples of dried onions and four samples of dried carrots and peppers were examined.
The products were placed on an AXIS-BTS11D moisture balance after purchase, where
they were dried at a temperature of 60 °C (see Fig. 2). The moisture measurement
interval was 160 s, which made it possible to monitor moisture changes in real-time
during drying. This is of great importance because moisture is gradually reduced in
order to preserve the structure, color, and aroma of the product. The mentioned scale
provides precise moisture measurement results, thanks to an accuracy of 0.001g. This
makes it possible to detect even the smallest changes in the mass of the sample during
the drying process. The scale is equipped with halogen heaters, and the maximum mass
of samples that can be dried is 100g.

Fig. 1. Samples of dried onion.

Many methods are used to measure the texture properties of food, such as compres-
sion tests, puncture tests, 3-point bending tests, tensile and shear tests, and viscoelasticity
tests. The compression test is the most commonly used method for determining food
texture, and this method was used in this research. After drying of the samples, the com-
pression tests were performed on a Shimadzu AGS-X universal testing machine at room
temperature (about 23 °C) using a load cell with 1kN capacity (see Fig. 3). Pressure
tests were performed at a test speed of 1 mm/min, the sampling rate on the machine was
100 Hz. Dedicated software Trapezium-X (Shimadzu Corp., Kyoto, Japan) was used
to analyze data from pressure tests. For pressure testing, two plane-parallel plates are
needed, in order to adequately apply the pressure load to the tested sample.
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Fig. 2. Carrots during drying on a moisture scale.

Fig. 3. Samples of onion testing on the universal testing machine.
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3 Results and Discussion

The examination of dried vegetables involved analyzing various aspects, and the obtained
results are visually represented in the following graphs. Figure 4 illustrates the force-
displacement dependence for dried onions. By studying this graph, it becomes evident
that there are significant differences among the three samples tested. Upon close exami-
nation of the graph, it can be observed that sample number 1 exhibited the least amount
of crispness. This implies that it maintained its structural integrity better than the other
two samples during examination. The graph likely indicates the force applied to the
dried onions versus the resulting displacement or deformation, providing insights on
their mechanical properties. Furthermore, Fig. 1, which presents visual representations
of the tested samples, provides additional information. It becomes apparent that there
were noticeable differences between the samples. Specifically, the first and second sam-
ples were cut from the middle of dried onion and appeared relatively softer than the third
sample. The third sample, representing the basal plate of the onion, exhibited the highest
strength among the three samples.

Fig. 4. Force-stroke dependence for onion samples during compression tests.

The force-displacement dependence of dried carrots is shown in Fig. 5. After careful
analysis of the provided picture, it becomes evident that the four carrot samples share
a considerable degree of similarity, particularly when comparing samples 1, 3, and
4. These three samples exhibit strikingly similar characteristics in terms of force and
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stroke values, as well as crispness. However, upon closer inspection, it is discernible
that sample number 2 differs slightly from the others, specifically in stroke magnitude.
Sample 2 shows a slightly larger and bolder stroke in contrast to the remaining three
samples.

Another notable observation is the presence of crispness in all four carrot samples. It
is evident that each sample has experienced some degree of crispness, albeit with varying
intensities. Among the four samples, sample number 4 stands out as the one with the
least noticeable cracking. This sample exhibits a smoother and more intact surface, with
minimal evidence of cracking.

Thesefindings shed light on the consistency andquality of the carrot samples depicted
in the picture. Despite the slight variation in stroke size observed in sample number 2,
the overall similarity among the four samples suggests that they likely belong to the
same batch or share common growing conditions.

Fig. 5. Force-stroke dependence for carrot samples.

Graphical representation tests on dried pepper samples are shown in Fig. 6. By
analyzing the graph, one can deduce that sample 3 exhibits the lowest force and stroke
values among all samples. On the other hand, sample number 1 shows nearly double the
force value when compared to sample number 3. The variation in the force and stroke
values among the dried pepper samples indicates differences in their textural attributes.
Sample 3, with the lowest force and stroke values, suggests a relatively softer and less
resistant texture compared to the other samples.
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Furthermore, all the tested samples display a remarkable level of crispness, character-
ized by distinct peaks in their respective graphs. Particularly notable are the pronounced
peaks observed in samples number 1 and 4. These peaks indicate a significant level of
crispness, suggesting that these samples possess a desirable texture and quality.

These findings from the graph provide valuable information about the relative proper-
ties and characteristics of the dried pepper samples. The data highlights the considerable
differences in force and stroke values between the samples, emphasizing the varying
levels of crispness observed. Such insights can help to evaluate and compare the qual-
ity of dried pepper samples for various purposes, such as culinary applications or food
production.

Fig. 6. Force-stroke dependence for pepper samples.

The level of crispness is an important aspect of both food taste and transportation.
After collecting the force-stroke dependence for all samples, it was noticed that for
certain dried vegetables there are ranges of strokes for which a relatively high number
of drops in forces are detected, while the forces are similar in values. An analysis tool is
programmed to determine the range of forces for which the most significant amount of
forces drops occur. First, raw data from the file was averaged to eliminate noise. Further,
consecutive drops in forces are summed, and resulting sums are stored along with forces
that correspond to each sum, and stroke values. The following analysis is performed for
the case of onion sample number 2. From all drops, those with values less than 10%
of the average force found were neglected, eliminating 9 out of 20 detected drops. The
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results show that 9 out of 11 forces drop with forces in the range of 63.2 N and 76.9 N.
The other two drops were relatively small in terms of forces and occurred in the range
of 27.8 N and 29.3 N. These results indicate that it is possible to calculate the amount
of vegetables that can be packed together so that the crispness level is well preserved.

4 Conclusions

This research paper presents the results of a vegetable compression experiment. Prior to
the experiment, onions, carrots, and pepperswere subjected to drying. Upon examination
of the dried onions, it was observed that there were significant variations between the
samples. The onion sample from the center of the arch exhibited the fewest cracks, while
the basal plate sample demonstrated the highest resilience and endured the most shocks.
These findings yield valuable insights into the mechanical attributes and structural
disparities of dried onions.

Cracking was apparent in all four carrot test samples, with one sample displaying
the least amount of cracks. These observations contribute to a comprehensive evaluation
of characteristics and potential disparities in the quality of the carrot samples under
investigation.

This knowledge empowers decision-makers to make informed choices when select-
ing the most appropriate samples for specific culinary or food production requirements,
considering aspects like spiciness, softness, firmness, and crispness. By utilizing these
findings, manufacturers, chefs, and consumers can optimize the use of dried pepper
samples to achieve the desired flavor and texture profile in their creations.

References

1. Kadam, S.U., Tiwari, B.K., O’Donnell, C.P.: 6- Improved thermal processing for food texture
modification. Woodhead Publishing Ser. Food Sci., Technol. Nutr. 1, 115–131 (2015)

2. Day, L., Golding, M.: Food Structure, Rheology, and Texture, Encyclopedia of Food
Chemistry, pp. 125–129 (2016)

3. Chen, L., Opara, U.M.: Texture measurement approaches in fresh and processed foods—a
review. Food Res. Int. 51, 823–835 (2013)

4. Vernon, K.E.J., Sherman, P.: Evaluation of the firmness of Leicester cheese by compression
tests with the Instron universal testing machine. J. Texture Stud. 9, 311–324 (1978)

5. Shama, F., Sherman, P.: Evaluation of some textural properties of foods with the Instron
universal testing machine. J. Texture Stud. 4, 344–353 (1973)

6. Kohyama, K.: Food texture—sensory evaluation and instrumental measurement, textural
characteristics of world foods (2020)

7. Fellows, P.J.: Properties of food and principles of processing. In: Food ProcessingTechnology,
pp. 3–200 (2017)

8. Saeleaw,M., Schleining, G.: A review: crispness in dry foods and qualitymeasurements based
on acoustic–mechanical destructive techniques. J. Food Eng. 105, 387–399 (2011)

9. Damez, J.-L.: Meat quality assessment using biophysical methods related to meat structure.
Meat Sci. 80, 132–149 (2008)

10. Shimadzu.com: https://www.ssi.shimadzu.com/products/materials-testing/uni-ttm-system/
ez-test-texture-analyzer/index.html. Accessed 15 May 2023

https://www.ssi.shimadzu.com/products/materials-testing/uni-ttm-system/ez-test-texture-analyzer/index.html


104 M. Milošević et al.
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Abstract. Energy efficiency plays a critical role in achieving economic, social,
and environmental sustainability. This paper provides an overview of the current
state of energy efficiency in Serbia, focusing on the challenges, opportunities,
and potential pathways towards a more sustainable energy sector. The country
has recognized the importance of energy efficiency in improving energy secu-
rity, reducing costs, and complying with international environmental standards.
However, Serbia faces significant challenges, including a lack of awareness of
the benefits of energy efficiency, insufficient financing, and policy support for
energy-efficient technologies. Nevertheless, Serbia possesses considerable poten-
tial for energy-efficient technologies and practices, particularly in the residential
and industrial sectors. By promoting energy efficiency, Serbia can reduce energy
costs, improve energy security, and contribute to global climate-change mitiga-
tion efforts. The paper also highlights the global challenges faced by the energy
sector, such as rising energy demand, climate change, pollution reduction, and
energy poverty, emphasizing the need for greening the energy sector and invest-
ing in renewable energy sources. The energy consumption trends, energy intensity,
energy productivity, and share of renewable energy sources in Serbia were ana-
lyzed using EuroStat data. The paper concludes by emphasizing the importance of
ambitious goals, public awareness, modernizing infrastructure, and securing ade-
quate financing to drive energy efficiency improvements in Serbia. This overview
serves as a valuable resource for policymakers, researchers, and stakeholders inter-
ested in promoting sustainable energy practices in Serbia and fostering a transition
towards a more energy-efficient and environmentally friendly energy sector.

Keywords: Energy efficiency · Serbia · Energy consumption · Energy intensity ·
Energy productivity

1 Introduction

Energy efficiency is crucial for achieving economic, social, and environmental sus-
tainability. Energy-efficient technologies and practices can reduce energy consumption,
lower costs, and mitigate the impact of climate change [1]. In Serbia, energy efficiency
has become a priority in recent years, as the country seeks to improve energy security,
reduce energy costs, and comply with international environmental standards [2].
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According to the statistical office of the European Union (EuroStat), Serbia’s total
final energy consumption has been increasing steadily since 2014 [3]. This growth is
driven primarily by the transportation and residential sectors, which account for over half
of the country’s energy consumption. However, Serbia has made progress in improving
energy efficiency, with a decrease in energy intensity (energy consumption per unit of
GDP) [3].

Despite these positive trends, Serbia still faces significant challenges in promot-
ing energy efficiency. One major challenge is the lack of awareness among businesses
and individuals regarding the benefits of energy efficiency [4]. Another challenge is
insufficient financing and policy support for energy-efficient technologies and practices
[2]. These challenges are compounded by the fact that Serbia is still transitioning from
a centralized, state-controlled energy system to a more market-oriented one, creating
additional energy efficiency barriers.

However, there are also significant opportunities for improving energy efficiency
in Serbia. The country has significant potential for energy-efficient technologies and
practices, particularly in the residential and industrial sectors [5]. By promoting energy
efficiency, Serbia can reduce its energy costs, increase energy security, and contribute
to global efforts to mitigate climate change.

The aim of this paper is to provide a brief overview of energy efficiency, energy
intensity and energy productivity in Serbia.

2 Energy Sector in the World: Challenges and Opportunities

As the world’s 2.7 billion people lack access to modern energy and the present, highly
carbon-intensive energy system relies on reducing fossil fuel reserves, it cannot be sus-
tained at an economic, social, or environmental level. Additionally, the current state
of the energy sector exposes many nations to significant fluctuations in the prices of
imported oil, resulting in billions of public subsidies.

The goal of ‘greening the energy sector’, i.e. transforming the energy sector into a
green system is to establish a sustainable and renewable energy supply while reducing
greenhouse gas (GHG) emissions and pollution. This process involves enhancing energy
efficiency, increasing the use of renewable energy sources, and decreasing reliance on
fossil fuels, which accounts for the majority of GHG emissions. Improving energy effi-
ciency can often have economic benefits by reducing dependence on fossil fuels. How-
ever, with growing population and income levels, energy demand is expected to increase
to meet development needs. Greening the sector also aims to end ‘energy poverty,’ that
is, provide electricity access to the 1.4 billion people currently without it and promote
healthier and more sustainable cooking technologies for the 2.7 billion people relying
on traditional biomass. Modern renewable energy has the potential to improve energy
security globally, nationally, and locally, but enabling policies are necessary to ensure
investment in greening the energy sector [6].

Governments and the global community face four major challenges in the energy
sector [7], namely:

• dealing with rising energy demand and energy security concerns;
• addressing climate change;
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• reducing pollution and public-health hazards; and
• tackling energy poverty [7].

Rising energy demand and energy security. Increasing energy demand, alongwith
higher energy prices, raises concerns about the security of the energy supply, includ-
ing issues such as the reliability and affordability of national sources of energy. These
concerns are relevant for low-income countries, as well as emerging and developed
economies, where a high dependence on limited imported sources can increase risks to
the security of the national energy supply due to political and other developments. The
International Energy Agency (IEA) Reference Scenario, which provides a baseline of
how global energymarkets will evolvewithout policy changes, shows that fossil fuels are
projected to continue dominating energy supply in 2030. Additionally, models predict
that greenhouse gas emissions will increase the fastest in high-growth countries, such
as China and India. Investing in locally available renewable energy sources, which are
often abundant, can improve the energy security in such countries [7].

Climate change. Numerous reports have stressed the significance of both mitigating
human-caused climate change, which is largely caused by burning fossil fuels and adapt-
ing to irreversible changes. There is a wide range of estimates of the costs of adaptation
and damage caused by climate change. The United Nations Environment Programme
(UNEP) Report estimates that adapting to climate change would cost at least US$160-
$340 billion annually by 2030 andUS$315–565 billion by 2050 for developing countries.
Other studies that consider the additional direct and indirect impacts of climate change
related to water, health, infrastructure, coastal zones, ecosystems, etc., have assessed
that the cost of adaptation is several times greater than the UNEP estimate. Switching
from fossil fuels to renewable energy sources in the energy supply can contribute to
meeting emission-reduction goals, along with improvements in energy efficiency. To
lower baseline emissions to a level that would maintain the concentration of GHGs at
450 ppm in 2050, renewable energy would need to account for 27% of the required
CO2 reductions, while the remainder would mostly result from energy efficiency and
alternative mitigation options, such as carbon capture. Developing countries would see
significant CO2 reductions as a result of promoting renewables.

Pollution reduction and Public Health Hazards. Burning traditional and fossil
fuels has several negative effects on human health. The World Health Organization
(WHO) estimated that household air pollution caused 3.2 million deaths per year in
2020, including more than 200 000 deaths of children under the age of 5 [8]. Renewable
energy generation has the potential to decrease or even prevent many of the health risks
associated with mining, production, and use of fossil fuels. For instance, solar panels
and wind turbines do not release air pollutants during their operation.

Energy poverty. Improving access to energy is a major challenge faced by develop-
ingnations, asmodern anddependable energy services are required for poverty reduction,
education, and better health. The challenge is daunting, with 770million individuals cur-
rently lacking access to electricity (mostly in Africa and Asia) and 2.6 billion without
access to clean cooking [9]. In sub-Saharan Africa, the number of people with no access
to electricity in 2020 increased for the first time since 2013. According to EuroStat,
approximately 35 million EU citizens (approximately 8% of the EU population) were
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unable to keep their homes adequately warm in 2020 [3]. Utilizing renewable energy
sources can be a cost-effective method for addressing energy poverty.

Governments can take advantage of four significant opportunities when implement-
ing a strategy of increased investment in renewable energy as part of their efforts to make
the energy sector more environmentally friendly. These include the presence of explicit
policy objectives in many nations, advancements in technology that boost competitive-
ness, a recent upswing in renewable energy investment, and the potential for renewable
energy initiatives to generate employment opportunities [7].

3 Energy Consumption in the Republic of Serbia

The EU has an energy efficiency target of reducing energy consumption by 20% by 2020
compared to the 2007 baseline and by 32.5% by 2030. The primary energy consumption
should amount to nomore than 1312Mtoe (Million tonnes of oil equivalent) and the final
energy consumption to no more than 959Mtoe in 2020. The EU energy efficiency target
for 2030 aims to achieve a primary energy consumption of no more than 1128 Mtoe and
a final energy consumption of no more than 846 Mtoe. Primary energy consumption
measures the total domestic energy demand, while final energy consumption refers to
the actual energy consumed by the end users.

Fig. 1. Energy (primary and final) consumption in Serbia in the period of 1990–2020 (source:
EuroStat)

The data presented in Fig. 1 show the level of energy consumption – primary energy
consumption and final energy consumption–in the period–1990–2020. Energy saving
could improve the security of the energy supply by reducing dependence on fuel imports.
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The improvement in energy efficiency also improves the competitiveness of the industry
and services, and for households, it reduces the energy bill. Energy savings can also
contribute to reducing GHG emissions from fuel combustion.

Energy intensity, often used as an approximation of energy efficiency, is one of the
indicators to measure the energy needs of an economy. Many factors influence energy
intensity, for example, it reflects on the structure of the economy and its cycle, general
standards of living and weather conditions in the reference area. This indicator can be
used in the monitoring of several strategies and programs. Figure 2 presents the energy
intensity indicator for Serbia from 1995 to 2021. As shown in Fig. 2, energy intensity has
been declining in Serbia over the last several decades. The trend of the energy intensity
indicator is the same as that of EU countries; however, the actual values of leading EU
economies (for example, Germany or France) are much lower, somewhere above 100
kg of oil equivalent per thousand euro.

Fig. 2. Energy intensity in Serbia in the period of 1995–2021 (source: EuroStat)

Energy productivity refers to the evaluation of economic output generated per unit
of gross available energy. Gross available energy refers to the total energy products
required to meet the demands of entities within a specific geographic area. This measure
is included in the Sustainable Development Goals (SDGs) set by the European Union
(EU). It serves as a tool for tracking advancements in SDG7,which focuses on accessible
and clean energy, as well as SDG 12, which aims to establish sustainable patterns of
consumption and production. Energy productivity is computed by dividing the units of
GDP by the quantity of energy used. Figure 3 presents the energy productivity indicator
for Serbia from 1995 to 2021. The energy productivity indicator has been increasing in
recent decades; however, its value has stagnated in the last several years. The same trend
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Fig. 3. Energy productivity in Serbia in the period of 1995–2021 (source: EuroStat)

is noticeable for EU countries, although the values are 3–4 times higher compared to
Serbia in the previous decade.

Figure 4 presents the share of energy from renewable sources in Serbia from 2004
to 2021. The share of energy from renewable sources is presented for four indicators:
Transport, Heating and Cooling, Electricity and Overall share of renewable sources.

Serbia has significant opportunities in the field of energy efficiency. The country
has set ambitious goals to increase the share of renewable energy sources and improve
energy efficiency in all sectors to ensure energy security, reduce negative environmental
impacts, and contribute to global efforts to reduce greenhouse gases [10]. Serbia has
economically viable potential for renewable energy sources, and the structure of the
production mix in the electricity system should increasingly be based on renewable
sources [11]. Investment in energy-efficient solutions, technologies, and practices leads
to increased energy productivity [12]. Implementing energy-efficiency programs and
using renewable energy sources can lead to sustainable economic development and
increased competitiveness. In addition, public awareness about renewable sources can
contribute to the social acceptance of sustainable development projects [13]Additionally,
reorganizing the district heating sector and introducing self-sustaining incentives for
investments in infrastructure and thermal systems using renewable energy sources can
increase efficiency. However, Serbia faces challenges in the field of energy efficiency.
The Serbian economy is based on outdated and ‘dirty’ technologies, which results in
low energy efficiency [14–17]. The country’s energy infrastructure is outdated, and
approximately 66% of its electricity is generated by coal-fired power plants, however,
Serbia’s energy strategy is oriented towards clean energy [18]. The implementation of
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Fig. 4. Share of Energy from Renewable Sources in Serbia in the period of 2004–2021 (source:
EuroStat)

energy efficiency programs requires significant investments, which can be a challenge
for a country with limited financial resources [10]. Achieving the objectives of an Energy
Union requires significant financing, particularly for investments in energy efficiency
[19]. Serbia has ratified the Treaty establishing the Energy Community, whose key
instrument is in alignment with the regulations of the European Union. Furthermore, the
energy sector in Serbia is facing governance issues that can hinder the implementation
of energy-efficiency policies [20].

4 Conclusion

The paper discusses the challenges and opportunities in the global energy sector, includ-
ing rising energy demand, climate change, pollution reduction, and energy poverty.
The need to transition to renewable energy sources and improve energy efficiency to
address these challenges is emphasized. In the case of Serbia, energy consumption data
reveals the importance of energy-saving measures for energy security and competitive-
ness. Energy intensity and productivity indicators provide insights into energy needs and
economic output. An increasing share of renewable energy sources indicates progress in
diversifying the energy mix. However, Serbia must overcome obstacles such as outdated
technologies, limited resources, and governance issues to fully realize its energy effi-
ciency potential. With strategic investments, the implementation of efficiency programs,
and public awareness, Serbia can make significant progress towards sustainable energy
development.
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Abstract. Additive manufacturing (AM), also known as 3D printing, represent
technologies where the production of physical models with complex shapes is
performed in a layer-by-layer manner, directly from the CAD model. With these
processes, there is no need for additional tools or fixtures, and there is no excess
material. There are seven different AM technologies, all utilizing different mate-
rials depending on the needed final part properties. Recent years were particularly
significant for the development and advancement of polymer materials in AM.
Among available technologies where polymer materials are used, this research
covers extrusion-based Fused Deposition Modeling (FDM) and liquid resin pho-
topolymerization technology called Digital Light Processing (DLP). Concerning
the fact that these technologies processmaterials fromdifferent forms, the filament
and resin form, the goal of this research was to compare the mechanical properties
of two of the most widespread materials in AM, Acrylonitrile Butadiene Styrene
(ABS) and PolyLactic Acid (PLA), in filament and resin form. Specimen geom-
etry and test protocols followed the dedicated standards. For a comprehensive
analysis tensile, compression, and (three-point) bending tests were utilized here,
along with surface fracture 2D optical microscopy and Shore A hardness test.

Keywords: Additive manufacturing · FDM · DLP · ABS · ABS resin · PLA ·
PLA resin ·Mechanical properties · Optical 2D microscopy · Hardness

1 Introduction

Since their beginnings in the 1980’s Additive Manufacturing (AM) technologies revo-
lutionized the production process. Several terms are used alongside AM, e.g., additive
fabrication, rapid prototyping, rapid manufacturing, direct digital manufacturing, and
the more commonly used term”3D printing”. All names have in common the bottom-up
approach to manufacturing. Until now, all AM technologies are divided into seven cate-
gories, different in manufacturing style andmaterials utilized for component production.
They are named as follows: (1) binder jetting, (2) material jetting, (3) material extrusion,
(4) directed energy deposition, (5) powder bed fusion, (6) sheet lamination, (7) vat pho-
topolymerization [1]. Due to abundant possibilities offered by AM technologies, it is a
necessity to be familiar with process-specific differences in order to comprehend all the
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possibilities offered by the technology. Each of the AM technologies have different sets
of available production parameters, which influence on the process adjustment and final
part properties. In fact, these possibilities led to the broad range of AM applications in
various industries such as large-scale production [2], architecture [3], automotive [4],
railway [5], aerospace industry [6], biomedical [7], dentistry [8] and pharmacy [9] in par-
ticular, and not to forget the significance of the technology for science and education [10].
Whatmakes this technology unique is the fact that it enables a less complicatedworkflow
with the possibility of final object customization. The most challenging task for conven-
tional manufacturing technologies is creating objects with complex geometries, which
from the manufacturers’ perspective AM overcomes effortlessly [11]. This bottom-up
approach eliminates the need for the production processes that require complex tooling
and machining, thereby creating a lot of scrap material [12].

After AM process is chosen with corresponding materials, in order to completely
experimentally characterize properties of the final parts several techniques can be uti-
lized, both during manufacturing process and after the part is finished. These techniques
embrace: thermal properties characterization [13], ultrasonic monitoring of the layer
build-up [14, 15], mechanical testing [16, 17], digital image correlation (DIC) [18, 19],
hardness testing [20], microscopy [21], 3D scanning [22].

Improvement in mechanical properties and overall performance of polymers used
in AM is a highly-researched topic in the last years. The mechanical properties of AM
components not only derive from the rawmaterials’ properties but also fromAMprocess
parameters utilized. Hence, in order to obtain a final part with adequate properties it is
necessary to keep in mind all of these variables [23].

The widespread use of AM technologies is mainly due to devices’ low-cost and
availability of buildmaterials. Based on the stated, twoAMcategories stand out:material
extrusion and vat photopolymerization. Fused Deposition Modeling (FDM) and Digital
Light Processing (DLP) are the most utilized AM technologies in material extrusion and
vat photopolymerization categories, respectively. Both AM technologies use low-cost
devices and affordable build materials [24]. In FDM build material is supplied in the
form of a filament wrapped around a spool, guided to the extruder where the material
is heated and deposited from a nozzle onto a build platform [25]. Process parameters
depend from the buildmaterial and specific application of the final component [26, 27]. In
FDM important parameters include layer thickness, infill pattern, infill orientation, infill
density, raster angle, build direction, printing speed, and nozzle temperature [28, 29]. For
example, an unevenheatingof the component duringFDMfabrication also is a significant
factor, which can be comprehended via thermal analysis [13]. Vat photopolymerization
process is based on selective photo-curing of the resin material using an UV light source.
The low-cost of the device mostly depends on the cost of the light source. Hence, the
DLP technology stands out, where UV source is from an affordable LCD screen. Not
only due to devices’ cost but also the time consumption is the reason for the high interest
for this technology [30]. Here, printing parameters have to be set based on the pre-cured
resin properties, such as UV light wavelength, in order to create solid components [31].
Layer height, speed of the light source and post-curing procedures are affecting the
properties of the components [32]. Unlike other vat photopolymerization technologies,
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in DLP process it is possible to customize printing parameters, such as UV light source
(wavelength and intensity) and exposure time [33].

Most commonly used polymer materials in FDM are PolyLactic Acid (PLA) and
Acrylonitrile Butadiene Styrene (ABS). The biggest concern in FDM is the amorphous
manure of polymer materials, which only complicates with numerous of available AM
parameters [34]. As for that, both PLA and ABS have been widely researched in recent
years. These materials differ; PLA is made from renewable resources (i.e., corn starch,
cassava roots, etc.) and is a biodegradable polymer, in contrast to petroleum-based ABS
material, known for emitting the unpleasant odors during AM process. ABS has good
mechanical properties but lacks in dimensional accuracy due to material shrinkage while
cooling after the extrusion process [35]. On the other hand, PLA has better dimensional
accuracy of final components [36]. However, PLA’s downsides are brittleness and low
impact strength [37, 38]. Printing parameters have a substantial effect on both PLA and
ABS, e.g., the decrease of overall mechanical properties of ABS is apparent with lower
infill densities [39, 40], and an increase of Young modulus is the case with higher infill
densities [41]. Compared to PLA andABSmaterials used in FDM, there is a very limited
data addressed to assessment of mechanical properties and characterization of materials
with similar properties but in a resin form dedicated for vat AM processes. New pho-
tocurable formulations of standard resins developed bymanufacturers allows for a wider
range of available properties [42]. Newly developed PLA-like resins hold high strength
and stiffness but their drawback is low toughness. The resin materials can be tailored
and the key to that is in the chemical and molecular control during the resin fabrication
[43]. To improve PLA-like resin properties, changes can be made via blending, copoly-
merization, reinforcement with fibers, fillers, or by processing material to a composite
[44–46]. ABS-like resins consist of three components: copolymer of styrene and acry-
lonitrile with additional rubber phase of polymer or copolymer containing butadiene,
where each of these components affects certain properties of the resin [47, 48]. Recent
research shows that building direction has an effect on surface roughness, stiffness and
ultimate tensile strength (UTS). Namely, horizontally built specimens here have lower
values of stiffness and UTS compared to vertical ones [49].

Except for mechanical properties, for some applications the materials’ surface state
is also important [50]. Hence, material property characterization includes different
approaches namely, mechanical tests (tensile, bending, compressive, fatigue, impact),
morphology evaluation (microscopy, hardness, roughness), dimensional accuracy (3D
scanning) etc.

Objective of this research is a comprehensive comparison of mechanical properties
of PLA and ABS materials used in FDM and DLP technology, in filament and resin
form. It is well-known that components made from these two AM technologies differ
significantly, however the intention here is to acquire amore detailed insight and compar-
ison between these materials supplied in the different form, in the means of mechanical
properties, hardness, and morphology.
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2 Methodology

2.1 Specimen Preparation

AM process is based on the material layering until the final component is produced.
Before AM process, the part model has to be created in the dedicated CAD (Com-
puter Aided Design) software and saved in a distinct file format- usually “stl”, which
is an industry-standard stereo-lithography format. Afterward, such a file is utilized for
so-called “slicing” in dedicated software. The term “slicing” refers to CAD model par-
titioning into exact layers, needed to perform AM process [51]. An output of slicer
software is a well-known G-code file, which contains defined process parameters and
exact working tool trajectories for the application of the material.

Four commercially available materials were used in this study: ABS (Creality, Shen-
zhen, China), PLA (Creality, Shenzhen, China), ABS-like resin (Creality, Shenzhen,
China), PLA-like resin (eSUN, Shenzhen, China). Specimens were modeled in CAD
software (SolidWorks, Dassault Systèmes SE, Vélizy-Villacoublay, France), then con-
verted to STL file format and sliced in the corresponding software’s for FDM (Sim-
plify3D, Cincinnati, OH, USA) and DLP (ChiTuBox, Shenzhen, China) printers. Spec-
imen’s geometry respects the ISO 527–2 standard for tensile testing, ISO 604:2002 for
compression testing, and ISO 178:2019 for three-point bending testing. Fifteen speci-
mens were prepared for each material, i.e., five specimens per each mechanical test- 60
in total (Table 1).

Table 1. Specimen’s distribution.

FDM DLP
T 3 p.b. C ∑ T 3 p.b. C ∑

ABS 90° 5 5 5 15 ABS resin 90° 5 5 5 15
PLA 90° 5 5 5 15 PLA resin 90° 5 5 5 15

30 30 60

The devices used here are: Creality CR-10 smart pro FDM (Creality, Shenzhen,
China) and Creality LD -002R DLP (Creality, Shenzhen, China) device. All specimens
were made with full infill density, grid infill pattern and 90° raster orientation. Other
parameters can be found in the Table 2. All specimens were printed, stored and tested
at room temperature (23°C) and relative humidity of 55% RH.

2.2 Mechanical Testing

Tensile, three-point bending and compression tests were performed on the Shimadzu
AGS-X universal testing machine (Shimadzu Corp., Kyoto, Japan) equipped with a 100
kN load cell. The testing speed was set at 1 mm/min.
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Table 2. FDM and DLP printing parameters, relative to materials.

Description FDM Description DLP

Material ABS PLA Material ABS PLA

Layer thickness 0.24 mm 0.24 mm Layer height 0.05 mm 0.05 mm

Nozzle diameter 0.4 mm 0.4 mm Bottom layer count 10 10

Filament diameter 1.75 mm 1.75 mm Exposure time 8 s 8 s

Printing temperature 250 °C 215 °C Bottom exposure time 80 s 50 s

Build platform
temperature

90 °C 65 °C Bottom lift distance 5 mm 5 mm

Printing speed 60 mm/s 60 mm/s Bottom lift speed 100 s

2.3 Hardness

Important aspect of material testing is the hardness measurement, giving the information
about the capability of the material to resist deformation and to recover after an induced
mechanical indentation [52, 53]. Materials’ hardness is important both for FDM [54],
and DLP AM components [55].

Commercial Shore A hardness measurement device (SAUTERHDA100–1; Conrad,
Berlin, Germany) was used here. Indentations were taken 5 times for each surface, as
per ASTM D2240 standard.

2.4 Microscopy

In order to determine surface features, and evaluate the crack site structure, an optical
2D microscopy was utilized after mechanical testing. Micrographs were taken with a
Mustool G600 Digital Portable Microscope (Shenzhen, China). Magnification range
was between 50 and 100x, depending on the specimen. The surface morphology of the
finished components plays significant role in better understanding of the surface finish
and continuity of the materials’ printed structure, for possible enhancing the component
characteristics and performance [49].

3 Results and Discussions

AMed components may be subjected to various impact loads in certain engineering
applications. Therefore, it is necessary to investigate the strain-rate dependent mechan-
ical properties of AM materials. The available studies of ABS and PLA filaments’
mechanical properties used in FDM are comprehensive. For instance, DLP process has
higher printing accuracy than FDM thus, ABS and PLA-like resins used in DLP ought
to be investigated as well. In this study the mechanical performance of ABS and PLA fil-
aments and corresponding resins are presented to ratify printed components’ suitability
for particular applications.
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The average stress–strain curves for each test type for bothFDMandDLP technology,
i.e., for both filament and resin ABS and PLAmaterial are computed in Matlab software
and all test results are presented in nine figures (Figs. 1, 2, 3, 4, 5, 6, 7, 8 and 9).

3.1 Tensile Testing

Tensile tests were performed for five specimens per printing technology and material.
Twenty specimens are presented in Fig. 1c-f, where fracture cites in the narrow section
of specimens can be observed. The most deformed specimens are FDM printed PLA,
see Fig. 1e. Stress-strain curves for five FDM printed specimens (see Fig. 1a,b) exhibit
very good repeatability. On the other hand, repeatability of stress-strain curves of DLP
printed specimens is not so representative. Overall, the FDM printed specimens have
higher UTS than DLP printed ones.

a) b)

g) h)

c) d) e) f)

Fig. 1. Tensile stress-strain curves for: a) FDMprintedABS, b) FDMprinted PLA, g)DLPprinted
ABS, h) DLP printed PLA; Specimens after tensile test: c) FDM printed ABS, d) DLP printed
ABS, e) FDM printed PLA, f) DLP printed PLA.
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Charts in Fig. 2 reveal that FDM printed PLA specimens have the highest value of
all calculated tensile properties. PLA elastic modulus value for DLP is 60% of FDM
ones. PLA UTS for DLP is 20% lower than FDM one. Although, elongation at yield
is the highest for FDM PLA specimens, in the same time the elongation at break is the
lowest. FDM PLA specimens absorbs 50% more energy than DLP printed PLA resin.
Considering tensile stress, FDM prints are stronger and tougher than DLP ones.

Fig. 2. Tensile properties: a) elastic modulus, b) ultimate stress, c) elongations and d) toughness.

Digital optical microscope was used to investigate the failure mode and fracture
morphology of the specimens after tensile mechanical tests. Micrographs taken at a
magnification of 50x are shown in Fig. 3a,b. In Fig. 3a the tiny bubble defects in the
fractured surface of DLP printed ABS specimen can be noticed. Those bubbles (denoted
as zone I) are entrapped air that was induced in resin during bottle shaking before pour-
ing in vat. The bubble defects present in the specimen gradually enlarge during tension
testing, thus reducing the overall mechanical properties of the ABS resin specimen
compared to others. This observation is detected in stress-strain diagram (see Fig. 3e).
DLP printed PLA fractured surface (Fig. 3b) can be divided into two regions: the rough
fracture surface as initiation region denoted as (II) and smooth fracture surface as prop-
agation region denoted as (III). As can be observed on Fig. 3c-d, the fracture surface of
FDM printed specimens under tension has distinctive circles at filaments’ cross-section
in central layer that undergo the higher deformation during tension. Also, both materials
have two-level fracture surface (see red arrows in Fig. 3) as a consequence of initial frac-
ture of specimen along one surface and ending fracture along another. Worth pointing
out is that FDM printed ABS has step-like fractured surface and FDM printed PLA has
wedge-like surface.
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Fig. 3. Fractured surface’s image of a) DLP ABS, b) DLP PLA, c) FDM ABS, d) FDM PLA
tensile specimen, e) Tensile stress-strain curves for all batches.

3.2 Bending Testing

Bending tests were performed for five specimens per printing technology and material.
Twenty specimens are present in Fig. 4c-f where position of fractures in a middle of a
component can be observed. The V-shaped partially broken specimens are FDM printed
ABS (Fig. 4c) and FDMprinted PLA (Fig. 4e). Stress-strain curves for five FDMprinted
specimens (see Fig. 4a and b) exhibit very good repeatability. On the other hand, five
broken DLP printed ABS specimens (Fig. 4d) and three DLP printed PLA (Fig. 4f) are
shown. Two of the DLP PLA specimens just bended to 90° shape during test remaining
its structure, without any surfaces fracture. These two specimens are denoted by arrows
in Fig. 4f. As can be seen on stress-strain curves presented in Figs. 4g-h, DLP specimens
don’t have such repeatability as FDM ones. On average, FDM specimens have higher
UTS that DLP ones, but DLPs are tougher. Generally, PLA material regardless of print-
ing technology has proven to have good bending properties, with some specimens that
haven’t experience fracture even after high deflection.

Charts in Fig. 5. Show that PLA material, either filament or resin, has better behav-
ior in three-point bending tests. PLA ultimate flexural strength value for DLP is 68% of
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Fig. 4. Bending stress-strain curves for a) FDM printed ABS, b) FDM printed PLA, g) DLP
printed ABS, h) DLP printed PLA; Specimens after bending tests, c) FDM printed ABS, d) DLP
printed ABS, e) FDM printed PLA, f) DLP printed PLA.

that in FDM. PLA flexural modulus for DLP is more than 50% lower than FDM flex-
ural modulus. Though, strain at ultimate flexural strength is the highest for DLP PLA
specimens. Considering flexural strain, DLP fabricates better components than FDM.

Digital optical microscopy was used to investigate the failure and fracture morphol-
ogy of the specimens after bending tests. Images are gathered at a magnification of 50x
and 100x (see Fig. 6). The stress-whitening lines are visible on FDM bending specimens
from the side. Fracture on ABS (Fig. 3a) is incomplete and failed specimens endure
in one piece. In case of the PLA (Fig. 6b), the specimens didn’t disengage, with also
visible plastic deformation along the side surface of the specimen. However, the DLP
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Fig. 5. Flexural properties: a) ultimate strength, b) flexural modulus, c) strain at ultimate flexural
strength.

printed ABS resin specimens have been separated into two pieces and clean brittle frac-
ture is obvious (see Fig. 6c). Fractured surface differentiates two zones: brittle denoted
as (I) and ductile denoted as (II)- Fig. 6c. DLP printed PLA resin differentiates three
zones: smooth denoted as (I), rough denoted as (II) and cutoff fracture denoted as (III)
in Fig. 6d. The average stress-strain curves (Fig. 6e) show better mechanical response
of FDM specimens, especially PLA.

3.3 Compression Testing

Compression tests were performed for five specimens per technology and per material.
Twenty specimens are present in Fig. 7c-f, where “buckling effect” cannot be observed.
PLA material FDM specimen’s end up being flattened without distinct failure (Fig. 7e),
while ABS ones become flat with popping edges (see Fig. 7c) due to certain porosity
between printed lines. DLP printed specimens exhibit “split effect” from the sides, due
to intensive shear (see Fig. 7f). Such splitting become apparent after the specimen failure
(see Fig. c-d). Stress-strain curves for five FDM printed specimens (see Fig. 7a-b) show
better repeatability compared to DLP printed specimens (see Fig. 7g-h). Regardless of
material type, FDM printed specimens undergo intensive densification, detectable in
stress-strain chart. Clearly, FDM PLA proved to be strong and tough material that hasn’t
experienced failure during the compression tests.

Values from compressive tests are present in Fig. 8. Here, elastic modulus is higher
for PLAmaterial, compared to ABS. The lowest value of elastic modulus has DLP ABS
specimen. Considering the amount of energy that material can absorb, FDM fabricated
specimens, regardless of material type, are better than DLP fabricated ones. PLA spec-
imens have similar yield stress values, regardless to printing technology. On the other
side, ABS specimens’ ultimate compressive strength has similar values, regardless to
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Fig. 6. Fracture surface image of flexural specimens: a) FDM ABS, b) FDM PLA, c) DLP ABS,
d) DLP PLA, e) Flexural stress-strain curves for all batches.

printing technology. Strain at ultimate compression strength and strain at break have
similar pattern for all cases. It’s obvious that FDM technology provides higher values
for compression regardless to material type.

Digital optical microscope was used to investigate the failure and fracture morphol-
ogy of the specimens after compression tests. Images are gathered at a magnification of
50x and 100x, and are shown in Fig. 9. During compression, FDM printed ABS spec-
imens’ exhibit symmetric convex deformation and pops along the edges (see Fig. 8a).
After compression, PLA FDM specimens were intact (see Fig. 8b), very densely packed
in the form of ‘’button-like” prism,without any cracks. DLP printed specimens have sim-
ilar ‘’blooming” crack behavior with sharp splinter separation. Afterward, the remaining
core reveals shiny and smooth surface (Fig. 8c and d) with stress lines (see red arrows),
attributed to the inconsistent mechanical properties in areas close to the specimen’s side.
Under compression, FDM PLA printed specimens show dominant mechanical response
as can be seen from stress-strain curves (see Fig. 8e).
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b)

c) d) e) f)

g) h)

a)

Fig. 7. Compressive stress-strain curves for: a) FDM printed ABS, b) FDM printed PLA, g) DLP
printed ABS, h) DLP printed PLA; Specimens after compressive test: c) FDM printed ABS, d)
DLP printed ABS, e) FDM printed PLA, f) DLP printed PLA.

3.4 Hardness

ShoreAHardness, as a conventional test covered by ISO868 standard for elastomers,was
performed five times per each type of the printed specimens. Calculated average values
of the hardness for ABS material made using FDM and DLP technology are 90A and
85A, respectively. Calculated average hardness values of FDM and DLP PLA material
are 83A and 81A, respectively. Therefore, filament and resin printed specimens show
distinctive hardness, regardless to the 3D printing technology in both cases. Specimens
made from ABS filament are considered as hard elastomers. Otherwise, the specimens
made of the ABS resin as well as the PLA resin are considered to be medium to hard
elastomers. The ABS resins have lower Shore hardness, compared to the filament and
therefore are more flexible, making DLP printed ABS resin suitable for applications that
require bending or stretching and FDM printed ABS filament may withstand stresses (or
pressures) like harder materials. PLA filament or resin are definitely more flexible than
ABS material.
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Fig. 8. Compression properties: a) elastic modulus, b) toughness, c) yield stress, d) ultimate
strength, e) strain at ultimate strength, f) strain at break.

4 Conclusions

AM processes are a complex phenomenon, due to many crucial parameters and inter-
actions that should be taken into account. Type of the 3D process and the print param-
eters have shown to influence significantly on the surface structure and the mechanical
properties of the manufactured parts.

Studies of mechanical properties of FDM printed ABS and PLA filaments cannot be
taken into account for predictions of mechanical behavior of insufficiently investigated
ABSor PLA resin. Thus, this study enhances the knowledge aboutmechanical properties
based on experimental examination and comparison among two frequently used AM
technologies.
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Fig. 9. Compressed surface image of a) FMD ABS, b) FDM PLA, c) DLP ABS, d) DLP PLA
compression specimen; and e) Stress-strain compression curves for all batches.

Present research showed comparison in specimen’s mechanical behavior between
two different additive manufacturing processes, FDM and DLP. Further, two different
thermoplastic materials were used, ABS and PLA, both in the form of filament and in the
form of the resin. Experimental results showed the obvious strain rate effect, anisotropy,
and ductile or brittle behavior, depending on the materials, for the 3D printed specimens.

Generally, conclusions are:

• Considering the tensile mechanical performances, FDM AM process manufactures
stronger parts, while DLP makes tougher parts.

• Considering the flexural performance, FDM has an advantage, printing the stronger
and tougher parts.

• Considering the compressive performance, PLA parts are stronger and tougher
especially the ones built by FDM AM processes.

• It is found that if the degree of curing of each printing layer is too high, inadequate
cross-linking of the neighboring printed layers may occur, resulting in low inter-
face strength. Hence, the selection of proper light intensity and exposure time is
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very important for ensuring good mechanical properties for DLP products. Further
investigation will be based on curing and post-curing process effect.
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31. Shah, D.M., Morris, J., Plaisted, T.A., Amirkhizi, A.V., Hansen, C.J.: Highly filled resins for
DLP-based printing of low density, high modulus materials. Addit. Manuf. (2020). https://
doi.org/10.1016/j.addma.2020.101736

32. Wu, D., Zhao, Z., Zhang, Q., H. Qi, H.J., Fang, D.: Mechanics of shape distortion of DLP
3D printed structures during UV post-curing. Soft Matter. 15, 6151–6159 (2019). https://doi.
org/10.1039/C9SM00725C

33. Kadry, H., Wadnap, S., Xu, C., Ahsan, F.: Digital light processing (DLP) 3D-printing tech-
nology and photoreactive polymers in fabrication of modified-release tablets. Eur. J. Pharm.
Sci. 135, 60–67 (2019). https://doi.org/10.1016/j.ejps.2019.05.008
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optimization of PLAmaterial concerning geometrical accuracy and tensile properties relative
to FDM process productivity. J. Mech. Sci. Technol. 37(1) (2023). https://doi.org/10.1007/
s12206-023-0113-6

41. Dudescu, C., Botean, A., Hardau, M.: Thermal expansion coefficient determination of
polymeric materials using digital image correlation. Materiale Plastice 50(1) (2013)

42. Kafle, A., Luis, E., Silwal, R., Pan, H.M., Shrestha, P.L., Bastola, A.K.: 3D/4D print-
ing of polymers: fused deposition modelling (FDM), selective laser sintering (SLS), and
stereolithography (SLA). Polymers 13(18), 3101 (2021). https://doi.org/10.3390/polym1318
3101

43. Drumright, R.E., Gruber, P.R., Henton, D.E.: Polylactic acid technology. Adv. Mater.
12(23), 1841–1846 (2000). https://doi.org/10.1002/1521-4095(200012)12:23%3c1841::aid-
adma1841%3e3.0.co;2-e

44. Lipson, H., Kurman, M.: Fabricated: the new world of 3D printing. Wiley (2013)
45. Li, N., Li, Y., Liu, S.: Rapid prototyping of continuous carbon fiber reinforced polylactic acid

composites by 3D printing. J. Mater. Process. Technol. 238, 218–225 (2016). https://doi.org/
10.1016/j.jmatprotec.2016.07.025

46. Getme, A.S., Patel, B.: A review: bio-fiber’s as reinforcement in composites of polylactic
acid (PLA). Mater. Today: Proc. 26, 2116–2122 (2020). https://doi.org/10.1016/j.matpr.2020.
02.457

47. Moore, J.D.: Acrylonitrile-butadiene-styrene (ABS)-a review. Composites 4(3), 118–130
(1973)

https://doi.org/10.1016/j.addma.2020.101736
https://doi.org/10.1039/C9SM00725C
https://doi.org/10.1016/j.ejps.2019.05.008
https://doi.org/10.1016/j.prostr.2022.05.034
https://doi.org/10.1016/j.prostr.2020.11.019
https://doi.org/10.1007/s12221-010-0060-6
https://doi.org/10.1016/j.wear.2012.10.019
https://doi.org/10.1504/IJRAPIDM.2015.074809
https://doi.org/10.1007/s12206-023-0113-6
https://doi.org/10.3390/polym13183101
https://doi.org/10.1002/1521-4095(200012)12:23%3c1841::aid-adma1841%3e3.0.co;2-e
https://doi.org/10.1016/j.jmatprotec.2016.07.025
https://doi.org/10.1016/j.matpr.2020.02.457


Comparative Mechanical Analysis of PLA and ABS… 131

48. Wypych, G.: Odor in relation to different polymers. handbook of odors in materials, ChemTec
Publishing, Elsevier, pp. 73–99 (2013). https://doi.org/10.1016/B978-1-895198-51-5.500
10-3

49. Poyraz, O.: Influence of build direction and post processes on the material and part attributes
of hard. Mat. Res. 26 (2023). https://doi.org/10.1590/1980-5373-MR-2022-0362

50. Hanon, M.M., Zsidai, L.: Sliding surface structure comparison of 3D printed polymers using
FDM and DLP technologies. IOP Conf. Ser.: Mater. Sci. Eng. 749, 012015 (2020). https://
doi.org/10.1088/1757-899X/749/1/012015

51. Berman, B.: 3-D printing: the new industrial revolution. Bus. Horiz. 55, 155–162 (2012).
https://doi.org/10.1016/j.bushor.2011.11.003

52. Kumar, N., Kumar Jain, P., Tandon, P., Pandey, P.M.: Extrusion-based additive manufacturing
process for producing flexible parts. J. Braz. Soc. Mech. Sci. Eng. 40, 143 (2018). https://doi.
org/10.1007/s40430-018-1068-x(0123

53. Lovo, J.F.P., de Camargoa, I.L., Erberelia, R., Moraisa, M.M., Fortulana, C.A.: Vat pho-
topolymerization additive manufacturing resins: analysis and case study. Mater. Res. 23(4),
e20200010 (2020). https://doi.org/10.1590/1980-5373-MR-2020-0010

54. Singh, R., Trivedi, A., Singh, S.: Experimental investigation on shore hardness of barrel-
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1 Institute for Testing of Materials-IMS Institute, Bulevar Vojvode Mišića 43, Belgrade, Serbia
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Abstract. In order to ensure pipeline safety during their service life, all relevant
construction, testing and safety requirements must be met. Corrosion damage is a
major hazard to the steel pipeline as a whole, and it is necessary to comply with
inspections and adequate maintenance so that destruction with catastrophic conse-
quences would be avoided. In this paper, the standard calculation for determining
the maximum acceptable corrosion damage length according to the RSTRENG
method is presented using the calculation of the corrosion-damaged structure of
the ammonia (NH3) transfer pipeline. After that, the methodological approach
to calculation using the finite element method (FEM) is presented in accordance
with the methods defined by the new and general approach to standardization and
technical harmonization for pressure equipment (Pressure Equipment Directive).
The aim of the work was to present advanced modeling techniques of corroded
surfaces based on FEM in order to develop a procedure for evaluating the residual
strength of steel pipelines in the chemical industry.

Keywords: Pipeline · Corrosion damage · Corrosion assessment · FEM

1 Introduction

Corrosion damage, in which the load-bearing capacity of the section is reduced, greatly
endangers the steel pipelines as a whole. Failure to perform required periodic and emer-
gency inspections, as well as inadequate maintenance, can result in destruction with
catastrophic consequences.

Improper maintenance of steel pipelines from the aspect of corrosion protection
entails very expensive repairs, therefore it is necessary to thoroughly study the issues
of protection, durability and maintenance of steel pipelines, as well as the possibility of
monitoring corrosion aggression in operation. In this regard, it is necessary to assess the
condition or the remaining strength of the steel pipeline subject to corrosion after long-
term use, after which certain tests should be carried out using non-destructive methods to
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determine the actual degree of damage to the vital parts of the structure. Inspection and
testing of the corroded zones of the supporting elements of the steel support structure of
the pipelines by non-destructive methods must be accompanied by standard inspection
calculations, as well as FME calculations, in order to evaluate the remaining strength
of the steel pipelines; the inspection and testing must also include opinions and recom-
mendations. In uncertain situations, the calculations must be confirmed by experimental
analysis.

Prior to inspection and testing by non-destructivemethods, the steel support structure
of the pipelinesmust be cleaned (e.g., by sandblasting), and the necessary interventions in
the form ofmodifications to critical elementsmust be immediately followed by corrosion
protection.

Pipelinesmust be designed to be safe throughout their service life, taking into account
all relevant influences, with special requirements for design, construction, testing and
safety.

Allowable stresses must be limited by possible errors in operating conditions to
fully eliminate uncertainties resulting frommanufacturing, the calculation model, actual
operating conditions, and the properties and behavior of the material.

Due to the risk of corrosion towhich the steel support structure are exposed, a number
of corrosion protection measures are prescribed during the construction phase:

• Use of clean and non-corroded sheet metal, profiles and binding material with
corrosion protection.

• Protection of parts that need to be protected prior to installation against the effects of
corrosive agents that may occur on site.

• During the construction phase, sensors andmeasuring tapes must be installed in order
to monitor changes in the aggressiveness of the environment, stress and strain of the
responsible supporting parts of the steel pipelines which are connected to a computer
that processes the data and makes appropriate decisions.

After installation and prior to commissioning, steel pipelines are subject to inspection
in order to obtain a work permit.

Despite numerousmethods of protection, corrosion of steel pipelines is inevitable due
to the harsh environmental conditions in the industry. It occurs in various forms, such as
general corrosionwith uniform loss of wall thickness or pitting corrosion associatedwith
localized reduction of wall thickness. In practice, it happens that the steel embedded in
the pipeline partially or completely corrodes, thus reducing the cross-section and thus the
load-bearing capacity of the structure. In more severe cases, accidents with catastrophic
consequences for production, facilities, production means, equipment and human lives
can occur. Such accidents lead to pollution and harmful effects on flora and fauna, air,
watercourses and groundwater.

Examples of corrosion of steel pipelines structures in the chemical industry are shown
in Fig. 1.

Corrosionmanifests itself as follows: appearance of cracks, loss of strength, swelling
and loss of mass, corrosion spots and weakening of the cross-section. Visual signs of
destruction are: erosion, flaking and crumbling, bruising, softening, cracking, crystalliza-
tion, appearance of so-called “popcorn cracking”. Point corrosion is especially dangerous
onparts of the structure exposed to stresses.Due to the reduction in cross-section andhigh
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Fig. 1. Examples of corrosion damage to steel support structures of pipelines [1, 2]

stress, occasional damage can lead to the formation of cracks and stress concentrations.
[3, 4].

During operation, legally required inspections are performed to ensure safe and
reliable operation of the steel pipelines. In addition to proper and timely maintenance, it
is also necessary to monitor corrosion processes during operation. These processes can
be monitored directly or indirectly. Direct monitoring involves checking the condition of
the steel surface and the aggressiveness of the environment surrounding the pipeline steel
support structure. In indirect monitoring, the corrosion effect is measured on samples
made of the same material as the steel support structure of the pipeline.

Monitoring is very present in theworld, especiallymonitoring the behavior of dynam-
ically loaded structures, such as steel pipelines that operate in aggressive environments,
especially those offered by the chemical industry. The value of the installed monitoring
equipment is negligible compared to the value of the construction of steel pipelines or
the value of rehabilitation works carried out after years of inadequate maintenance.

The direct and indirect costs caused by corrosion in the chemical industry are enor-
mous. In the U.S., the total annual cost of corrosion is estimated at $1.7 billion, or about
8 percent of total capital costs [5]. The indirect costs of production stoppage due to fail-
ure or catastrophic destruction have not been calculated, but are estimated to be much
higher.

The durability of steel for pipelines in the chemical industry depends on the properties
of the corrosive environment and the ability to withstand internal and external influences,
the character and intensity of which depend on the operating conditions of the steel
pipelines. The internal influence is reflected by the purpose and type of fluid in the
steel pipelines, which may be of different aggressiveness, toxicity and explosiveness,
different pressures, temperatures and flows. The external influence depends on the type,
composition and temperature of the exhaust gases and air surrounding the objects in
question, the velocity, flow and pressure of the gases, as well as the powdery substances
in the gas flow.

External influences also include: the chemical effect of water - the environment and
the substances dissolved in it, the changing effect of temperature changes (which leads to
expansion changes of the steel), the changing humidification and drying of the steel, and
the effect of dissolved salts in contaminated water. The emission of pollutants, which are
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almost always present in the ambient atmosphere of the chemical industry, has a great
influence. It includes gases O2, CO, CO2, SO2, NO, NO2, NOx, H2S, water vapor, and
particles of solids such as KCl, K2SO4, (NH4)2SO4, CO(NH2)2 etc. The composition
of exhaust gases and solids, their velocity, flow and increased concentration also affect
the rate of corrosion and erosion of steel pipelines.

Pipes of appropriate diameter and wall thickness are used for the construction of
steel pipelines, as well as various profiles in some qualities of general and fine-grained
structural steel.

Steel pipelines made of steel elements require precision, great attention and trained
and professional labor in their manufacture. They are made by welding or joining pipe
flanges of suitable quality. They are equipped with suitable devices such as load cell,
level gauges, safety valves, filling, draining and overflow valves, etc.

Depending on the aggressiveness of the transported fluid, steel pipelines are exposed
to internal corrosion, depending on the environmental conditions and the effect of
external corrosion.

The side of steel pipelines facing the sources of pollutant emissions, which is sup-
ported by airflow from that direction, is more exposed to corrosion due to the direct
impact of pollutants on the structure of the steel pipeline. With poor air circulation,
steel pipelines can be exposed to constant moisture, which, along with the emission of
pollutants, can have disastrous consequences for the structure.

All defects, whether installed or created during the explosion, are investigated over a
period of time, providing realistic insight into the potential damage progression, which in
turn has a direct impact on reducing the number of failures, scheduling plant shutdowns,
and significantly reduces overall costs.

To prevent defects and ensure safe operation, corrosion should be detected, measured
and the remaining strength of the corroded surface of the element needs to be evaluated.

Inspections and tests should be documented with sketches and photographs to ensure
the reproducibility of tests and updating the file, i.e. the “passport” of the steel pipeline.

In order to evaluate the residual strength of corroded elements of steel pipelines
using any of the existing methods, the corrosion defect must be accurately measured.
Currently, the ultrasonic method with associated equipment is the most commonly used
method for testing corrosion damage to steel pipelines. The test and inspection results are
processed manually or automatically with the help of computer programs. The programs
can work in such a way that we provide them with data collected by the classic method
of measuring the maximum corrosion depth (the minimum thickness of the pipe wall),
or the program is integrated with a measuring instrument which scans the tested surface
and compares the obtained results with the standard prescribed acceptance criteria. As
a result, we obtain, by classical calculation or automatically, the remaining strength of
the tested steel pipeline and on this basis determine the maximum allowable operating
pressure.

2 Methods for Assessing Corrosion Damage to Steel Pipelines

There are several methods for evaluating the residual strength of corroded pipelines.
Some of them are very simple and rely only on the length and depth of the fault, while
others are much more complicated based on finite element modeling (FEM).
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ASMEB31G[3] is one of themostwidely accepted solutions for evaluating corrosion
damage in steel pipelines. The improvement of the method [6, 7] was achieved by
introducing the damage factor,material loading and detailed consideration of the damage
shape by calculations. This method is included in the program known as RSTRENG
(Remaining Strength of Corroded Pipe). ASME B31G and RSTRENG have found wide
application in the assessment of corrosion damage to steel pipelines in industry.

The presented methods allow the evaluation of longitudinal corrosion defects. The
role of transversely oriented defects is usually denied. Kastner’s standard for the drop-in
plasticity at the defect location can be used for transversely oriented defects [8].

However, these criteria are too conservativewhen applied to damage in steel pipelines
made of high-strength materials. Based on the experimental observations, a specific
finite element framework called PCORRC has been developed, and solutions have been
proposed for the evaluation of pipes made of medium- to high-strength steels, based on
a large series of experiments and FEM calculations [9–25].

Corrosion defects are asymmetric defects that extend in any direction on the inner
or outer surface of the pipeline. Therefore, in order to assess the remaining strength of
the FEM and thus the service life, they should be modeled as realistically as possible.

The aimof thiswork is to present advancedmodeling techniques of corroded surfaces
based on FEM in order to develop a method for evaluating the residual strength of steel
pipelines operating under the environmental conditions of the chemical industry.

2.1 Data for the Calculation of Corrosion Damage to the Steel Pipelines

The data required for the calculation of corrosion damage to pipelines, Fig. 2, using the
RSTRENG method and FEM are:

• The nominal value of the outer diameter of the pipeline,D = 125 mm;
• Nominal wall thickness of the pipeline,t = 5 mm;
• Maximum depth of corrosion damage,d = 2 mm;
• Measured (longitudinal) length of the corrosion damage,Lm = 70 mm;

The pipeline is made of steel with the following mechanical properties, determined
by experimental tests:

• Modulus of elasticity, E = 211500 MPa;
• Poisson’s ratio, ν = 0.3;
• Yield stress, SeH = 813.4 MPa;
• Tensile strength, SM = 854.8 MPa;
• The pipe is subjected to pressure during operation, P = 60 MPa.

Figure 3 shows the recommendations of the ASME B31G-Manual for Determining
theRemaining Strength of Corroded Pipelines standard for evaluating corrosion damage.

2.2 Determination of the Maximum Acceptable Length of Corrosion Damage
Using the RSTRENG Method

The depth of corrosion damage can be expressed as a percentage of the nominal value of
the pipeline wall thickness. If the depth of corrosion of the part is more than 10% or less
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Fig. 2. Corrosion-damagedpipeline (a), andmeasuredvalues of the asymmetric corrosiondamage
to the pipeline (b)

Fig. 3. Recommendations of standards for evaluation of corrosion damage, orientation of
corrosion damage (a), and influence of mutual distance of corrosion damage (b) [3]

than 80% of the nominal value of the pipeline wall thickness, the length of corrosion
damage shall not exceed the value determined by Eq. (1).

L = 1.12 · B · √D · t (1)

whereby:

• L - maximum allowable length of corrosion damage;
• B - value determined according to Eq. (2).

The maximum depth of corrosion damage is: d = 2 mm, 40% = 100·2/5.

B =
√
√
√
√

(

d/t

1.1 · d
t − 0.15

)2

− 1 =
√
√
√
√

(

2/5

1.1 · 2
5 − 0.15

)2

− 1 = 0, 949998 (2)
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The maximum length of corrosion damage is:

L = 1.12 · B · √
D · t = 1.12 · 0.949998 · √125 · 5 = 26.6mm

Figure 4 shows the relationship between corrosion damage and the criteria for accept-
ing corrosion damage to pipelines. The criterion is that they must withstand a pressure
equal to the lower yield strength SeL. The figure represents a parabolic section of the
corroded part, where the y-axis shows the value of the maximum depth of the corrosion
damage divided by the thickness of the pipeline wall, while the x-axis shows the length
of the corrosion damage divided by the square root of the product of the pipe radius and
the pipeline wall thickness.

d/t = 0.400; L√
R · t = 26.6

√

125
2 · 5

= 1.505 (3)

The coordinates of the point from Eq. (3) are exactly on the line of the diagram,
Fig. 4. Considering that the actual measured length of the corrosion damage is L =
70 mm, the operating pressure should be reduced or the pipe with the corrosion damage
should be replaced or repaired.

Fig. 4. Corrosion damage assessment diagram

If the maximum measured depth of corrosion damage is more than 10% of the
nominal value of the pipe wall thickness and less than 80% of the nominal value of the
pipeline wall thickness, and the measured length of corrosion damage is greater than the
value determined according to Eq. 1, a calculation is required:

P′ = 1.1 · P
⎡

⎣

1 − 2
3 ·

(
d
t

)

1 − 2
3

(
d

t·√A2+1

)

⎤

⎦ (4)
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whereby:

• P’ - maximum allowable pressure for Lm and cannot be greater than P;
• P - determined pressure value in the pipe or:

P = 2 · SeH · t · F · T
D

= 2 · 813.4 · 5 · 1 · 1

125
= 65.1MPa (5)

whereby:

• F - corresponding factor from ASME B31.4 [26], ASME B31.8 [27];
• T - corresponding temperature value based on B31 regulation (if not specified, T =

1).

A = 0.893

(
Lm√
Dt

)

= 0.893

(
70√
125 · 5

)

= 2.50 (6)

For a damage depth of 40% of the nominal thickness of the pipeline wall, the maximum
allowable corrosion damage length of L = 26.6 mm was calculated. This corrosion
damage length is smaller than the actual measured corrosion damage length of L =
70 mm, so it is necessary to calculate the maximum allowable pressure (P’) of the
corroded pipeline for this damage case, and it is:

P′ = 1.1 · P
⎡

⎣

1 − 2
3 ·

(
d
t

)

1 − 2
3

(
d

t·√A2+1

)

⎤

⎦ = 1.1 · 65.1

⎡

⎢
⎢
⎣

1 − 2
3

( 2
5

)

1 − 2
3

(

2

2
√

2.502+1

)

⎤

⎥
⎥
⎦

= 3.9MPa (7)

3 Evaluation of the Residual Strength of FEM Steel Pipelines

In order to evaluate the residual strength of steel pipelines FEM [2, 7], the processed
test results can be implemented as a model in one of the commercial programs for
FEM calculation, taking into account the PCORRC rules. Due to the asymmetry of
the corrosion damage, a part of the corrosion damaged pipeline is modeled with an
approximate shape to the actual shape. The model is created by connecting isoperimetric
elements, where the number of elements depends on the size of the corrosion damage.
It is necessary to represent the bottom of the damaged area with a sufficient number of
elements determined by the analysis of the previous section. The inside of the model is
exposed to the operating pressure, i.e. the test pressure. Symmetry planes are locations
where boundary conditions are specified, i.e. motions in certain planes are constrained.

All numerical simulations in this work were performed using the Solid Works soft-
ware package, which is based on FEM.The accuracy of the results depends on the precise
modeling of the shape of the pipeline and the corrosion damage, as well as on the choice
of the type and density of the final elements, so our task was to model the corrosion
damage in Fig. 2 as realistically as possible. First, we created a model of a pipeline with-
out corrosion damage, Fig. 5(a), and then a model of a pipeline with corrosion damage,
Fig. 5(b).
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Fig. 5. Appearance of the pipeline model without corrosion damage (a), and the pipeline model
with corrosion damage (b)
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The material properties were determined based on experiments, after which the data
regarding the material and the boundary conditions were used in the calculation, Fig. 6.
Then, a finite element mesh was generated for both themodel without corrosion damage,
Fig. 7(a), and the model with corrosion damage, Fig. 7(b).

Fig. 6. Pipeline material properties and boundary conditions

In the finite elementmesh of pipelinewith corrosion damage, Fig. 7(b), the size of the
elements varied depending on their location. Smaller elements were used at locations
where corrosion damage occurred, while larger elements were used at locations far
from the critical locations to keep the number of nodes as small as possible so that the
calculation would be simplified to some extent.

Figures 8, 9, 10 and 11 show the calculation results of pipeline with asymmetric
corrosion damage. The calculation was performed for the operating pressure of the
undamaged pipe 60 MPa, the pressure calculated according to ASME B31.G of 3 MPa
and the pressure 22 MPa, which ensures the operation of the pipeline with ν = 1, which
means that the pressure in the pipe must not exceed this value.
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Fig. 7. Representation of the finite element mesh on the pipeline without corrosion damage (a),
and on the pipeline with corrosion damage (b)
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Fig. 8. Distribution and stress values on pipeline with corrosion damage for a pressure 60 MPa

Fig. 9. Section through a model of corrosion damage to a pipeline that has been subjected to a
pressure 60MPa
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Fig. 10. Distribution and stress values on pipeline with corrosion damage for a pressure 3MPa

Fig. 11. Distribution and stress values on pipeline with corrosion damage for a pressure 22MPa

4 Results and Discussion

The standard calculation for determining the maximum acceptable length of corrosion
damage using the RSTRENGmethod resulted in an operating pressure of an undamaged
pipeline of 65.1 MPa, while the pressure of a damaged corroded pipeline calculated
according to ASME B31.G is 3.9 MPa.

A finite element method calculation was performed in Solid Works, and Table 1
shows the maximum and minimum stress values on pipeline with corrosion damage for
different operating pressures - for the operating pressure of an undamaged pipeline of
60 MPa and for the pressure of 3 MPa calculated according to ASME B31.G.

As evident in Table 1, the maximum stress value for the working pressure of the
undamaged pipeline 60 MPa is 2144.5 MPa, which is much higher than the yield stress
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Table 1. Stress values on pipeline with corrosion damage

Stress, MPa FEM (von Mises stress)

σmin, MPa σmax, MPa

60 2144.5 187.9

3 110.0 3.8

22 795.3 29.6

813.4 MPa, while for the calculated ASME B31.G pressure 3 MPa, the maximum stress
value is 110.0 MPa, which again is much lower than what the corroded pipeline can
withstand. This is due to the fact that the standard calculation is quite conservative. For
this reason, through calculations with FEM, we have shown that this type of corrosion
damage can withstand a pressure of 22 MPa when the pipeline would work with ν = 1,
and the maximum stress in this case is 795.3 MPa.

5 Conclusion

Corrosion damages the steel pipelines. It is therefore important to carry out regular and
extraordinary inspections and adequatelymaintain the steel pipelines to avoid destruction
with catastrophic consequences. The inspection by nondestructive testing of the corroded
zones of the supporting elements of the steel pipelines constructions must be followed
by inspection calculations using standard methods and FEM to assess the remaining
strength of the steel pipeline.

In this paper, advanced modeling techniques for corroded surfaces based on FEM
were presented with the aim of developing a procedure to evaluate the residual strength
of steel pipelines operating in the environmental conditions of the chemical industry.

By analyzing the stress distribution on the corrosion-damaged pipeline for the operat-
ing pressure of the undamaged pipeline 60MPa, the pressure 3MPa calculated according
toASMEB31Gand the pressure 22MPa, which ensures the operation of the pipelinewith
ν = 1. After the FEM calculation, a completely different picture of the stress distribution
can be seen, which is to be expected, and it tells us that for a complete understanding
of the behavior of a corroded pipeline for the purpose of control calculation, the FEM
calculation is mandatory on a model where all significant corrosion damage is modeled
as realistically as possible.
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1. Aleksić, V.: Causes and consequences of corrosion damage to steel spherical tanks and
pipelines in the chemical industry, XI YUCORR. In: International Conference, Collaboration



146 V. Aleksić et al.
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Abstract. Energy is a prerequisite for the development of today’s companies,
municipalities and whole societies. Renewable energy sources (RES) are gaining
increasing importance and share in the energy systems of many countries. But,
selection among different renewable energy sources request analyzing numerous
criteria, stakeholders’ interests, costs, legal regulations etc. For this reason, multi-
criteria decision-making methods (MCDM) are often used for the selection of
renewable energy alternatives. There are numerous MCDMmethods that are used
in literature and practice to select the most suitable renewable energy alternative.
In this paper, the analytical hierarchy process (AHP) is applied to assess four
renewable energy alternatives (hydro, wind, photovoltaic and biomass) in Štrpce
municipality. Also, there are numerous criteria in the literature that are used to
select renewable energy alternatives. In this paper six criteria are used: investment,
efficiency, land requirements, GHG emissions, price of energy and operation and
maintenance jobs. According to obtained results, the hydro alternative is ranked
first.

Keywords: Analytical hierarchy process AHP · Renewable energy · Strpce

1 Introduction

A secure and uninterrupted supply of energy is a condition for the development of
today’s societies. The importance of energy came to the fore during the COVID-19
pandemic. During this period, many countries were facedwith energy security problems.
In addition to the aforementioned crisis Kosovo’s*1 energy sector has other problems
too, such as delays in building new capacity for lignite production, significant technical
and commercial losses of electricity in the distribution network, insufficient production
capacity to cover peak loads in the winter season, inappropriate use of the potential of
renewable energy sources, etc. [1]. Due to all of the above, many municipalities across
Kosovo* have problems with regular electricity supply. According to [2] the number of
public consumers of electricity in the municipality of Strpce is 54 while the number of

1 This designation is without prejudice to positions on status, and is in line with UNSCR
1244/1999 and the ICJ Opinion on the Kosovo* declaration of independence.
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private consumers is 3.800, and the average annual electricity consumption in Štrpce
is 11 MWh in the household and 7 MWh in the apartments. One of the issues is the
only route of supply of Štrpce, which comes from Urosevac. The network obsolescence,
illegal network connections, frequent system failures, intentional exclusion, as well as
the difficult terrain for maintenance makes this supply route quite unstable [3]. Due to
all of the above, the question arises as to whether renewable energy sources can help
improve the supply of electricity in Strpce, because according to [4] developing RES
capacity, certain regions can provide enough energy for their needs, which certainly leads
to improved energy security. However, in order to select adequate RES, it is necessary to
consider a number of criteria that are most often grouped in the literature into economic,
environmental, technical and social. Numerous factors that need to be analyzed impose
the need to apply multicriteria decision-making (MCDM) methods. Various MCDM
methods are applied in theory and practice. However, one of the most frequently used
methods is an analytical hierarchical process (AHP). It is used in numerous fields: energy
[5], environment [6], and agriculture [7].Also,AHP is used in renewable energy selection
[8–10].

2 Methodology

In this paper, the selection of the most suitable renewable energy alternative is proposed
through the implementation of several steps: defining the list of potential renewable
alternatives, defining the list of decision criteria, evaluating the criteria, and a final
ranking of renewable energy alternatives.

Due to its simplicity and proven advantages for the assessment of criteria (step 3),
this paper will apply the AHPmethodology, which is described inmore detail as follows.

The AHP was developed by Thomas Saaty [11]. The AHP methodology can be
explained step by step approach as follows: (1) in the first step, the problem is for-
mulated in a hierarchical manner. In this step, the aim, main criteria, sub-criteria and
alternatives should be identified clearly; (2) paired comparisons are performed and the
relative importance is determined; (3) the consistency of pair-wise comparison matrices
is determined. If the consistency ratio (CR) is equal to or smaller than 0.1 value, the
comparisons are consistent; (4) in the final step, priorities of alternatives are found by
combining the weights of criteria and the ratings of the alternatives.

To perform a pairwise comparison by all relevant criteria/alternatives, an n × n
matrix A is formed:

A =

⎛
⎜⎜⎝

a11 a12 ... a1n
a21 a22 ... a2n
... ... ... ...

an1 an2 ... ann

⎞
⎟⎟⎠ (1)

where aij values are obtained using a 9-point scale (Table 1).
Matrix A is a positive reciprocal matrix in which aij represents the relationship of

preference of alternative i and in relation to alternative j. The value of aij is the reciprocal
of the value of aji. That is,

aij = 1

aij
(2)
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Table 1. Saaty’s 1–9 scale of pairwise comparisons

Intensity of importance Definition Explanation

1 Equal
importance

Two activities contribute equally to the
objective

3 Moderate
importance

Experience and judgment slightly favor one
activity over another

5 Strong
Importance

Experience and judgment strongly favor one
activity over another

7 Very Strong An activity is favored very strongly over another

9 Extreme
Importance

The evidence favoring one activity over another
is of the highest possible order of affirmation

2, 4, 6, 8 Intermediate results They are used to present a compromise between
the priorities listed above

If the pairwise comparisons are consistent, then the elements of the matrix A satisfy
the equation:

aij ∗ ajk = aik , for each i, j, k. (3)

The weighting factor of the criterion / alternative can be denoted by wi. If the matrix
A is consistent aij can be represented as

aij = wi

wj
for each i and j. (4)

Therefore, if A is consistent then it is:

A ∗ W =

⎛
⎜⎜⎜⎝

w1
w1

w1
w2

... w1
wn

w2
w1

w2
w2

... w2
wn

... ... ... ...
wn
w1

wn
w2

... wn
wn

⎞
⎟⎟⎟⎠ ∗

⎛
⎜⎜⎝

w1

w2

...

wn

⎞
⎟⎟⎠ = n ∗

⎛
⎜⎜⎝

w1

w2

...

wn

⎞
⎟⎟⎠ (5)

By normalizing the matrix A = [aij]nxn the weight factor is calculated as follows:

a∗ij = aij∑n
i=1 aij

, (6)

for each j = 1, 2, …, n. Then, it is:

wi =
∑n

i=1 aij
n

, (7)

for each j = 1, 2, …, n.
To determine the level of consistency, Saaty proposed the Consistency Index (CI),

which can be calculated according to the following equation:

CI = (λmax − n)

(n − 1)
(8)
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where λmax is the validation parameter in AHP. The closer the value of λmax is to n, the
more consistent the estimate is. The Consistency Ratio (CR) can be calculated by the
following formula:

CR = CI

RI
, (9)

where RI (Random Index) is a random consistency index.When CR < 0.10, the matrix
can be assessed as acceptable, otherwise, the matrix should be modified until an accept-
able value is reached. The homogeneity of factors within each group, fewer factors in
the group, and a better understanding of decision problems can improve the consistency
index [12].

3 Case Municipality of Štrpce

As mentioned in Chap. 2 there are several steps applied to select the most appropriate
renewable energy alternative in Štrpce municipality.

Defining the list of potential renewable alternatives – Each area has differ-
ent renewable energy sources and different potentials. Therefore, before starting the
decision-making process, it is necessary to determine which RES have the greatest
potential in the observed area. By analyzing the literature, it can be concluded that the
potential of hydro, wind, solar and biomass can be used in the territory of Štrpce.

Decision-making criteria selection - A large number of criteria are used in the
literature for renewable energy alternative assessment. However, each case has its own
specifics and goals that should be taken into account when choosing decision criteria.
For the purposes of this work, six criteria were selected, the values of which are shown
in Table 2.

Evaluation of the criteria - for the evaluation of the criteria AHP method was
applied. In the first step, the criteria were evaluated in relation to the decision-making
goal (Table 3). Then, the alternative is compared in relation to the criteria (Table 4).

Final ranking of renewable energy alternative - after all comparisons are done,
all results are synthesized and RES rank is obtained and shown in Fig. 1. According
decision-making results obtained the most suitable renewable energy alternative is A2.
This alternative is ranked first because it meets the selected decision criteria to the
greatest extent.

4 Conclusion

In this paper, four RES alternatives (PV, hydro, wind and biomass) are evaluated in order
to select the most suitable one for the municipality of Štrpce. In the decision-making
process, six criteria were included and evaluated using the AHP method. According
results obtained the most suitable renewable alternative for Štrpce municipality is A2
(hydro).

https://doi.org/10.1007/978-3-031-46432-4_2
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Table 2. Decision making criteria

PV (A1) Hydro (A2) Biomass (A3) Wind (A4) Reference

Investment
(EUR/kW) (C1)

1,303 1,500 4,500* 1,569 IRENA [13];
*expert

Operation and
maintenance jobs
(jobs/MW) (C2)

0.3 2.4 1.5 0.2 Meyer and
Sommer [14]

Efficiency (%)
(C3)

4–22% 80–90% 28% 24–54% Evans et al. [15];
Chatzimouratidis
and Pilavachi [16]

LAND
km2/1000 MW
(C4)

35 750 5,000 100 Chatzimouratidis
and Pilavachi [17]

GHG emissions
gCO2eq/kWh
(C5)

85 26 45 26 Chatzimouratidis
and Pilavachi [17]

The price of
energy (C6)

0.085 0.047 0.062 0.056 IRENA [18]

Table 3. Pairwise comparison in relation to the goal

C1 C2 C3 C4 C5 C6

C1 1 3 1 1/2 1/2 1/3

C2 1 1 1/2 1/2 1/3

C3 1 2 1/3 1

C4 1 1/3 1/2

C5 1 1/2

C6 1

Inconsistency 0.09

The paper can be used by researchers and practitioners, as well as by the municipal
administration that works in the energy sector as a starting point in RES planning. Also,
stakeholders can use this paper as the base for determining and using different criteria
for negotiation and decision-making with municipal representatives in RES planning.
In future research, this paper can be improved by including all relevant parties in the
municipality (stakeholders, experts, municipal representatives etc.) in order to get results
which reflect the position of all interested parties. Also, to avoid subjectivity in the
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Table 4. Alternative pairwise comparison in relation to the criteria

Pairwise comparison in relation to criterion
C1

Pairwise comparison in relation to criterion
C2

A1 A2 A3 A4 A1 A2 A3 A4

A1 1 3 5 3 A1 1 4 3 1/2

A2 1 4 1 A2 1 1/3 1/5

A3 1 1/4 A3 1 1/3

A4 1 A4 1

Inconsistency 0.04 Inconsistency 0.04

Pairwise comparison in relation to
criterion C3

Pairwise comparison in relation to criterion
C4

A1 A2 A3 A4 A1 A2 A3 A4

A1 1 1/7 1/2 1/3 A1 1 5 9 4

A2 1 5 5 A2 1 5 1/3

A3 1 2 A3 1 1/6

A4 1 A4 1

Inconsistency 0.06 Inconsistency 0.09

Pairwise comparison in relation to criterion
C5

Pairwise comparison in relation to criterion
C6

A1 A2 A3 A4 A1 A2 A3 A4

A1 1 1/5 1/4 1/4 A1 1 1/4 1/3 1/4

A2 1 3 1 A2 1 3 3

A3 1 1/3 A3 1 1/2

A4 1 A4 1

Inconsistency 0.05 Inconsistency 0.06

decision-making process a fuzzy environment can be used to further determine the
reliability of the results obtained and to avoid inaccuracies.
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Fig. 1. Renewable alternative rank
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Abstract. When designing a new better product, besides all the engineering
knowledge, time and money, more modern techniques as possible should be pre-
sented at any stage of the development process. Hence, “brainstorming” as the
earliest stage in the process can be more accurate and productive for the devel-
opment team with data of initial material distribution in the form of a typical
“topology optimization - TO” result based upon the predetermined technological,
geometrical, economical and homologation constraints. Design objectives such as
lowering mass or displacements are tangible variables when using the TO app-
roach and are suitably desired by the development team. This paper presents a
simulation study based on the finite element method used in the development pro-
cess for designing a chassis for a typical tipping semi-trailer vehicle. The expected
load cases are described and calculated for a specific direction of movement. The
tipping sequence described as longitudinal bending, the tipping on uneven ground
is longitudinal torsion or the short turning is lateral bending of the potential new
chassis. Based on the envelope simulation results from the multiple scenarios with
the pre-defined constraints a topology geometry model has been created. For that,
a two-stage process of optimizing is presented. First optimizing the 2D initial area,
then a 3D solution for minimum structural compliance of the extruded initial 2D
design. As amain tool for pre-processing and post-processing, Siemens Simcenter
is used. The solving is performed with Nastran’s topology optimization SOL200
solver.

Keywords: Tipper trailer engineering · Product development process · Topology
optimization · Nastran SOL200

1 Introduction

Most companies that produce products with similar complexity such as the later used
tipping semi-trailer, are nowadays developing mainly using traditional techniques (see
Fig. 1). Based on the product necessity the development team brainstorms solutions
to their problem or new design, mainly based on: engineer knowledge and experience,
already produced products in their portfolio or based on solutions from their competitors.
Then development is done with CAD software and optimization is done by simple hand
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N. Mitrovic et al. (Eds.): CNNTech 2023, LNNS 792, pp. 156–167, 2023.
https://doi.org/10.1007/978-3-031-46432-4_13

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-46432-4_13&domain=pdf
https://doi.org/10.1007/978-3-031-46432-4_13


Topology Optimisation as Method for Improving the Design… 157

or Excel calculations. With this approach no significantly better design than the current
can be achieved [1].

Fig. 1. Experience-based development – “Traditional way”

In order to create a better product, besides all the engineering knowledge, time and
money mentioned above as more modern techniques as possible should be presented
at any stage of the development process. In this situation, brainstorming can be more
productive with TO results in front of the development team. Also, FE simulations can
be used in the development, optimization and validation process. Adding all of these
modern techniques can potentially create new products with better characteristics or can
be described as a “future way” of development (presented in Fig. 2) [2].

Fig. 2. Science-based development – “Future way”

In this project, the FE simulations are proposed as an addition in all stages of
the development process for a new trailer tipper chassis. The expected load cases are
described and simulated, and based on the results and constraints a topology optimiza-
tion model has been created as well. Topology optimization usually takes place towards
the end of the design process, when the desired part needs optimization so it has a lower
weight or uses less materials, but in this case, the geometry created from the TO result
is finally used for better brainstorming and developing a new potentially better design.
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2 Geometry limits

The geometry limits for designing a new trailer’s chassis can come from different areas
such as homologation,weight distribution [3], size demands, aswell asmarket perception
[4].

The location of the kingpin, tipping cylinder and axles (axle distance and wheelbase)
can be calculated based on the weight distribution of axles and king pin which can
vary from market to market. The width of the chassis and the ISO-curve [5] (location
needed for the pulling truck) are typical homologation constraints. Below are given the
maximized dimensions (limits) where a new potential chassis can be created. Besides
those limits also the location of the suspension mounts, tipping hinge, lifting cylinder
brackets and kingpin are depicted in Table 1.

3 Load cases

The first scenario of usage for a trailer like this is driving around with a body rested on
the chassis (see the scenario in Fig. 4), but fully loaded. Despite that the bulk payload
is resting on the body while being transported also its unloading and loading should
be done. The unloading is also known as tipping [6]. The tipping sequence (Fig. 3) is a
time-based occurrence, where the tipping cylinder starts to lift so the body rotates around
the tipping axle. At first, the forces are bigger on the front part (also known as the head
section) where the cylinder brackets for moving the lifting cylinder to the welded frame
are located. When the body is fully lifted (usually around 45 degrees) the forces around
the tipping axle are bigger, since the bulk load has been transferred from the front and
middle to the back. In that situation two stages of the tipping sequence are interesting to
be simulated: the start and end of tipping (Fig. 7). Both of them represent longitudinal
normal bending of the welded frame structure [7].

Typical scenarios of additional real-life behavior while both properly or improperly
usage of the tipper can be torsion (Fig. 5) and lateral bending [8] (Fig. 6). Using the
basic rules of statics, a calculation for the maximum cylinder force acting on the body
through the brackets was made. The trailer was calculated as a simple two-dimensional
beam where the body is completely rigid and its mass is concentrated in the center of
gravity (CoG). Below are given the used scenarios for making the TO simulation model
(Fig. 7).

Lateral bending can happen in a typical short-turn scenario.When the truck is normal
to the trailer and immediately starts to pull. That can be simulated by applying a lateral
force on the kingpin and the wheels are fixed in all degrees of freedom.

Typical calculation1 of the input forces (F1;F2) for the end of tipping scenario uses
the basic laws of statics (Fig. 8):

a1 = (L1 + L2) · cosα; a2 = L3 · cosα; h =
√

(L1 + L2 + L3)2 − (a1 + a2)2 (1)

∑
Mo = 0;M · g · a2 − F1 · (a1 + a2) · cosβ − F1 · h · sinβ = 0 (2)

1 Jacobson Bengt “Vehicle Dynamics” Compendium, Chalmers university 2017.
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Table 1. Geometrical constraints of a new trailer tipper chassis’ welded frame

Side view

ISO curve

Top view - Location of the mounting part for the body

Bottom view - Location of the suspension mounting parts and the kingpin
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Fig. 3. Typical tipping sequence representing the main forces acting on the welded frame in the
time domain as well as the angle of the lifted body.

Fig. 4. Body rested on chassis, loads and constraints coming from the bulk load, suspension and
the pulling truck.
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Fig. 5. Longitudinal torsion on chassis, loads and constraints. The kingpin area is fully fixedwhile
a set of forces with opposite directions are acting on the left and right rear ends of the tipping axle.

Fig. 6. Lateral bending on chassis, loads and constraints. The frame is fixed at the mounts of the
suspension and a certain lateral force is applied in the kingpin representing sudden normal pulling
from the truck.

Fig. 7. Start/end of tipping, loads and constraints.

∑
Fy = 0;F1 + F2 − M · g = 0 (3)

→ F1;F2
L – Length of the trailer;
L1– Distance between the cylinder brackets and the frontend of the body;
L2– Distance from the frontend of the body to the CoG;
L3 – Distance from the CoG to the rear hinge;
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Fig. 8. End of tipping, force analysis

L4 – Distance from the rear hinge to the rear end of the body.
M · g – Maximum weight including a load of the body.

4 Simulation model

Topology optimization (TO) is an engineering method that can optimize material com-
position within a given geometry, for predefined load cases in order to maximize certain
performance. Such a load case canmimic a real-life problemmodelled with a set of loads
and constraints based on the lows of physics and mathematics. Performance desired to
be maximized can vary, from lowering mass or displacement to better stress distribution
etc. To set a TO analysis certain data is needed, from geometry limits andmultiple design
and manufacturing objectives, all of them suitably described in the following text.

Regarding the element type, linear elements are sufficient for TO. Therefore, mesh-
wise, in this type of analysis, it is best to use a “low order” element and invest the
computational power in a small mesh size. A smaller element size is needed, as this
dictates the resolution of the design solution itself [9].

In this case, are used:

• CTETRA(4), Elem Size = 50mm for the 3D model;
• CQUAD(4), Elem Size = 50mm for the 2D model. (it is shown in Fig. 9).

The goal for a new chassis is towithstand the desired loads and be as light as possible.
For that reason, themain objective is to take the “Compliance”ResponseType. The solver
will minimize the mass so that the solver keeps the structural performance in mind. The
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Fig. 9. Mesh model of the 2D shell model

compliance method uses both displacement and stress distribution of the results of the
simulated model to propose which location material can e additionally removed.

The design area (depicted for both 2D and 3D models in Fig. 10) consists of two
groups of elements:

– optimized area, an area where elements (mass) can be removed – green/grey mesh,
depicted below;

– frozen area, area to maintain in the simulation results – orange mesh.

Certain geometry so-called “frozen” areas should always contain material in the
optimized model. Such as the mounting points of the suspension, the ends of the tipping
axle and tipping cylinder bracket where the body is attached, or the kingpin plate where
the chassis is rested over the pulling truck.

Fig. 10. Design area of 2D and 3D mesh model

The design constraint is an empirical description of the desired amount that is in
direct relation to the design objective. In this situation, it gives the amount of mass that
needs to be removed according to the initial mass of the design area mesh.

On a first run, the advice is to start with something “gentler” like 20% (or 50%).
For example, if the initial mass is 10t, the “upper” limit (amount of desired mass for the
optimized model) should be added 10*0.5 (5t) for a 50% reduction of mass.
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The good practice is to increase this number (“upper limit”) as long as the solver is
giving results that match the engineer’s expectations.

For creating an initial geometry for a new potential chassis designs the only manu-
facturing constraint is to have a symmetrical design for both left and right wheels this
is usually known as planar symmetry constrain. It is advisable to constrain also on the
minimum size of the member in order to have structures thick enough to be manufac-
turable. In the engineer’s practice, a possible rule of thumb is to add this as twice your
element size (in this model 100mm).

This TO simulation is done using Nastran solver SOL200 from Siemens. In this
situation, certain “Bulk Data” parameters should be defined to run the model.

• The most relevant ones would be the Max Number of Design Cycles, at least 50 to
start for good results.

• Penalty Law (first run with RAMP with a Penalty Factor of 5 and increase it max to
8) The penalty law in Nastran is case dependent, being that, the good practice is to
start with RAMP 5 and once the rest of the analysis is well set up, to try different
laws and choose the one that outputs better results.

5 Topology optimization simulation and results discussion

As the initial run is taken only a 2D mesh (Fig. 9), created with CQUAD elements
according to the constraints given in Table 1 of the side view of a new potential chassis.
The results for each scenario as well as for a combination of all scenarios are given in
Table 2.

In the results, blue is an area where the material is likely to be excluded, whereas red
is an area where the material is crucial to have in the design for the simulated load case.

At the start of the tipping scenario, the frame is expected to bend longitudinally
forming a “banana shape”, where the middle is displacing vertically upwards and the
front and rear ends are displacing downwards. This occurs because of the force created
by the lifting cylinder and the force transferred to the tipping axle coming from the load
on the tipper body. Because of that reason, a generally continuous material distribution
on the whole length of the chassis is expected. The 2D TO result of this scenario clearly
shows that it adds material to the top and bottom of the beam, representing a potential
I-beam design, or a beamwith flanges or slats on its top and bottom location. The top and
the bottom parts are connected with diagonal portions of material, that could be either
made as tubular frames, or all of those connecting points could be replaced with a thinner
sheet metal plate. It is also clear that the material behind the tipping hinge is not needed.
At the end of the tipping scenario, the frame is still longitudinally bent but the force
acting from the lifting cylinder is smaller than before, since the body is rotated, the CoG
(centre of gravity) is transferred to the rear and some of the bulk material is unloaded.
But in this situation, the forces acting on the tipping hinges are higher than before. In this
scenario TO result it is still visible that the top and bottom of the beam adding material
is significant, but also adds more material to the rear of the chassis, hence the largest
forces there. For the torsion scenario in the result, it is clear that the front of the chassis
or the so-called head section adding material is vital. For the lateral bending scenario, a
larger portion of the material, maybe an extra cross-member is needed around the ISO
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Table 2. TO results for each scenario

Start of Tipping

End of Tipping

Torsion

Lateral bending (short turn)

Combination of the above

curve area of the welded frame. Finally, a combination TO plot result is made of all of
the described scenarios, which is extracted as a separate 2D geometry (Fig. 11).

Fig. 11. Extracted 2D geometry from the Combination plot

Extruding [10] the 2D geometry (as shown in Fig. 12) in a lateral direction to the
width limit as described in Chapter “Robot Movement Programming and Simulation
Generation for Pick and Place Materials in ABB Robot Studio”, which represents the
maximum possible width of a new chassis, with a suitable location for all the forces, or
a location where the suspension or the kingpin is located.

The extruded newly created geometry is created from 3D CTETRA mesh (Fig. 12).
On this mesh a new, second integration of TO simulation for the same combination of

https://doi.org/10.1007/978-3-031-46432-4_2
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Fig. 12. 3D extruded model – Tetra mesh

load-cases is performed. The combination plot of the final results is given in Fig. 13,
and its shape is further discussed.

Fig. 13. Extracted 3D geometry from the Combination plot

6 Conclusion

Based on the extracted 3D geometry from the combination plots of the simulated sce-
narios, certain geometrical conclusions useful for brainstorming for a new welded frame
for a tipper chassis can be made.

The head section or the front of the chassis where it is landed over the fifth wheel
of the pulling truck can have an A-shape design, or material should be placed only for
supporting the chassis to the truck and diagonally connecting to the beams and the rest
of the chassis. This design is forced by the TO solver not only because the front corners
are structurally not useful but also because this design could behave better in a short-turn
scenario.

The main beams are no longer typical of a ladder frame chassis, where two parallel
beams suitably connected are on thewhole length of the chassis. I-beams are traditionally
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seen as the best shape formaking a chassis beam, but in this result, it is clear that the beam
could maybe be made out of more complex sheet metal with no continuous shape throw
its whole length. The middle of the beam should not have material, possible cutouts can
be made.

The cross-members that connect the main beams, are not present in the middle of the
chassis, meaning they could be thin members just for attaching equipment. In the front,
close to the ISO-curve two parallel round cross-members can be placed. In the rear on
large crossmember or an X-shaped crossmember should be placed that could provide
better torsional stiffens to the chassis.

The tipping axle is possible to be made of two separate hinges, not one common
tube. Also, the connection to the rest of the chassis asks for more material concentration,
which means a potential casting on that area could be included.

With this general conclusion for each location of the welded frame, significantly
easier brainstorming for a new potentially better design of a welded frame could be
achieved. That also proves that adding TO in the brainstorming process makes more
reliable and scientifically supported discussions between any development team.

Acknowledgement. This research as part of a larger project is supported by STAS. The company
STAS as (a trailer) constructor is an established name in Belgium, today is one of the largest man-
ufacturers of tipping trailers and moving-floor trailers in Europe. Their trailers can be aluminum
and steel, but mainly they are famous for their extremely solid aluminum chassis, also separately
supplied.
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Abstract. Additive manufacturing (AM) is recognized as a valuable method for
producing functional parts in many global industries. It has been increasingly
applied even in military manufacturing companies due to its specific characteris-
tics. What started as a simple technique several decades ago, mostly used for rapid
prototyping, now takes an important place in military industry when it comes to
producing completely functional parts and mechanisms for weapon and different
types of equipment. Understanding of different 3D printing methods and com-
patible materials allows engineers to create standard parts with reduced manufac-
turing costs and parts that are difficult to machine. One of the crucial benefits of
3D printing application in military industry is flexibility in manufacturing pro-
cess, especially in terms of production site mobility. That literally means that it is
now possible for soldiers to create new parts on 3D printers directly in battlefield,
just by receiving right files for 3D printing from engineers. This paper reviews
advances in AM application for military industry through different examples of
3D printed weapon andmilitary equipment. Relevant 3D printing technologies are
described, along with the discussion of potential problems in this area of manufac-
turing and possible solutions. The perspective of this method was analyzed based
on current challenges, compatibility with experimental techniques and numeri-
cal methods, along with some suggestions for modernization and new areas of
military application.

Keywords: Additive manufacturing · Military ·Weapon · Flexibility · 3D
printing

1 Introduction

The fourth industrial revolution, particularly additive manufacturing as a significant
part of it, brings numerous changes in all fields of engineering [1]. Accordingly, the
military industry has adopted 3D printing in its daily operations. Such a combination is
potentially very powerful, but also dangerous due to insufficient understanding of the
technology and its control. It is necessary to devote a lot of attention to this topic in
order to explore all aspects, which would lead to a higher rate of safety for civilians who
could potentially be endangered due to the misuse of 3D printed weapons. This paper
provides an overview of previous achievements in the fields of 3D printed weapons and
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military equipment fabrication through a review of the possible dangers and benefits of
these discoveries. The paper focuses on the specific presentation of representatives of 3D
printed weapons and equipment from different groups. It is important to emphasize that
this is a rapidly developing but relatively young trend, and that the libraries of available
scientific research papers on this topic are quite poor. Another complicating factor in
researching this topic is that these are often researches that are only placed in secret
specialized military archives. Therefore, this paper relies to some extent on investigative
journalism articles, amateur publications, and current works by authors.

In order to raise awareness of the real danger that the combination of 3D printing and
the military industry brings, it is primarily necessary to familiarize public with additive
technology in a general sense.Additive technologies includemanufacturing technologies
that allow the production of three-dimensional objects based on a 3D model in a digital
format, by adding material layer by layer [2]. These technologies do not use tools like
conventional machining technologies, so they are characterized by a high degree of
flexibility [3]. At the same time, multiple products of completely different geometries
can be produced on one machine [4]. Additive manufacturing is a process opposite to
subtractive manufacturing, in which the object is made by removing material to the final
product. To avoid confusion, the term AM can refer to any process where the product is
made by “stacking” something, such as makingmolds, but it mostly refers to 3D printing
[5, 6]. This type of technologywasfirst used for prototyping in the 1980s [7]. This process
is known as rapid prototyping because it allows users to quickly create a scaled model of
the final productwithout the standard preparations and costs associatedwith prototyping.
As the technology improved, its application expanded to the production of tools, which
were used to make molds for final products. At the beginning of this century, AM began
to be used for the production of final products. A good example connected with this
research is that Boeing chose 3D printing as one of the ways to produce important parts
in aircraft production [8, 9].

1.1 3D Printing Explained

To create parts using 3D printing, design is primarily required. The design is usually
obtained by modeling using some CAD software (Computer Aided Design), and it is
also possible to 3D scan the part that needs to be 3D printed. Then, a certain software
(e.g. Ultimaker Cura) transforms the design into a layer-by-layer order that the printing
machine will follow. The data is sent to the 3D printer and the part is immediately
3D printed [10]. Depending on the type and material of the 3D printer, a division of
3D printing is created. The most widespread and cheapest 3D printing technology that
first appeared in 1992 in the patent of the Israeli company “Startasys” is FDM (Fused
Deposition Modeling) [11]. The material for FDM 3D printers is called filament, and
it is a plastic thread wound on a spool. In the head of the FDM 3D printer, there are
gears that pull the plastic thread to the heater that melts the plastic. The melted plastic
comes out through the nozzle located close to the printing surface. As the FDM printer
head moves, the melted plastic threads are laid on the printing surface and the object is
made layer by layer. The surface can be heated or not. After the entire layer is finished,
the FDM printer head moves up by the height of one layer and printing of a new layer
begins. Some FDM printers do not move the head, but the printing surface moves down
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while the head stays at the same height [12–14]. The main parameters of an FDM 3D
printer are print speed, nozzle temperature, layer height, and filament uptake speed.
Almost every FDM 3D printer offers users to adjust these parameters using software
that controls the 3D printer. All these parameters affect the print quality and depend
on the type of material used and the required properties of the final product. If objects
with parts at an angle less than 45 degrees are being made, support structures are used.
Support structures are very thin to save materials, but also to make them easy to remove
after printing. FDM 3D printers with two or more nozzles can use special filaments that
break down into liquid to make support structures. After printing is finished, the support
structures that are water-soluble are suitable. Also, a very important parameter in FDM
3D printing is filling, i.e. infill density. Variation is possible in the range from 0 to 100%.
It is also possible to vary the shape of the infill. Understanding of all of these parameters
is crucial when it comes to 3D printing parts for military purposes [15, 16].

The basic materials used in FDM technology are usually thermoplastic polymers.
These materials do not change their chemical structure when heated to their melting or
softening temperature, but only their aggregate state, making them reusable. Thermo-
plastic polymers are most suitable for functional applications, including the production
of functional prototypes and functional parts for final use [17]. They have very good
mechanical properties, high impact resistance, wear resistance, and chemical resistance.
In recent times, composite thermoplastic polymers containing reinforcing fibers (such
as carbon fibers, glass fibers, etc.) can also be used for additive manufacturing, signifi-
cantly improving the properties of the base material. The so-called engineering class of
thermoplastic materials is widely used in industry today [18]. The most commonly used
material for FDM 3D printing is PLA (Polylactic Acid) plastic, which is also the easiest
to print. It is a thermoplastic polymer obtained by condensation of lactic acid with loss
of water. It is biodegradable, without any harmful environmental impact, and is obtained
from fermented plant starch, usually from corn, sugarcane, or sugar beet pulp. It does
not crumble, allows for coloring and finishing, and withstands temperatures up to 60 °C
without deformation. It is an optimal choice for prototypes with special requirements
and complex geometry. It is not a flexible material, and its properties weaken if exposed
to sunlight for a long time. Due to its additional strength, this material is less suitable
for developing complex mechanisms and fitting elements, so it is mainly used for func-
tional and conceptual prototypes. It is printed at a nozzle temperature in the range of
195–225 °C, on a bed heated to 60 °C. The material density is 1.24 g/cm3, and the
maximum print speed is up to 120 mm/s. There are also certain modifications of PLA
that allow it to withstand temperatures up to 110 °C [19]. It is an excellent combination
with water-soluble PVA (polyvinyl acetate) plastic, making it possible to create com-
plex structures. In addition to PLA and PVA, FDM technology supports a large number
of different thermoplastic polymers, and the number is increasing every day with the
discovery of new suitable materials. Nylon has the highest density (1.54 g/cm3), and
the optimal material is chosen based on the desired characteristics of the final product.
SLA (Stereolithography) is another 3D printing technology that uses light to solidify a
photopolymer, creating a thin layer of solidified material. The light source is usually an
LCD screen, and the process is repeated by lowering the platform into the liquid resin.
Support structures are often used due to the complexity of the object’s construction [20].
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The group of polymers used in additive manufacturing technologies with SLA 3D
printers are thermosets. Unlike thermoplastics, thermosets cannot be reused by changing
their aggregate state. Typically, in additive manufacturing, thermosets are obtained by
polymerizing resins using a light source. The light source can be a laser beam, lamp,
or diode, and the material can be located in a building tank or fed through a print head.
Accordingly, these technologies are classified and divided. SLA, DLP, and LCD tech-
nologies keep the material in tanks in a liquid state and illuminate the building layer
zone using different light sources [21]. Thermosets are better suited for applications
where product aesthetics are a key factor, as the technologies that use them are capa-
ble of producing parts with almost smooth surfaces that simulate the finishing of parts
made in a traditional way. Generally speaking, thermosets are stiffer and more brittle
than thermoplastics, so they have limited usability in functional parameters. They show
signs of aging, especially if exposed to external light [22]. When it comes to avail-
able thermosets, there is also a large group, and standard thermosets with mechanical
properties that simulate ABS thermoplastics, thermosets with increased toughness that
simulate PP thermoplastics, transparent materials, elastic materials, and materials with
increased temperature resistance are well-known [23]. More and more work is being
done on the development of biocompatible thermosets, which otherwise have toxicity as
a property. After 3D printing, the sintered product needs to be UV treated with a natural
or artificial UV source, which has been proven to affect the mechanical properties of the
elements [24]. Figure 1 shows main principle of FDM (left) and SLA (right) 3D printing
technologies.

Fig. 1. FDM 3D printer (left) and SLA 3D printer (right) [25, 26].

1.2 Advantages and Disadvantages of AM in Military Industry

Additive technologies have some specific advantages. The traditional production pro-
cess can take months and require huge amounts of investment, and it only pays off for
mass production. With the introduction of additive technology, the entire process can be
changed and some steps can be eliminated. The biggest advantages of 3D printing could
be the ability to print extremely small dimensions and complex geometry, unlike the
subtractive method. Using additive technologies, it is also possible to reduce the total
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weight of the final product, which is very important in the automotive and space indus-
tries [27]. It is also believed that the use of 3D printing simplifies the production of more
complex assemblies and reduces waste with a “just in time” approach to production. In
addition, it is easier to make smaller series of an element because production is done
directly on the computer-3D printer line [28]. The possibility of personalizing objects is
particularly interesting, especially when it comes to prostheses, implants, and especially
hearing aids, which are almost all 3D printed because each one is unique [29, 30].

Additive technology also brings certain challenges. 3D printers are devices with
a wide range of prices, ranging from a hundred dollars to several hundred thousand
dollars. Their use for the production of large parts and large quantities is much slower
than traditional production. Also, a large number of products made with 3D printers
require finishing to remove defects, clean the part, and process the edges, among other
things. One of the biggest challenges is to adjust the parameters to obtain guaranteed
product properties. From the materials science perspective, this is probably the biggest
challenge that this technique brings with it. The disadvantages and problems in 3D
printing are never the same and depend on many parameters such as material and its
storage, print parameters, atmospheric conditions, machine condition, and many others
[31].

2 Literature Review

Production of parts and products directly on the locations wheremilitary or humanitarian
missions take place represents a promising solution for armies and organizations [32].
Operations that take place in remote locations often require extensive andwell-organized
supply chains that are completely different from standard ones [33]. By positioning
additive manufacturing equipment closer to the end user in the chain, delivery time
and logistics costs are significantly reduced [34]. Challenges in logistics in the military
industry are always problematic, not only from a financial perspective, but also from
the standpoint of personnel safety, military detachment on the battlefield, etc. [35, 36].
With easier overcoming of the described problems, additive manufacturing also emerges
as a form of environmentally friendly way of supplying the military with spare parts
[37]. Since the military industry involves complex types of weapons and equipment,
supplying the same with spare parts can be achieved either by constant production
or by creating large stocks in advance. Both cases represent an extremely expensive
and economically unfavorable approach, and the end user pays the highest price [38].
In addition, many elements and assemblies are produced in such small quantities that
tooling for them represents the most significant share of the cost [39]. The potential best
solution for reducing stocks is the “on-demand” production system, which primarily
relies on additive manufacturing [40]. Such an approach would contribute to the relief of
the entire logistics network and increase the reliability of supplying spare parts directly
on the battlefield [41]. The use of 3D printed replacement parts could result in shorter
periods of time when equipment is out of use [42]. The focus for 3D printed spare
parts should be on parts with lower or unknown demand and short production times
[43]. Reducing stocks of spare parts in mission preparations would give the military
additional space for carrying basic necessities. However, as a potential problem for the
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use of 3D printers, the terrain on which the mission is carried out should be observed in
advance, due to the assessment of the impact of atmospheric conditions, energy supply,
etc. [44]. As for the tactics of warfare, it is believed that the use of 3D printers directly
on the battlefield could confuse the opponent who would not be able to have insight into
the army’s equipment and its warehouse [45].

The ecological aspect is certainly worth mentioning, and it is believed that this
approach encourages the use of recycled materials [46]. Within the research conducted
in the work [32], it was concluded that due to the great possibility of personalization
of 3D printed elements, soldiers show satisfaction in using them. A specific case is the
application of night vision goggles, where the element that rests on the soldier’s face is
personalized by a 3D printer, making it much more comfortable for longer wear and use
than the standard universal one.

Despite the described advantages of using additive technology in the military indus-
try, a certain number of works also deal with the issue of moral use of additive man-
ufacturing [47]. Given its potential and almost endless possibilities, there is a justified
fear of misuse of this technology, and it is being considered whether it is justified to
use it for military purposes [48]. However, the answer to such a question is difficult to
give, especially when it comes to the lives of soldiers who are already deployed on the
battlefield. When their safety is at stake, there is also a justified fear because, as already
mentioned, it is an insufficiently researched field. Not all safety aspects, reliability, and
performance of 3D printed weapons and equipment are fully known yet [49].

It is also believed that a lack of knowledge about the described technology and errors
in its use could result in the production of elements that would not be able to provide
the desired mechanical characteristics for real use [50]. Despite this, there have already
been publicly announced cases of direct use of 3D printers on the battlefield by many
armies around the world for the production of spare parts, suicide drones, and many
other products. One of the better-known examples of adopting additive manufacturing
into their ranks is the case of the Canadian military, which is working on adopting
this technology to the fullest extent possible through the “Beyond the Horizon” project
[51]. Personalization of equipment is also considered one of the main arguments for
introducing AM into full use for military purposes, so that equipment can be adapted
for special purposes [52].

The authors give preference to additive technology through their research due to the
possibility of producing disposable devices, whether it be even telephone sets, suicide
drones, or other means of communication and jammers, all in order to create a safer
environment for those participating in the mission [49]. The Canadian military exten-
sively uses 3D printed reconnaissance drones, citing only rough advantages [53]. The
fact that the danger is real is evidenced by the fact that the number of forensic experts
specializing in 3D printed weapons and ammunition has been increasing lately. Some of
them claim that hybrid weapons are a great danger, while completely plastic ones still
pose the primary danger to the user [54].
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3 3D Printed Guns and Ammunition

The current topic of many world media in recent years is precisely 3D printed guns,
the so-called “ghost guns”. The name is justified because it is literally impossible to
trace the weapon that it is easy to produce, use, and even easier to destroy. One of
the focuses of this work is to come to the conclusion by citing many examples of the
use of additive technology for this purpose, whether 3D printed weapons are a myth
or a real danger. To qualify as 3D printed, it is enough for only some components to
be printed and combined with metal parts. The process is even easier now that it is
possible to 3D print metal, but it is an expensive process, so only plastic weapons will
be considered. It is already possible to find a certain number of articles, laws, and even
examples of criminal offenses using this type of weapon on the internet. According to
one definition, 3D printed weapons are weapons primarily produced on a 3D printer.
They can be classified based on the type of printer used, whether plastic, metal, or
combined. While plastic is used as improvised weapons to avoid control, metal printed
guns are already used in the legal manufacturing industry. Although it is possible to
produce a completely plastic functional gun, such a weapon has a short lifespan, and it is
common practice to print a plastic frame and combine it with metal for the firing process
(combustion chamber) and barrel, resulting in a so-called hybrid weapon. Metal parts
can also be made at home. Another controversy related to plastic guns is the problem
of producing parts for standard weapons. Such additions maximize the potential of real
weapons and often take them out of the legal framework [54]. The first example of a 3D
printed functional gun is the so-called “Liberator,” which allowed for the firing of one
bullet, made entirely of polymer and presented in 2013. After just 2 days, US authorities
deleted the published designs for the Liberator and filed charges against the designer,
Cody Wilson [55]. Figure 2 shows all parts of Liberator.

Fig. 2. First functional 3D printed gun – “Liberator” [54].

The test results conducted with the Liberator, in which one projectile was fired from
6 pieces of the weapon, showed that the muzzle tends to break at the moment between
igniting the propellant charge in the bullet and leaving the muzzle. The velocity of
the projectile at the muzzle exit in the case of muzzle breakage is about 140 m/s, and
170 m/s in the case of no muzzle breakage. The trajectory is very complex to describe.
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The penetration of the projectile measured in ballistic soap goes up to 21 cm, and the
projectile is considered lethal. The entire analysis was conducted to gather information
for forensic examinations [56].

In the same year that the controversy surrounding the Liberator arose, the American
company Solid Concepts presented the first 3D printed metal gun, a replica of the Colt
1911 model. Over the years, the development of plastic weapons has grown exponen-
tially, and even in 2021, there was a case where guerrillas in Myanmar used 3D printed
semi-automatic weapons in armed conflicts [55]. In all European countries, the produc-
tion and possession of 3D printed weapons is strictly prohibited. In some countries, even
possessing the blueprints is illegal. Despite this, there is an increasing percentage of
such weapons found in raids and criminal activities. The seriousness of the situation is
evidenced by the recent request of the American president to adopt laws that will fully
control and supervise the entire 3D printing industry. Something like this already exists
in certain parts of China, where all companies that use additive technology must register
as a special industry, providing details about the equipment they use, security measures,
and detailed information about all employees. In Australia, a penalty of up to 14 years is
planned for the discovery and use of 3D printed weapons, while in Singapore, the death
penalty is imposed for this [55].

The main question is whether all of this is justified, or how real the danger of
plastic weapons is. The answer is still not entirely clear and it will require a lot of
academic research (within which dealing with this topic is legal) to define some clear
guidelines and parameters. Since the emergence of this type of weapon, it is considered
prone to breakage and even explosion in the hands of the user. 3D printed weapons are
considered extremely dangerous for users. A documentary that followed a competition
in the production of plastic weapons with printers in 2021 recorded that none of the
products worked without difficulty. Since it is amateur production, an important factor
is precisely the knowledge and ability of the person involved. From a technological
standpoint, improvement is constant, number of technology users is growing, and it is
clear that the efficiency of 3D printed weapons will only increase. A major concern is
partial understanding of polymers available in the form ofmaterials for FDM technology.
Uncertainties arise because, theoretically, the performance of the material cannot keep
up with the processes that occur during the firing of ammunition, but in practice, these
processes take place in thousandths of a second and the effect on the material is not
entirely clear. It is certain that production with the development of materials will be
much more serious and that legal regulations related to this topic will be more than
justified. However, one of the forensic analysis papers [54] shows rapid progress when it
comes to reducing original metal parts in hybrid weapons, which proves that designs and
materials are becoming more advanced. Figure 3 shows variants of 3D printed weapons
based on AR15 in 2015 (left image) and 2019 (right image).

The first version consisted of only a few 3D printed components that replaced the
original ones (modular approach), while the latest version only has the original firing
mechanism and gun handle. In this year, several models can already be found that have
been declared by users as completely successful and durable. One such model is the
“Lifecard 0.22 lr,” a 3D printed version of the world’s thinnest folding pistol produced
by Trailblazers Firearms. Its components and ammunition are shown in Fig. 4.
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Fig. 3. Difference in 3D printed AR15 in 4 years [54].

Fig. 4. 3D printed “lifecard” gun.

The difficulty in controlling the sharing of designs and the production of different
models is demonstrated by the example in Fig. 5a, which shows all 35 parts of the most
common gun worldwide, the Glock 17. With minor hybrid combination (replacement of
certain elements with metal), a fully functional prototype of 9 mm caliber is obtained.
Through experimental methods, it is possible to test the ability of this prototype made
from different materials, in hybrid and fully plastic variants, to fire real ammunition,
with varying masses of propellant. The ease of illegally manipulating ammunition is
demonstrated by the example that a completely legal kinetic hammer can be used to
disassemble a bullet without damage, remove a certain part of the filling, and then
reassemble the bullet and use it for 3D printed guns. This process will reduce the pressure
and temperature in the combustion chamber, bringing us one step closer to a completely
perfect prototype. Figure 5b shows the appearance of a disassembled bullet that can have
a part of the filling removed and then reassembled into a single unit.

In the context of this topic, the possibility of using plastic projectiles, or “ghost”
ammunition, will also be considered in the future. Varying the mass of the filling allows
for such production, and one example is the production of projectiles (bullets) for 5.56
× 45 mm ammunition. Plastic cases are already being manufactured and represent a
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Fig. 5. a) 3D printed Glock 17, b) disassembled 9 mm bullet.

popular trend in military industry (TrueVelocity). The appearance of the projectile and
the complete bullet is shown in Fig. 6.

Fig. 6. 3D printed projectile for 5.56 × 45 mm bullet.

In addition to the inability to track, the greatest danger of printed weapons lies in
the fact that they can be completely melted using certain, also easily available, acids and
substances. The power of ordinary PLA plastic was accidentally demonstrated during
an experiment at the Faculty of Mechanical Engineering at the University of Sarajevo,
where 3Dprinted sabotswere used to stabilizemetal projectiles. In the experiment using a
wooden board, 25mm thick (the American standard for testing the effectiveness of small
caliber ammunition), the sabots penetrated several millimeters [57]. The unexpected
outcome can be seen best in Fig. 7, which shows the appearance of the sabot.

This result led to the development of 3D printed polymer penetrators that could be
used as fully effective ammunition. In theirwork testing polymer projectiles, authors used
5 different UMmaterials (PLA, Tough PLA, Nylon, PETG, and PC). A compressed air-
poweredgunwasused tofire the projectiles,with a pressure of 50bar for each experiment.
The velocity of the projectiles was measured using a Doppler effect chronograph. The
design concept for statically stabilized plastic projectiles is shown in Fig. 8a. A wooden
board with a thickness of 2.54 cmwas used as the target. The paper describes in detail the
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Fig. 7. 3D printed PLA sabots.

process of designing and 3D printing the projectiles, as well as the entire experimental
process with accompanying calculations. The experimental setup is shown in Fig. 8b.

Fig. 8. a) 3D printed projectile, b) experiment setup [57].

After experimental measurements, it was found that Tough PLA polymer achieves
complete penetration of the wooden board with each firing, which could ultimatelymean
that it is a potentially lethal projectile [57]. Further work on improving the design of the
projectiles, as well as the systems for firing them, could result in the most dangerous
combination of today - “ghost” weapons and “ghost” ammunition. Research of this type
is important in order to show the skeptical public the real danger of this specific topic,
and to develop the defense sector against plastic weapons and ammunition in step with
their development. The penetration of the projectile into the wooden board is shown in
Fig. 9.

In one of the experiments using a compressed air gun, a barrel made entirely of PLA
plastic was used, on which even a thread was cut without compromising the structure
of the material. The barrel proved to be fully functional, and after multiple firings, there
was no compromise to its structural integrity [57].
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Fig. 9. Penetration of 3D printed polymer projectile into the wooden board [57].

4 3D Printed Bombs, Drones and Spare Parts

In step with the development of Airsoft competitions and weapons, it has been found
that it is possible to make a bomb that contains preformed fragments, in this case airsoft
metal balls. Further testing has shown that traditional hand grenades are a design that has
been present for decades and that throughout that period the grenade has a very unfavor-
able ratio of body mass to explosive filling. That ratio, and therefore the effectiveness of
the hand grenade, could be greatly improved by 3D printing it. So, the idea is to make
the bodies of hand grenades from different polymers, ideally PETG. PETG is a material
for FDM 3D printers that is characterized by good strength, hardness, and toughness
parameters, with excellent resistance to atmospheric influences, unlike its competitor
PLA. PETG also has a higher melting point than PLA and casting TNT into a PETG
shell would proceed without problems. The use of 3D printed elements for explosive
devices with preformed fragments has been successfully demonstrated and explained
experimentally in some ongoing military projects. However, in the case of mass pro-
duction, due to the high cost and time required to make one piece, 3D printing would
only be used to make a prototype of the grenade body. On the other hand, when it comes
to directed explosions, control of explosion power, etc., 3D printing is undoubtedly the
number one method by which such personalization can be carried out, and follow the
trend of “on-demand” production. There is currently no specific work on this topic in
online databases, and it is possible to lay a solid foundation for this topic. One of the
conceptual solutions is shown in Fig. 10a, which is a cross-section of a PLA material
grenade body. The intended slots would be filled with tungsten or steel balls that have
small dimensions, high density, and strength, making them an ideal choice for preformed
fragments.

In addition to introducing new designs, where testing would determine whether the
optimal design is a cylinder with a hollow or solid bottom, a sphere, or something else, it
is also possible to 3D print a standard design of a hand grenade, as seen in the Fig. 10b.

3D printing is an indispensable process in the industrial production of drones today.
The reason is that all modern military drones must be lightweight and to some extent
resistant to external influences. The Turkish drone Bayraktar TB2 consists of many com-
ponents that are 3Dprinted. In addition, the Pentagon is developing secret reconnaissance
drones that are completely 3D printed, made for each different purpose (customized) and
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Fig. 10. a) Cylindrical 3D printed grenade shell, b) 3D printed standard hand grenade.

even capable of carrying certain amounts of explosives - suicide drones [58]. In addition
to complete products, many parts are made on conventional 3D printers in armies around
the world. Some of them are: parts for submarines, parts for tanks and armored vehicles,
parts of the US strategic bomber B-52, sending parts as electronic files and then their
production for the purpose of keeping secrets (AirForce bombers), Biomedical aids,
unique tools, turbines, etc. [58].

5 3D Printed Explosive Materials

In the last 2 years, the idea of 3D printing of energy materials, i.e. secondary high
explosives and fuel, has come to life to a certain extent. It is possible to find works on
this topic on the Internet, and due to the specificity and sensitivity of the topic, many
people are unable to use the example without security checks. One of the specific ones
is work dealing with 3D printing of explosives based on RDX. Research has shown that
it is possible to make one such filament that will have improved thermal stability and
suppress the formation of hot spots within the gradient explosive (gradient explosive is
an explosive whose structure has been changed). The critical dimension of detonation
indicates that the critical size of the explosive charge. For the last 2 years, the idea of 3D
printing of energy materials, i.e. secondary high explosives and fuel, has come to life
to a certain extent. It is possible to find works on this topic on the Internet, and due to
the specificity and sensitivity of the topic, many people are unable to use the example
without security checks. One of the “hidden” ones is work dealing with 3D printing
of explosives based on RDX. Research has shown that it is possible to make one such
filament that will have improved thermal stability and suppress the formation of hot
spots within the gradient explosive (gradient explosive is an explosive whose structure
has been changed). The critical dimension of detonation indicates that the critical size
of the explosive with the structure gradient is significantly increased. This represents a
major shift and a huge advantage of the explosives 3D printing method when it comes
to the production of large caliber ammunition with structural and functional improved
properties [59].
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The next topic that researchers are exploring is 3D printing of propellants for conven-
tional weapons. Most modern weapons use propellants with the same ingredients that
were introduced in the late 19th and early 20th centuries. The ballistic performance of
all propellants essentially depends on the geometry of the propellant charge [60]. Large
calibers usually use perforated charges or tube-shaped charges obtained by extruding
wet charges that are further processed. The development of more powerful weapons in
modern times requires a more complex geometry and a complex structure that is almost
impossible to obtain with conventional methods of charge production. Therefore, there
is a need for 3D printing of propellant charges to eliminate restrictions and expand the
design possibilities of propellant charges that would directly affect ballistic performance.
Similarly, 3D printing could also focus on printing explosives and pyrotechnic mixtures.
In addition to enabling ballistic improvements, the introduction of 3D printing will also
cause positive economic changes. Large and expensive facilities can be broken down
into smaller ones, increasing facility safety, reducing storage costs, and developing a
new trend popular in today’s world known as “print on demand” or printing on demand,
which is increasingly used in the military industry and reduces pressure on logistics,
increases flexibility, and eliminates restrictions in daily activities. In the described work,
the authors compared the internal ballistic parameters of conventional explosive charges
with 7 perforations of different geometries to 3Dprinted solutions. The design and geom-
etry of the 3D printed charge were obtained by parametric modeling in the C program,
where the ideal shape was obtained based on the required parameters and the design
of the barrel and combustion chamber. The analysis of the results showed that the 3D
printed charge gave a muzzle velocity over 10% higher than conventional charges, with
reduced pressure. The reason is that the complete burning surface is optimally utilized.
The authors cite the experiment as successful and the only problem they mention is the
development of high-quality materials for this method, with a potential solution being
the use of SLA 3D printers [61].

In addition to the aforementioned topics, intensive work is also being done on the
development of 3D printed granules for rocket fuels. Since this is a very important group
of fuels, research has been conducted with the aim of eliminating the boundaries in terms
of the geometry of conventional granules. Researchers have used an improvised FDM
3D printer to create granules with oxidizers by layering material layer by layer [62]. The
process of making rocket fuel with a 3D printer is shown in Fig. 11.

Fig. 11. 3D printing rocket fuel [62].
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Improving this method would bring great advantages when it comes to the com-
plexity of the geometry of the propellant and the size of the granules, while retaining
the mechanical properties of conventional granules. 3D printing could eliminate pore
incompleteness at the microscopic level. It could directly improve the properties of the
granules by printing certain complex structures and mixing them with different compo-
nents (dual extrude). It is expected that this method will make a huge leap in the quality
of rocket propellants, combustion, and pressure control, which will have an impact on
potential missions and the like [62].

The biggest breakthrough when it comes to 3D printing of energetic materials will
be caused by the examination of the nanostructure of the materials. The basic idea is to
introduce nano-particles of strong secondary explosives into materials for conventional
3D printing (for FDM, SLA, or SLS methods). Some progress has been made, but work
is still being done to define the properties of such materials to ensure the safety of the
method [63].

6 3D Printed Safety Equipment and Structures

New research in the fields of nanomaterials and the development of ultra-strong polymers
has unlocked a totally new spherewhen it comes to “plastic” armor. One of the researches
currently being done in collaboration between MIT, Caltech, ETH Zurich and the US
Army Research Laboratory claims to have used 3D printing technology to form a nano-
level material that is said to have less penetration than Kevlar or steel. The material is
thinner than a human hair and made of tiny carbon particles grouped into interconnected
tetrakaidekahedra (structures with 14 surfaces) formed by two-photon lithography. This
material should be able to replace Kevlar in a wide range of applications [64]. Structure
is shown in Fig. 12.

Fig. 12. 3D printed structure for armor [64].

The second method also combines carbon fibers, but in a different structure. The
importance of structure is demonstrated by the fact that a bullet traveling at a speed
of 5800 km/h penetrated a solid material cube, while a cube made of tubular struc-
ture stopped the same projectile on the second layer. Tubular structures are made of
interwoven carbon nano-fibers and are still largely unexplored and until recently only
theoretical. However, 3D printing has enabled the production of cubes like those shown
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in Fig. 13 and these truly incredible results. The lattice of holes causes a strengthening
effect on the structure and for this reason, in all 10 tests, this type of cube was more
efficient than a solid one [65].

Fig. 13. 3D printed tubular structure.

For some time now, the US military has been using large FDM 3D printers to build
barracks and temporary storage facilities. The nozzles print concrete and provide com-
plete structures in just 36 h. The structures are so large that multiple rocket launchers
can be housed in them. Such structures are much cheaper and simpler to produce than
conventional temporary military buildings [66].

7 3D CAD/CAM Compatibility with Numerical Simulations

The use of additive technology, specifically 3D printing, is another method that saves
time and resources in the development and improvement of new and old weapons and
ammunition in the modern world, along with numerical simulations. In combination
with powerful computer modeling tools and 3D printers, engineers can obtain a finished
physical model faster than ever before. With this CAM method, designers can obtain
a realistically looking model and visually capture all potential shortcomings. With the
adoption of 3D printing technology in the military industry, it is realistic to expect an
expansion of projectiles or projectile elements made of polymer bodies. Such a trend
could direct the explosive energy required to break the projectile shell primarily into the
target effect, and can be specifically demonstrated in the case of forming a cumulative jet
in the HEAT projectile for the M80 “Zolja” handheld rocket launcher. The appearance
of the 3D printed body of the warhead is shown in Fig. 14.

The compatibility of using such a projectile body in real conditions or just during
static testing (exceptional economic efficiency compared to aluminum projectile body)
has been confirmedbynumerical simulations in theAnsysAutodynprogram.The numer-
ical simulation showed the process of forming a jet in cases where the warhead body
is made of aluminum alloy Al6061-T6 and in the case of polyethylene (3D printable
polymer). In both cases, the explosive filling is LX-14-0 and the cumulative funnel is
made of copper. The maximum velocity of the formed jet for the warhead using the alu-
minum alloy body is 6939 m/s, while the polyethylene warhead forms a jet of maximum
velocity 6381 m/s (deviation of about 1.5%). This result supports the hypothesis that
tests using metal bodies for warheads, shells, etc. could be conducted with 3D printed
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Fig. 14. 3D printed warhead body for HEAT 64 mm projectile.

polymer options. Such an approach would greatly reduce the cost and speed up testing,
creating space for more detailed experiments.

8 Conclusion

Through the presented and described examples of direct use of additive technology in the
military industry, it is possible to recognize its good and bad sides. As a positive aspect
of its application, the defense sector and its improvement, accompanied by ecological
and economic savings in production, should certainly be emphasized.

The development of 3D printed weapons, ammunition, and military equipment is
inevitable in the coming period, and as such, it is necessary to constantly monitor and
point out the increasingly serious danger of such products.

Based on the described examples of use, the fact is that it is no longer a myth and
non-functional prototypes, but a serious and fully functional danger about which many
regional security services are not sufficiently informed. Monitoring and bringing such
production under control is a logical step in the future to preserve the safety of people
and property, especially in public spaces. The fact is that conventional metal detectors
and security systems are not fully up to this challenge of the 21st century and that the
growth of the use of additive technology in the military industry will inevitably cause
innovations in the defense sector. In any case, it is necessary to extract the maximum
from this topic and use it in the best possible way for the development of new defense
systems.
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Abstract. This paper represents a comprehensive review of the effect of elastane
and common wet processes (bleaching, dyeing, and softening) on the properties
of 100% cotton and half or full plated cotton/elastane single jersey knitted fabrics.
The fabrics were characterized in terms of their structural (fabric weight, thick-
ness, and stitch density), comfort (air permeability and water vapor resistance),
mechanical (stiffness, bursting elongation, and bursting strength), and antistatic
(volume electrical resistivity) properties. Fabrics’ antistatic properties were fur-
ther improved by in situ synthesis of Cu-based nanoparticles (CuNPs) on their
surfaces. Such fabrics can be also considered as bioactive since they possessed
excellent antioxidant (determined using the ABTS method) and antimicrobial
(against E. Coli, S. aureus, and C. albicans) activities. The last section of this
chapter is focused on proposing a novel circular economy solution for the dis-
posal of softened cotton and cotton/elastane knitted fabric waste collected from
the textile industry (i.e., after clothing cutting). For that purpose, selected fabrics
were revalorized as adsorbents for the widely used textile dye Congo Red and
the maximum dye adsorption was tested using isotherm models. Thereafter, the
fabrics with adsorbed Congo Red dye were evaluated as antistatic and dissipative
fabrics, i.e., as alternative non-metal-based conductive textiles.

Keywords: Knitted bioactive fabrics · Softener · Properties

1 Introduction

Knitted fabric quality represents a kind of puzzle comprised of many pieces such as
comfort, mechanical, antistatic, antioxidant, and antimicrobial properties. These fabric
properties can be tailored by choosing different types of fibers, knitting patterns, wet
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processes as well as various functional finishings in such a way that they can fit a
particular application [1]. Single jersey knitted fabrics made of cotton or its blends with
synthetic fibers are widely used for the production of underwear which quality is under
constant consumer scrutiny.

Cotton, the most abundant natural cellulosic fiber, can satisfy some of the con-
sumers’ demands like good comfort and hygienic properties, softness, breathability, and
high moisture absorbency. However, underwear should also fit the body and should
have satisfactory mechanical properties, good elasticity, dimensional stability, and the
ability to recover. Moreover, low electrical resistivity is not essential but is one of the
desired fabric properties that strongly affect its ability to produce static electricity [2].
To achieve all the above-mentioned, underwear is usually made from cotton or cot-
ton/elastane blends. Elastane (known as Lycra, Spandex, or Dorlastan) is a man-made
fiber that has an extension-at-break higher than 200%and rapid recovery after the tension
is released [3]. It can be introduced in two ways: by using it as a core in the core-spun
yarns with cotton fibers or as additional yarn during circular knitting.

It should be emphasized that the introduction of elastane is not the only way for
improving the overall fabric quality. Namely, before sewing, fabrics undergo a series of
differentwet processes like scouring (removal of non-cellulosic components andyielding
the fabric absorbency), bleaching (improving whiteness), dyeing (to render color to
fabrics), and softening (improving fabric softness, fullness, handle, elastic resilience,
sewability, and reducing the coefficient of friction between fibers, yarns, and between
fabrics and other surfaces) that can alter the fabrics’ properties [4]. The neglected area
in the knitting industry is the possibility of obtaining comfortable bioactive underwear
characterized by antioxidant and antimicrobial activities.

This review provides a comprehensive understanding of the effect of elastane incor-
poration (0, 1.5, or 3%), bleaching or dyeing, and cationic softening as well as their
synergistic effects on the comfort and mechanical properties, volume electrical resis-
tivity, and antimicrobial and antioxidant activities of cotton and cotton/elastane knitted
fabrics. In order to decrease the fabrics’ volume electrical resistivities and at the same
time to obtain bioactive fabrics, copper-based nanoparticles (CuNPs) were in situ syn-
thesized on their surfaces. Among different metal NPs, the synthesis of CuNPs is of
great interest for fabric functionalization since the process is low cost (the copper pre-
cursor salts are much cheaper than those of silver) and nontoxic, while the CuNPs show
catalytic, antimicrobial (cause the disassembly of the bacterial membrane [5]), an anti-
cancer, and antioxidant activity, or cytotoxicity. Enormously large quantities of already
finished textile materials remain as waste after clothing cutting, causing many environ-
mental problems, such as landflls occupation, contamination, and global warming [6].
Here, we proposed a simple way for revalorization of softened cotton and cotton/elastane
knitted fabric waste collected from the textile industry as adsorbents for the textile dye
Congo Red. On the other hand, disposing of such waste with adsorbed Congo Red dye
can cause secondary pollution, which represents one of themost important challenges for
all researchers focused on adsorption as amethod for wastewater purification. Therefore,
the last part of this review is focused on developing a new circular economy solution for
the disposal of knitted fabric waste with adsorbed Congo Red and converting them into
dissipative materials that could be used for providing antistatic protection.
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2 Experimental

The cotton ring-spun yarn of 20 tex and elastane yarn of 22 dtex were used for the
production of 100% cotton, half or full platted cotton/elastane (containing 1.5% or 3.0%
elastane, respectively) single jersey knitted fabrics. After knitting, 100% cotton raw
tubular knitted fabric was kept on a flat surface under standard atmospheric conditions
and dry relaxed, while elastane-containing fabrics were open heat set at 193 °C with
minimal traverse tension. Then, fabrics were bleached with H2O2 and optical brightened
or dyed with reactive dyes in the dark blue shade. Half of the bleached and dyed knitted
fabricswere subjected to softeningwith cationic softener, while the other halveswere not
softened. Bleached 100% cotton and full plated cotton/elastane fabrics were softened
with silicone softener and they were used only for adsorption experiments, Sect. 8.
All fabrics (Table 1) were prepared in industrial conditions (Zona-Triko from Vinica,
Republic of North Macedonia) according to the standard recipes used for finishing the
commercial knitted fabrics, detail information can be found in Ivanovska et al. [4].

Table 1. Knitted fabric codes.

Fabric code Explanation

CoR 100% cotton raw fabric

CoB 100% cotton bleached fabric

CoD 100% cotton dyed fabric

CoBC 100% cotton bleached fabric softened with cationic softener

CoDC 100% cotton dyed fabric softened with cationic softener

Co2ELR Cotton/elastane half plated raw fabric

Co2ELB Cotton/elastane half plated bleached fabric

Co2ELD Cotton/elastane half plated dyed fabric

Co2ELBC Cotton/elastane half plated bleached fabric softened with cationic softener

Co2ELDC Cotton/elastane half plated dyed fabric softened with cationic softener

CoELR Cotton/elastane full plated raw fabric

CoELB Cotton/elastane full plated bleached fabric

CoELD Cotton/elastane full plated dyed fabric

CoELBC Cotton/elastane full plated bleached fabric softened with cationic softener

CoELDC Cotton/elastane full plated dyed fabric softened with cationic softener

The fabric thickness, weight, and stitch density were determined according to the
standards ASTMD 1777-96 (2011) (SiroFAST apparatus under the pressure of 10 kPa),
ISO 3801:1977, and BS 5441:1988, respectively.

The fabrics’ air permeability was tested on the Air Permeability Tester (M021A)
at a constant pressure of 100 kPa (20 cm2 test area) according to the standard EN ISO
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9237:1995. The water vapor resistance was assessed based on the hot plate method
(sweating guarded hotplate test) reported in the literature Reljic et al. [7].

The cationic softener pick-up was evaluated using the method outlined by Ivanovska
et al. [4].

The fabric stiffness was measured on a Digital Pneumatic Stiffness Tester M003F
(SDLATLAS, USA) according to ASTMD 4032-94 standard. The bursting strength and
bursting elongation were determined on the H5KT dynamometer (Tinius Olsen, USA)
following ASTM D 6797-02 standard.

The measurement of fabric volume electrical resistivity (in course direction) was
performed using the voltage method that has been presented by Kramar et al. [8]. The
content of copper in the fabricswith in situ synthesizedCuNPswas determined following
the procedure given in the above-mentioned literature.

The fabrics’ antimicrobial activity was determined against Gram-negative bacteria
E. coli ATCC 25922 and Gram-positive bacteria S. aureus ATCC 25923, and yeast
C. albicans ATCC 2443 according to ASTM E 2149-01 (2001) standard, while their
antioxidant activities were determined following the procedure described by Shabbir
et al. [9].

To obtain fabrics with in situ synthesized CuNPs, they were first immersed in a
2% sodium alginate aqueous solution for 1 h at room temperature. After squeezing and
drying at 100 °C for 10 min, the in situ synthesis of CuNPs was performed in two steps:
(1) each fabric was immersed in 10mMof CuSO4 solution for 2 h, 1:100 fabric-to-liquid
ratio, rinsed with distilled water and immediately dipped into the 0.2 M of ascorbic acid
solution (pH 6.50) and the reduction process took place in the following 2 h at 80 °C.
The fabrics were thoroughly rinsed with deionized water and dried at room temperature;
they contain NPs in their codes [2].

FESEM microscopy (Tescan MIRA 3 XMU) was used to prove the existence of
CuNPs on the knitted fabrics’ surfaces.

The dye adsorption study was performed by immersing 0.5 g of each fabric waste
in 100 ml of freshly prepared Congo Red (in further text: CR) solution (having an
initial dye concentration of 25, 50, 75, or 100 mg/l) containing 15 g/l NaCl. Adsorption
experiments were conducted under the previously optimized dyebath pH of 10.00 (for
bleached full plated cotton/elastane fabrics softened with cationic (CoELC) or silicone
(CoELS) softener) or 11.00 (for 100% cotton bleached fabrics softened with cationic
(CoC) or silicone (CoS) softener) at room temperature with constant shaking for 4 h.
The dye concentration in the aqueous solution was determined based on the UV-Vis
spectrophotometer (Shimadzu 1700) absorbance spectra at λmax = 486 nm. The mass
of dye adsorbed per gram fabric waste (q, mg/g) was calculated according to Eq. (1):

q = C0 − Ct

m
· V (1)

where: C0 and Ct (mg/l) are the dye concentrations in the aqueous solution before and
after a defined period of adsorption, respectively, V (l) is solution volume, and m (g) is
the mass of dry fabric.

In other to find the maximum adsorbent capacity for CR, the equilibrium data gen-
erated from isotherm experiments (initial CR concentration of 25, 50, 75, and 100 mg/l)
was modeled according to the Langmuir and Freundlich isotherm models [10].
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All of the above-mentioned experiments were done in triplicate, wherein the
coefficients of variation were below 2.75%.

3 Structural Characteristics of Knitted Fabrics

Knitted fabrics’ structural characteristics depend on various factors like the yarns’ chem-
ical composition, fineness, and type, the knitting machine characteristics, the loops’
arrangement, the applied wet protocols, etc. [4]. Within this investigation, the following
variables were introduced: the elastane content and different wet processes (bleaching,
dyeing, and softening). Before discussing their effect on fabric weight, stitch density,
and thickness, some general comments should be given.

Cotton fiber is recognized for its ability to swell by about 40% by volume in water,
while its length increased by about 1–2%. Within the spun yarns (as used in the current
study), fibers are arranged in a spiral configuration, whereby the radial fiber swelling
with no significant increase in fiber length leads to a reduction in spiral length and,
hence, yarn shrinkage. As a consequence, wet-processed 100% cotton knitted fabrics
(CoB and CoD) have higher stitch densities and weights compared to 100% cotton
raw fabric (CoR), Table 2. On the other hand, CoB and CoD possessed lower thick-
nesses than CoR. This is more pronounced for CoB since the bleaching was carried out
under more severe conditions (under high alkali conditions at boiling temperature) than
dyeing (under milder alkali conditions and at 60 °C). Moreover, during the scouring
and bleaching, the yarn diameter decreased (due to the removal of non-cellulosic com-
ponents) and flattened to an elliptical cross-section by calendaring, which altogether
resulted in increased adhesion between the loops [4].

Table 2. Knitted fabric structural characteristics [4].

Sample code Fabric weight (gm−2) Fabric thickness (mm) Fabric stitch density (cm−1)

CoR 135.15 0.487 236.18

CoB 137.12 0.415 255.33

CoD 144.96 0.457 266.46

Co2ELR 159.67 0.542 256.72

Co2ELB 149.88 0.462 253.21

Co2ELD 156.36 0.481 252.07

CoELR 204.55 0.685 314.4

CoELB 158.9 0.478 262.22

CoELD 175.54 0.530 286.65

After both bleaching and dyeing protocols, the elastane-containing fabrics possessed
lower structural parameters’ values compared to their raw counterparts, which is more
noticeable for the full than for the half-platted fabrics, Table 2. Such decline in CoELB
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and CoELD fabrics’ structural characteristics can be explained by the fact that during
their heat setting under tension, the loops’ shape and orientation probably changed
without the change in their length, i.e. the loops become rounder resulting in weight
loss, decreased thickness, and lower stitch density [4]. Besides elastane content, wet
processes also influence the structural characteristics of cotton/elastane fabrics, Table 1.
CoELB has 22.3%, 16.6%, and 30.2%, while CoELD has 14.1%, 8.8%, and 22.6% has
lower fabric weight, fabric thickness, and stitch density than CoELR, respectively. These
results are in accordance with the earlier mentioned severity of performedwet processes.

As expected, softening with cationic softener did not give any significant changes in
the knitted fabrics’ structural characteristics.

4 Knitted Fabrics’ Comfort Properties

According to Saville [11], comfort is a complex matter, with physical, physiological,
and psychological factors interrelated in an unpredictable combination that constantly
undergoes variation. In this study, air permeability (i.e., the volumeof air (in liters) passed
during 1 s through 1 m2 fabric at the defined pressure [12]) and water vapor resistance
(the material’s reluctance to let water vapor pass through it [13]) were considered as
very important fabric comfort properties, Table 3.

Table 3. Knitted fabric air permeability and water vapor resistance vs. cationic softener pick-up
[4].

Sample code Air permeability
(lm−2s−1)

Water vapor resistance,
(m2PaW−1)

Cationic softener pick-up
(%)

CoR 1319.0 1.35 /

CoB 615.7 1.07 /

CoD 529.0 1.15 /

Co2ELR 601.4 1.48 /

Co2ELB 415.4 0.95 /

Co2ELD 382.1 1.00 /

CoELR 374.3 1.85 /

CoELB 371.6 1.01 /

CoELD 259.9 1.07 /

CoBC 624.6 1.07 0.645

Co2ELBC 406.4 1.01 0.706

CoELBC 298.1 1.05 0.872

CoDC 569.8 1.15 0.706

Co2ELDC 375.0 1.11 0.720

CoELDC 251.3 1.15 1.282
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Bleaching and dyeing induced a decline in the fabrics’ air permeability, whereby the
highest reduction was observed in the case of 100% cotton fabrics CoB and CoD. Before
wet processes, CoR was subjected to dry relaxation leading to increased stitch densities
of CoB and CoD (Fig. 1), i.e. decreased spaces between the loops, which is the main
reason for their lower air permeability compared to CoR [14], Table 3. All bleached
fabrics showed slightly higher air permeability compared to the dyed ones which can
be described by their lower structural characteristics’ values (Table 2) and the discussed
higher adhesion between fibers resulting in lower spaces between yarns. Moreover, with
increasing the elastane content from 1 to 3%, fabrics’ air permeability decreases, while
the combination of higher elastane content and bleaching did not change the CoELB
air permeability compared to its raw counterpart CoELR (Table 3) [4]. The calculated
inverse relationships (ranging between−0.967 and−0.997) between air permeability of
bleached and dyed fabrics and their appropriate thicknesses and weights pointed out that
with increasing the fabric thickness and weight of wet-processed fabrics, they become
less permeable to air [4].

The air spaces between fibers and yarns and fibers themselves are not important
only for fabrics’ air permeability, they are also essential for the transfer of moisture
through the fabrics. An inverse relation between the air permeability and water vapor
resistance is observed for differently finished knitted fabrics (Table 3), which is not
the case for the raw one. CoR, Co2ELR, and CoELR are characterized by higher water
vapor resistance thanwet-processed fabrics since the present hydrophobic non-cellulosic
components disturb the moisture diffusion and its transfer through the raw fabrics. The
highest differences (45.4 and 42.2%) between the water vapor resistance of raw and wet-
processed fabrics were observed for full plated fabrics (CoELR vs. CoELB andCoELD).
Such behavior is attributed to plating (i.e. the fact that the cotton yarn is placed under
the elastane yarn which hard crystalline segments limited the water vapor adsorption)
and significantly decreased fabrics’ CoELB and CoELD structural properties (Table 2)
causing the reduction of their water vapor resistance [4]. By observing in parallel the
results for the water vapor resistance of dyed and bleached fabrics, it can be concluded
that bleached ones have lower water vapor resistance which is in line with the results
published by Cubric et al. [14]. During the scouring and bleaching, the used alkali
and hydrogen peroxide leads to the complete removal of hydrophobic non-cellulosic
components resulting in more hydrophilic fibers that allow the passage of a higher
amount of water vapor through the fabrics. Knitted fabrics characterized by lower water
vapor resistance allow cooling of the human body due to sweating and is also essential
to avoid or lessen water buildup in garments leading to uncomfortable feelings [15].

Besides bleaching and dyeing, softening represents the most common textile wet fin-
ishing stage since it reduces the coefficient of friction between fibers, yarns, and between
fabrics and other surfaces, and therefore, improves fabric softness, fullness, handle, elas-
tic resilience, sewability, etc. [16]. In this section, another variable, i.e., softening with
cationic softener was introduced and its influence on fabrics’ comfort properties was
given in Table 3. Softening contributed to obtaining bleached and dyed 100% knitted
fabrics (CoBC and CoDC) with slightly enhanced air permeability compared to CoR
which is owed to the cationic softener pick-up mechanism. Theoretically, when cotton
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and cotton/elastane fabrics were immersed in cationic softener macroemulsion, the soft-
ener is deposited on the yarns’ surfaces in such a way that its positively charged ends
are oriented toward the negatively charged cotton surface while creating a new surface
of hydrophobic carbon chains that provide excellent softening and lubricity [17]. On
the other hand, charged ends will repel each other resulting in high fabric voluminosity,
i.e. yarn hairiness, and hence, the fibers sticking out away from yarns can represent a
kind of barrier for air [4] as was the case for half and full plated knitted fabrics, Table 3.
Another important fact that can be seen from this table is an increase in cationic softener
pick-up with increasing elastane content. For example, compared to CoBC and CoDC,
the cationic softener pick-up by CoELBC and CoELDC increases by 35.2%, and 81.6%,
resulting in 2.1 times and 2.3 times lower air permeabilities, respectively. Furthermore,
softeneddyed fabrics have lower air permeability than softenedbleached fabrics,which is
probably due to the interaction between reactive dyestuff and cationic softener, resulting
in higher cationic softener pick-up, and consequently lower air permeability [4].

The important role of the cationic softener pick-up was also evident when fabrics’
water vapor resistance was considered, Table 3. The existence of long hydrophobic car-
bon chains on the knitted fabrics’ surfaces (due to the cationic softening) decreased their
wettability, i.e. increased their water vapor resistance [18]. Higher cationic softener pick-
up by dyed fabrics induced their higher water vapor resistance (up to 9.9%) compared to
the bleached one. Based on the Hohenstein Institute (Germany) ranking system of water
vapor resistance, all examined fabrics are extremely breathable and comfortable at a
higher level of activity since their water vapor resistance values are below 1.3 m2PaW−1

[7]. The findings of this section revealed that softened elastane-containing fabrics can
allow a lower amount of air and water vapor to pass through the other side of the fabric
than the non-softened one.

5 Mechanical Properties of Selected Knitted Fabrics

Knitted fabrics’ mechanical properties were evaluated through the determination of their
stiffness, bursting strength, and bursting elongation. From the results given in Fig. 1, it is
evident that the incorporation of elastane yarn in the cotton knitted fabrics and softening
with cationic softener contributed to some changes in the fabrics’ mechanical properties.

Belonging to a group of highly elastic fibers, elastane is comprised of soft segments
that provide stretching and hard segments that hold the chains together [4]. Cotton fibers
have much lower breaking elongation (5.6–7.1% vs. 400–700%) and higher tenacity
(27–44 cN/tex vs. 5.4–7.2 cN/tex) compared to elastane fibers, so, it was reasonable
to expect that the introduction of elastane at the same time will improve the fabrics’
bursting elongation (from 36.82 to 42.82 mm for CoB and Co2ELB) and decline their
bursting strength (from 402.8 down to 359.6 N for CoB and Co2ELB). The last one
can be also ascribed to the performed heat setting of Co2ELR, which is not the case
for CoR that after knitting was dry relaxed under standard atmospheric conditions [4].
Besides the fact that the elastane soft segments affect the fabric bursting elongation, its
hard segments increased fabric compactness (Fig. 1) and have a dominant influence on
fabric stiffness which increased by about 8% after elastane incorporation [4].

Fabric bursting elongation and stiffness are not associated only with the product’s
durability but also with its sensorial comfort [19]. Cationic softener acts as a lubricant
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Fig. 1. Mechanical properties of knitted fabrics [2].

and reduces the coefficient of friction between yarns within the fabric and facilitates their
slipping resulting in 18 and 6% lower stiffness of CoBC and Co2ELBC compared to
their non-softened counterparts. Moreover, softened fabrics possessed a slight increase
in bursting elongation which contributed to improved fabric bursting strength, Fig. 1.

6 Volume Electrical Resistivity of Knitted Fabrics

Since the studied fabrics intended for underwear could be used in different humidities that
indirectly affect their comfort properties, another step in the fabrics’ characterizationwas
the estimation of their tendency to produce static electricity at 65, 60, and 55% relative
air humidity (in further text: RH). For that purpose, the volume electrical resistivity (in
further text: resistivity) of selected fabrics was measured by decreasing the humidity in
the chamber, Table 4. By decreasing the RH from 65 to 55%, the fabrics’ resistivities
increased by about 1.8–2.1 times which can be explained by the fact that RH induced
partly ionization of water molecules located around the fabrics, and neutralized the
electric charges on the fabric surface [20].

The elastane incorporation into non-softened cotton fabric induced a decrease in the
resistivity by 23–27% (CoB vs. Co2ELB) which is due to the increased fabric compact-
ness (i.e., increased weight and thickness, Table 2) enabling better contact between the
loops, and hence, the easier flow of charge through them. The situation is different in
the case of softened fabrics; they have a more compact structure than the non-softened
ones (Table 2) and possessed about 23–93% higher resistivities (Table 4) indicating that
another factor affects such behavior. The previously described mechanism of cationic
softener pick-up could be found as a possible explanation for such unexpected high
resistivity values of softened fabrics. Precisely, hydrophobic carbon chains which con-
tribute to high yarns’ volume could disturb the electric flow through the fabric resulting
in higher resistivity of softened fabrics [2].
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Table 4. The influence of relative humidity (RH), elastane incorporation, and softening on the
resistivity of knitted fabrics [2].

Fabric codes Volume electrical resistivity at different RH, G�cm

65% 60% 55%

CoB 1.85 2.54 3.67

Co2ELB 1.35 1.87 2.84

CoBC 2.28 3.31 4.61

Co2ELBC 2.52 3.61 4.56

7 Obtaining Bioactive Knitted Fabrics

In the previous section, it was shown that the resistivities of studied fabrics at RH of
55% ranged between 2.84 and 4.61 G�cm. Having in mind the increased demand for
comfortable and multifunctional underwear as well as the metals’ high conductivity, we
decided to further decrease the fabrics’ resistivity, and hence, to improve their overall
quality by in situ synthesis of CuNPs on their surfaces according to themethod described
in the experimental part of this paper. The results presented in Fig. 2 pointed out that
knitted fabrics with in situ synthesized CuNPs have about 3.4–9.6 times lower resistivi-
ties, i.e., lower ability to produce static electricity than fabrics without NPs, which is in
line with the Cu content determined after the reduction [2].
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Fig. 2. Comparison between the fabrics’ resistivities (at 55%RH) before and after in situ synthesis
of CuNPs and the content of Cu after reduction [2].

It has to be emphasized that non-softened knitted fabrics CoBNPs and Co2ELBNPs
have lower Cu content than softened which undoubtedly lies in the putative adsorption
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mechanism and the intensity of the interaction between fabric surface and alginate [2].
Namely, the interactions between cotton fibers and alginate are mainly achieved through
the hydrogen bonds since both of them contain hydroxyl groups. On the other hand,
alginate chains are stabilized and crosslinked by Cu2+-ions through chelate formation
among themselves [21]. After dipping in ascorbic acid, the reduction of Cu2+-ions takes
place providing material bearing CuNPs. Co2ELBNPs and Co2ELBCNPs fabrics have
much lower Cu content when compared to corresponding fabrics without elastane (CoB-
NPs and CoBCNPs) which is due to the more hydrophobic nature of elastane-containing
fabrics having a lower affinity towards highly hydrophilic alginate chains.

The existence of smaller and higher unevenly distributed agglomerates of NPs (hav-
ing particle sizes between 10 and 80 nm) was clearly seen on the CoBNPs fabric sur-
face, while CoB possessed typical cotton fiber surface morphology with a pronounced
convolution, Fig. 3.

Fig. 3. FESEM images of cotton CoB and CoBNPs.

Apart from lowering the fabrics’ resistivities for providing better comfort proper-
ties, the in-situ synthesis of CuNPs contributed to obtaining bioactive fabrics having
significant antioxidant and antimicrobial properties, Table 5. Weak antioxidant activity
of cotton and cotton/elastane fabrics (33–41%) originating from the cellulose hydroxyl
groups was enhanced by up to 2.5 times after the in-situ synthesis of CuNPs. Further-
more, it was observed that fabrics with CuNPs possessed maximummicrobial reduction
(99.99%) for three microorganisms E. Coli, S. aureus, and C. albicans which is ascribed
to the existence of nanoparticles, Table 5.

Fabrics with in situ synthesized CuNPs can be considered as bioactive fabrics with
excellent antimicrobial activity and a higher ability for trapping the free radial of oxygen
species and preventing cell deterioration. Medical bioactive textile plays an important
role in the technical textiles sector as one of the most rapidly growing sectors in the
technical textile market [22].
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Table 5. Comparison between the knitted fabric antioxidant and antimicrobial activities before
and after in situ synthesis of Cu-based NPs [2].

Fabric codes Antioxidant activity (%) E. coli, (%) S. aureus (%) C. albicans (%)

CoB 34.24 0 0 0

CoBC 86.75 0 0 0

Co2ELB 41.26 0 0 97.8

Co2ELBC 78.71 0 0 0

CoBNPs 32.97 99.99 99.99 99.99

CoBCNPs 62.13 99.99 99.99 99.99

Co2ELBNPs 28.55 99.99 99.99 99.99

Co2ELBCNPs 69.75 99.99 99.99 99.99

8 Reuse and Revalorization of Knitted Fabric Waste

The last section of this chapter is focused on proposing a novel circular economy solution
for the disposal of softened cotton and cotton/elastane knitted fabric waste collected
from the textile industry, Table 5. For that purpose, CoC, CoS, CoELC, and CoELS
were considered as adsorbents for water-soluble and widely used azo dye Congo Red
(in further text: CR) (Table 6).

Table 6. Knitted fabric codes.

Fabric codes Explanation

CoC and CoS 100% cotton C - softened with cationic softener
S - softened with silicone softenerCoELC and CoELS Cotton/elastane full plating

The results given in Fig. 4 revealed that the amount of dye adsorbed per gram adsor-
bent (qe) increased by about 2.0–2.5 times when the initial concentration of CR (C0)
increased from 25 to 100 mg/l. This trend is attributed to the intensified collision among
the dye molecules and adsorbent and lower mass transfer resistance at high dye con-
centrations, both contributing to an increased fabrics’ adsorption capacity (qe) [23]. The
equilibrium adsorption data presented in Fig. 4 were then analyzed by using linearized
forms of Langmuir and Freundlich isotherm models. From the corresponding coeffi-
cients of determination (R2, Table 7), it is evident that the Langmuir model provided
a better description of the adsorption of CR onto cationic softened fabrics (CoC and
CoELC) than the Freundlich isotherm model. This behavior implies a monolayer pol-
lutant adsorption onto CoC and CoELC surfaces having a finite number of uniformly
distributed adsorption sites and homogeneous adsorption [24]. Themonolayermaximum
adsorption capacity (qm) estimated from the Langmuir isotherm for CoC and CoELC
was found to increase from 9.897 to 12.533 mg/g with increasing of the cationic softener
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pick-up from 0.645 to 0.872% [4] and elastane incorporation [10], Table 7. Fitting of
the isotherm experimental data obtained for CoS and CoELS pointed out that equilib-
rium data were better described by the Freundlich isotherm. The applicability of this
model confirmed the multilayer adsorption, i.e., heterogeneous surface nature with non-
uniform distribution of adsorption sites and affinities over the heterogeneous fabrics’
CoS and CoELS surfaces [10]. Taking into account a significantly higher Freundlich
constant (K f) value obtained for CoS compared to CoELS, it can be concluded that CoS
has better adsorption efficiency for CR, which conforms with the results shown in Fig. 4.
This statement is additionally supported by the facts that CoS has a more heterogeneous
surface (i.e., the smaller 1/n, the greater the expected heterogeneity, Table 7), which is
in accordance with the higher content of silicon indicating a higher content of silicon
softener (158.30 vs. 112.06 μg/g).
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Fig. 4. Equilibrium adsorption (qe) of CR as a function of initial concentration (C0) of CR. [10]
(Reprinted by permission from [Springer Nature Customer Service Centre GmbH]: [Springer
Nature] [Fibers and Polymers] [Revalorization of Cotton and Cotton/Elastane Knitted Fabric
Waste, IvanovskaA,La -darević J,AsanovicK, PavunL,KosticM,MangovskaB.], [COPYRIGHT]
(2023)).

It seems this is the right place to discuss the essence of the different behavior of CRon
the knitted fabric wastes, which is the different softeners’ fixation onto fabrics. The used
softeners are of different chemical compositions and have different particle sizes, i.e., the
used cationic softener is in the formofmacroemulsion,while the silicone softener is in the
form of microemulsion. It is commonly known that when the cotton and cotton/elastane
fabrics were immersed in water, their surfaces become negatively charged, while the
cationic softener’s positively charged ends are oriented towards the partially negative
charged fibers due to the electrostatic interactions, leaving hydrophobic carbon chains
on the fibers’ surfaces [10], Fig. 5a. In contrast, the used silicone microemulsion besides
fixation to cotton fabrics, can penetrate between and inside the yarns and deposit onto
the fibers’ surfaces thus forming a network of elastic silicone polymers, Fig. 5b. The
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Table 7. Langmuir and Freundlich isotherm parameters for CR adsorption onto fabric waste
(Some of the results were previously published in [10]).

Adsorption isotherm Isotherm parameters Knitted fabric waste

CoC CoS CoELC CoELS

R2

0.989 0.984 0.991 0.980

Langmuir KL, l/mg 0.498 0.390 0.078 0.118

qm, mg/g 9.897 11.667 12.533 10.821

R2

0.936 0.994 0.963 0.999

Freundlich K f, (mg/g)( l/mg)−1/n 6.944 5.666 1.999 2.832

1/n 0.071 0.177 0.422 0.306

interactions between cotton and cotton/elastane fabrics and silicone softener are mainly
governed by hydrogen bonds between the silicone softener’s electronegative oxygen
atom and hydrogen atom of the surface OH groups, on one hand, and between softener’s
terminal amino groups and OH groups, on the other hand, Fig. 10b [10]. In such a way,
a hydrophobic layer consisting of methyl groups that are arranged orderly on the fabric
surface is formed [25].

Fig. 5. Adsorption mechanism of CR onto: a) cationic and b) silicone softened knitted fabric
wastes. [10] (Reprinted by permission from [Springer Nature Customer Service Centre GmbH]:
[Springer Nature] [Fibers and Polymers] [Revalorization of Cotton and Cotton/Elastane Knit-
ted Fabric Waste, Ivanovska A, La -darević J, Asanovic K, Pavun L, Kostic M, Mangovska B.],
[COPYRIGHT] (2023)).

Kumar et al. [26] concluded that both electrostatic (originating from ionized groups)
and hydrophobic (originating from aromatic rings) components of CR are crucial
for interaction with different surfactants. On the other hand, research conducted by
Chakraborty et al. [27] andWu et al. [28] indicated that increasing the surface hydropho-
bicity enhances the adsorption capacity of different organic aromatic dyes independently
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of their structures and charges which is attributed to the hydrophobic interactions. Con-
sidering in parallel the high propensity of CR to form hydrophobic interactions and the
change of the cotton surface from hydrophilic to hydrophobic upon softening, it can
be assumed that external softener hydrophobic groups interact with the aromatic ring
imparted by CR [10]. Due to the earlier mentioned fabric surface heterogeneity, the inter-
actions of CR with the fabric surface could be established through randomly distributed
hydrogen bonds, Fig. 5b.

Regardless of the adsorption capacities of the knitted fabrics, the disposal of such
solid waste containing organic matter represents the utmost challenge since it undoubt-
edly causes secondary pollution. The last one along with the significantly low volume
electrical resistivity of CR (0.0064 G�cm) inspired us to develop a new idea for the
revalorization of knitted fabric waste with adsorbed CR as antistatic and dissipative
fabrics. For that purpose, volume electrical resistivity (measured at different relative
air humidity’s according to Ivanovska et al. [10]) was selected as the most appropriate
method for the evaluation of the mentioned fabrics’ characteristics.

As expected, the knitted fabric wastes’ volume electrical resistivities decreased 169–
494 and 205–737 times, and ranged between 0.008 and 0.0337 G�cm (at 60 and 50%
humidity, respectively) after the CR adsorption (C0 = 100mg/l), Fig. 6. Fabrics CoC and
CoELS possessed almost the same adsorption efficiencies for CR (9.789 vs. 9.609mg/g),
while fabric CoELSCR has about 60–65% lower volume electrical resistivities than
CoCCR. At first glance, it seems that the adsorption of CR is not in agreement with
the fabrics’ volume electrical resistivities [10]. However, having in mind that these two
fabrics (CoC and CoELS) have different weights (140.42 and 167.61 g/m2, Table 2), as
well as that the volume electrical resistivity was measured at the fixed area of 2 cm2, it is
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Fig. 6. Knitted fabric wastes’ volume electrical resistivities (ρ) before and after adsorption of CR
(C0 = 100 mg/l). [10] (Reprinted by permission from [Springer Nature Customer Service Centre
GmbH]: [Springer Nature] [Fibers and Polymers] [Revalorization of Cotton and Cotton/Elastane
Knitted FabricWaste, Ivanovska A, La -darević J, Asanovic K, Pavun L, Kostic M,Mangovska B.],
[COPYRIGHT] (2023)).
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clear that in this area, CoC and CoELS are capable of adsorbing 0.275 and 0.322 mg CR,
respectively. In other words, an inversely proportional correlation exists between fabrics’
adsorption efficiencies and their volume electrical resistivities after CR adsorption [10].
The results given in Fig. 6 prove that knitted fabric waste with adsorbed CR can be
defined as dissipativematerials (ESDAssociation standard) and are suitable for antistatic
protection [29]. The findings of this section are very important since they put knitted
fabric waste with adsorbed CR into the new circular economy solution contributing to
reducing the environmental burden while generating additional revenues [10].

9 Conclusion

The results of this review confirmed that knitted fabrics of 100% cotton or half plated
cotton/elastane along with cationic finishing significantly affect the fabrics’ structural
characteristics, comfort and mechanical properties and volume electrical resistivity. In
situ synthesis of CuNPs contributed to obtain bioactive fabrics with significantly lower
volume electrical resistivities. The present work provides a new perspective on textile
industry waste by its revalorization as an efficient adsorbent for textile dye.
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17. Cimilli Duru, S., Şahin, U.K.: Effects of yarn type, process history, softener type and concen-
tration on wicking and drying properties of cotton plain knitted fabrics. J. Text. Inst. 111(8),
1166–1175 (2020)

18. Tang, K.-P.M., Kan, C.-W., Fan, J.-T., Tso, S.-L.: Effect of softener and wetting agent on
improving the flammability, comfort, and mechanical properties of flame-retardant finished
cotton fabric. Cellulose 24(6), 2619–2634 (2017)
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Milan Travica1, and Isaak Trajković1
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Abstract. The objective of this study is to examine the accuracy of dimensional
measurements for parts produced using Additive Manufacturing (AM) technol-
ogy. The specific 3D printer employed in this research is Fuse 1 (FormLabs,
Summerville, MA). The printer operates on the Selective Laser Sintering (SLS)
method, enabling the simultaneous creation of objects with diverse shapes and
sizes, as long as they are printed at a minimum separation distance of 5 mm. The
printing process involved a layer thickness of 110 microns. To assess the dimen-
sional accuracy, a particular type of specimen adhering to the ISO 604 standard
for compressive specimens was analyzed. These compressive specimens possess
dimensions of Ø10 × 20 mm. Four sets of specimens were fabricated, differing
in their printing orientation (horizontal or vertical) and printing location (edge or
middle of the powder bed). Polyamide (PA 12) was the chosen material for print-
ing the specimens, known to exhibit compressive strength values of 13/24/55MPa
at 1%/2%/5% strain, respectively. After printing, the specimens were subjected to
a 3D scanner Atos Core 200. The most significant deviations observed across all
four series of specimens were primarily in terms of height, ranging from 0.1 to
0.15 mm. In the case of vertically printed specimens positioned in the middle of
the powder bed, variations in the width of the specimens were also noted.

Keywords: SLS · Universal testing machine · Compressive specimens · PA12
material

1 Introduction

Additive manufacturing, also known as 3D printing, is a revolutionary manufacturing
process that involves creating three-dimensional objects by building them layer by layer
[1–6]. Unlike traditional subtractive manufacturing methods, such as cutting or drilling,
which remove material to create the desired shape, additive manufacturing adds material
to form the final product [1, 4, 7]. Additive manufacturing offers numerous advantages
over traditional manufacturing methods. Additive manufacturing allows for the creation
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of complex and intricate geometries that are difficult or even impossible to produce using
conventional methods. This freedom enables the production of highly customized and
optimized designs. Since additive manufacturing adds material selectively, it minimizes
material waste compared to subtractive manufacturing. This can lead to significant cost
savings and reduced environmental impact [8–10]. Also, additive manufacturing is par-
ticularly beneficial for rapid prototyping. It enables designers and engineers to quickly
produce physical prototypes, allowing for faster iteration and design refinement. The
process of additive manufacturing begins with the creation of a digital 3D model using
computer-aided design (CAD) software. This virtual model serves as a blueprint for
the physical object. The 3D printer then reads this digital file and constructs the object
layer by layer, following the instructions provided. There are several different addi-
tive manufacturing technologies available, each with its unique approach to building
objects. Some of the commonly used techniques include FDM (Fused Deposition Mod-
eling), SLS (Selective Laser Sintering), SLA (Stereolithography), SLM (Selective Laser
Melting), DLP (Digital Light Processing), DMLS (Direct Metal Laser Sintering), EBM
(Electron Beam Melting) [1]. FDM printing technology has become widely embraced
as an additive manufacturing technique [10]. Nevertheless, it is worth highlighting that
SLS 3D printing technology has also found extensive application in the industry. SLS
is a type of additive manufacturing technology that belongs to the Powder Bed Fusion
family [1]. SLS forms 3D objects by laser energy to selectively heat powder particles
which results in fusion. The fused particles subsequently solidify to form a 3D structure.
Post-processing is the next step in the procedure. It involves the extraction of the model
from the unsintered powder solution and its subsequent sandblasting. This crucial stage
showcases the true advantages of SLS technology. Unlike FDM, SLS has the remark-
able ability to create 3D models with intricate geometry without the need for support
structures. This is made possible because the models are suspended within the powder
[11].

In this study, we investigate the dimensional accuracy of specimens produced using
Selective Laser Sintering (SLS) technology and composed of polyamide 12 (PA12)
material. The research focuses on four batches of specimens that undergo compression
in different orientations and are printed at various locations within the powder bed.
To evaluate the dimensional accuracy, we employ a 3D scanner called Atos Core 200.
The main goal is to examine the variations in dimensional accuracy between specimens
compressed horizontally and vertically, as well as those printed in the middle or on the
edge of the powder bed. Additionally, we explore the impact of the printing location
within the powder bed on dimensional accuracy. By comparing specimens printed in
the middle of the bed to those printed on the edge, we aim to determine if the position
within the bed significantly affects the dimensional accuracy of the parts.

2 Materials and Methods

2.1 Preparing Specimens

This research employed the ISO 604:2002 standard [12] to fabricate compressive spec-
imens with the recommended dimensions. The specimens were designed as 3D models
using CAD software (SolidWorks, Dassault Systèmes, Vélizy-Villacoublay, France) and
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saved in the STL format. These models were then “sliced” using PreForm software
(Formlabs, Sommerville, MA, USA). The specimens have bulk dimensions of Ø10 ×
20 mm, as depicted in Fig. 1. A total of four batches, each consisting of ten speci-
mens, were 3D printed. The batches varied in terms of printing orientation and location.
Specifically, both vertical and horizontal orientations were utilized, and each orientation
was combined with printing in either the middle or on the edge of the powder bed. The
specimens were produced using Selective Laser Sintering (SLS) technology on the Fuse
1 3D printer (Formlabs, Somerville, Massachusetts). The typical thickness of printing
layers ranges from 20 to 150 microns, but for this study, a powder thickness of 110
microns was employed. During the printing process, all models were positioned at least
5 mm apart. The SLS printer operated at a laser power of 63–70 W while maintaining
a working temperature of 180 °C. It is worth noting that the build volume for this 3D
printer measures 165 × 165 × 300 mm.

Fig. 1. Compressive specimen dimensions.

2.2 Materials

In this study, the specimens utilized for research purposes were generated using PA12
material (Formlabs, Sommerville, MA, USA). Among the variety of materials available,
PA12 is a popular choice for both intricate assemblies and prototypes. This material
boasts impressive attributes such as strength, longevity, flexibility, heat resistance, and
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satisfactory mechanical qualities [13]. PA12 finds widespread usage in the automotive,
aerospace, and industrial domains, particularly for the production of gears, bearings, and
pumpcomponents [14]. Theglass transition temperature ofPA12 stands at approximately
48.8 °C, while its melting point ranges from 178 to 180 °C, representing the lowest
melting temperature among all polyamides. Somenoteworthy properties of PA12 include
its minimal water absorption, density of 1.01 g/cm3, chemical resistance, and resistance
to stress cracking [15]. Someof themechanical characteristics of thismaterial are 50MPa
tensile strength, flexural strength of 66 MPa, and a modulus of elasticity of 1850 MPa
[16]. The combination of the mentioned tensile strength, flexural strength, and modulus
of elasticity highlights the mechanical robustness and versatility of this material. These
properties make it a promising choice for a wide range of applications, including but
not limited to structural engineering, automotive components, aerospace structures, and
manufacturing processes that require high-strength materials capable of withstanding
demanding mechanical forces.

2.3 Testing Procedure

The research involved printing a total of forty specimens, which were divided into
four batches, each containing ten specimens. The batches were differentiated based on
variations in printing orientation and location. Both vertical and horizontal orientations
were used, and each orientation was combined with a specific printing location either in
the middle or on the edge of the powder bed.

In this research, Atos Core 200 3D scanner (GOM, Braunschweig, Germany) was
used to determine the dimensional accuracy of compression specimens. This 3D scan-
ner is a non-contact optical scanner equipped with GOM Inspect software, which served
as the data acquisition software for the scanner. Consistent environmental conditions
were maintained throughout the scanning process, including a constant temperature of
23 °C with air conditioning. The Atos 3-D scanner utilized optical triangulation, fringe
projection, and photometry techniques for optical measurements. This system allowed
for the rapid digitization of observed objects, resulting in relatively high precision and
resolution. The scanner is designed for quality control and reverse engineering applica-
tions, and can be used to capture high-resolution 3D data of complex parts and surfaces.
The scanner uses blue light projection and structured white light technology to capture
accurate and detailed 3D data (see Fig. 2). The measurement volume of this scanner is
200 × 150 × 250 mm, the point spacing is 0.08 mm, and the operating temperature
range is from 5 to 40 °C [17]. It’s crucial to ensure that the scanner remains within this
range during operation to maintain its optimal performance and prevent any potential
issues that may arise from operating outside of this temperature range. Apart from the
utilization of 3D scanners, optical systems can also incorporate digital image collection
(DIC) techniques. This approach allows for the evaluation of deformations occurring in
diverse shapes, ranging from simple to complex, as a consequence of different types of
loading [18–26].
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Fig. 2. 3D scanning of the compressive specimen.

3 Results and Discussions

The following figures provide a clear visualization of the disparities between the 3D
scanned model and the CAD model, highlighting the precise locations of significant
and maximum deviations. Figures 3 and 4 display dimensional discrepancies observed
in horizontally oriented 3D scanned compressive specimens. Both figures showcase
different specimen positions: Fig. 3 exhibits the printed specimen positioned at the edge
of the powder bed, while Fig. 4 represents the printed specimen located in the middle of
the powder bed. The CADmodel exhibits its greatest deviations in specimen height, with
a maximum deviation of 0.12 mm observed in horizontally printed specimens located
at the edge of the powder bed. In the case of horizontally printed specimens positioned
in the middle of the powder bed, the maximum height deviation amounts to 0.18 mm.

Figures 5 and 6 illustrate the dimensional discrepancies observed in 3D scanned com-
pressive specimenswith a vertical orientation. Each figure showcases a distinct specimen
position: Fig. 5 exhibits a printed specimen placed at the edge of the powder bed, whereas
Fig. 6 demonstrates a printed specimen positioned in the middle of the powder bed. The
CADmodel displays its most significant discrepancies in terms of specimen height, with
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Fig. 3. Horizontally printed specimen on the edge of the powder bed.

Fig. 4. Horizontally printed specimen in the middle of the powder bed.

a maximum deviation of 0.09 mm observed in vertically printed specimens situated at
the powder bed’s perimeter. Similarly, for vertically printed specimens positioned in the
center of the powder bed, the highest height deviation reaches 0.11 mm. Additionally,
deviations in specimen width are also evident for vertically printed specimens located
in the middle of the powder bed. Furthermore, the width discrepancies in vertically
printed specimens positioned in the middle of the powder bed are primarily attributed to
the inherent nature of the additive manufacturing process. These variations arise from
factors such as material shrinkage, thermal effects, and the accumulation of residual
stresses during the printing process.

Fig. 5. The vertically printed specimen on the edge of the powder bed.



212 I. Jevtić et al.

Fig. 6. The vertically printed specimen in the middle of the powder bed.

4 Conclusions

This research investigates the dimensional accuracy assessment of parts manufactured
through additive SLS technology, specifically utilizing PA12 material. The evaluation
involves comparing 3D scanned specimens to the original CAD model using dedicated
software. The analysis is conducted usingGOMInspect software, which generates visual
representations illustrating the deviations and marked peaks. The study findings reveal
that the most significant dimensional deviations are observed in the height of the spec-
imens. In all four specimen series, the height discrepancies range between 0.1 and
0.15 mm. Furthermore, when printing vertical specimens at the center of the powder
bed, variations in specimen width are also evident.

The variations in specimen width are attributed to the uneven thermal distribution
during the additive SLS printing process. This uneven distribution can lead to localized
melting and cooling inconsistencies, resulting in slight dimensional variations. However,
despite these discrepancies, the overall dimensional accuracy of the parts manufactured
using PA12 material through additive SLS technology is found to be within acceptable
tolerances for many applications.

Overall, this research contributes to the understanding of dimensional accuracy
assessment in additive SLS manufacturing, particularly with PA12 material. The find-
ings provide valuable insights for industries and researchers seeking to optimize the
process parameters and improve the quality control of parts produced through additive
SLS technology.
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temperaturnog polja nakon procesa 3d štampe. In: Šesti naučno-stručni skupPOLITEHNIKA,
Beograd, pp. 577–583 (2021)

7. Prakash, K.S., Nancharaih, T., Subba Rao, V.V.: Additive manufacturing techniques in
manufacturing – an overview. Mater. Today Proc. 5, 3873–3882 (2018)

8. Rasiya, G., Shukla, A., Saran, K.: Additive manufacturing – a review. Mate. Today Proc. 47,
6896–6901 (2021)

9. Durakovic, B.: Design for additive manufacturing: benefits, trends and challenges. Period.
Eng. Nat. Sci. 6, 179–191 (2018)

10. Vorkapic, M., et al.: Enhancing mechanical properties of 3D printed thermoplastic polymers
by annealing in moulds. Adv. Mech. Eng. 14, 1–15 (2022)

11. Trajkovic, I., et al.: Novel method for measurement of pipeline materials fracture resistance-
examination on selective laser sintering cylindrical specimens. Sci. Sinter. 54, 373–386 (2022)

12. ISO 604:2002: Plastics – Determination of Compressive Properties (2002)
13. Martynková, G.S., et al.: Polyamide 12 materials study of morpho-structural changes during

laser sintering of 3D printing. Polymers 13, 810 (2021)
14. Crompton, T.R.: Engineering Plastics (2014)
15. Touris, A., et al.: Effect of molecular weight and hydration on the tensile properties of

polyamide 12. Results Mater. 8 (2020)
16. Formlabs.com.: https://formlabs-media.formlabs.com/datasheets/2001447-TDS-ENUS-0.

pdf. Accessed 5 June 2023
17. ATOS Core scanner by GOM, Official Website of the Manufacturer: https://www.gom.com/

en/products/3d-scanning?keyword=atos%20%2Bcore%20%2B200&device=c&network=
g&gclid=CjwKCAjwp7eUBhBeEiwAZbHwkWgccIIlcemq91NnkpE0UCMlEaFF9SNRu
MKNBr-wNyBy-RutejLQfxoCLwkQAvD_BwE. Accessed 5 June 2023

18. Milovanovic, A., Milosevic, M., Trajkovic, I., Sedmak, A., Razavi, M.J., Berto, F.: Crack path
direction in plane-strain fracture toughness assessmenttests of quasi-brittle PLA polymer and
ductile PLA-X composite. Procedia Struct. Integr. 42, 1376–1381 (2022)

19. Nikitovic,A., et al.: 3Ddigital image correlation analysis of local deformationfield of different
endodontic calcium silicate cements. Appl. Sci. 13, 1633 (2023)

20. Travica, M., et al.: Experimental evaluation of hoop stress-strain state of 3D-printed pipe ring
tensile specimens. Metals - Open Access Metall. J. 12, 1560 (2022)

21. Milosevic, M., et al.: Development of methodologies for experimental analysis of neck
deformations caused by impact forces in martial arts. Adv. Mech. Eng. 14, 1–14 (2022)

22. Mitrovic, N., et al.: Experimental and numerical study of globe valve housing. Hem. Ind.
71(3), 251–257 (2017)

23. Kovacevic, T., et al.: Effects of oxidized/treated non-metallic fillers obtained from waste
printed circuit boards on mechanical properties and shrinkage of unsaturated polyester-based
composites. Polym. Compos. 40(3), 1170–1186 (2019)

24. Mitrovic, N., et al.: Experimental and numerical analysis of local mechanical properties of
globe valve housing. Chem. Listy 106(3), 491–494 (2012)

25. Mitrovic, N., Milosevic, M., Sedmak, A., Petrovic, A., Prokic-Cvetkovic, R.: Application
and mode of operation of non-contact stereometric measuring system of biomaterials. FME
Trans. 39(2), 55–60 (2011)

26. Milosevic, M., et al.: Measurement of local tensile properties of welded joint using digital
image correlation method. Chem. Listy 106, 485–488 (2012)

https://formlabs-media.formlabs.com/datasheets/2001447-TDS-ENUS-0.pdf
https://www.gom.com/en/products/3d-scanning?keyword=atos%20%2Bcore%20%2B200&device=c&network=g&gclid=CjwKCAjwp7eUBhBeEiwAZbHwkWgccIIlcemq91NnkpE0UCMlEaFF9SNRuMKNBr-wNyBy-RutejLQfxoCLwkQAvD_BwE


Analysis of Flexural Strength Tiles Made
by ABS-X Material with Different Infill

Isaak Trajkovic1(B) , Aleksandra Dragicevic2 , Uros Ilic2 , Marko Djurovic2 ,
Goran Mladenovic2 , and Milos Milosevic1

1 Innovation Centre of the Faculty of Mechanical Engineering, Kraljice Marije 16 Street, 11120
Belgrade, Serbia

trajkovicisaak@gmail.com
2 Faculty of Mechanical Engineering, University of Belgrade, Kraljice Marije 16 Street, 11120

Belgrade, Serbia

Abstract. This paper presents the results of bending tests of tiles made of ABS X
material and analysis of mechanical characteristics. The tested tiles were made of
ABSXmaterial with a infill that has aHoneycomb sample structure, assuming that
this type of infill has the highest values of modulus of elasticity and mechanical
properties. The ABS X material performed very satisfactorily, with less cracking,
excellent adhesion to the layer and improved mechanical properties. As the main
advantage of a three-point bend test is its simplicity, the method used in testing
tiles is precisely the three-point bend test. The orientation of the 3D printing while
making the tiles was vertical, and the tile infills were made with a density of 50
and 100%. When analyzing the obtained results of the mechanical properties of
the tiles, special attention was paid to the influence of the infill density on the
mechanical properties. The results and analyzes obtained in this work can be used
in practice and in further research, with the tendency to examine and compare as
many materials as possible, with different structures and infill densities.

Keywords: 3D printing · Tiles · ABS X · Honeycomb structure · Three-point
bending

1 Introduction

Research and testing of polymer-based materials, such as plastics, are of key importance
for the development and improvement ofmany industries. In addition to the standard tests
of the mechanical characteristics of materials that were done in studies in the currently
available literature [1–3], examinations were also done on some non-standard shapes
obtained by 3D printing techniques [4–6], all with the aim of better understanding the
material’s reactions.

Often, the mechanical characteristics of materials are tested using equipment such as
universal material testing machines, which are often found in the available literature [7–
10], and optical measurement procedures such as the digital image correlation method
and thermal imaging and 3D scanning are becoming more common [11–15].
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In addition to a wide range of commercially available materials whose specific
mechanical properties are known thanks to the aforementioned equipment and meth-
ods, ABS-X material is a recently developed new type of ABS material with added
reinforcements of unknown chemical composition. Such examples are already known
in practice [16] and the differences in the mechanical characteristics of the material are
known.

In order to increase the application of commercially available materials with
unknown fillers both in the industrial sector and in the research sector, additional tests
are necessary for a better understanding of the behavior of these materials.

The aim of this work lies in providing a deeper understanding of how this material
reacts to stress and load at different amounts of filling the samples with the material.
Through the three-point bending method, we can evaluate the strength and flexibility of
ABS-X material, which are key characteristics in many application situations, including
engineering, construction, medicine and manufacturing.

2 Experimental Setup

In order to compare and examine the influence of infill density onmechanical properties,
tiles with infill density of 50% (5 pieces) and 100% (5 pieces) were tested, so a total
of 10 tiles were tested. All tested tiles were made on a 3D printer (German RepRap
x400) [17] in laboratory of Center for Optical Measurement and Rapid Prototyping at
Innovation Center of Faculty of Mechanical Engineering and Faculty of Mechanical
Engineering University of Belgrade. The chosen tile material is ABS-X (acrylonitrile
butadiene styrene with an unknown filler), one of the most common plastics used in
injection-molding.

When printing the tiles, it was decided to make them all with the geometry of the fill
structure Honney comb (Fig. 1), and to compare their results.

Fig. 1. 3D model of a tile with a honeycomb infill structure. Note: depending on the infill density
(50 or 100%), the dimensions of the honeycomb structure differ.
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Printing parameters are:

• Nozzle diameter: 0.4 mm
• Extruder temperature: 235 °C
• Bed temperature: 105 °C
• Layer high: 0.200 mm
• Printing speed: 50 mm/s

During the experiment setup, the title sample is supported on two rollers and centrally
loaded (under constant load) in a three-point bend configuration as shown in Fig. 2.
Determination of the flexural strength of tilesmade ofABS-Xplasticwas done according
to the ISO 178 standard as applied in research Milovanovic et al. [1].

Fig. 2. Display of the setting of the tile on the breaker in the initial position, where P is the applied
load, H and W are the thickness and width of the sample beam.

For each flexure experiment, the obtained Load-Deflection curve was used to extract
and estimate the flexural properties (the flexural strength (σf), the modulus (Ef) and
the strain to failure (εf)) as shown in Table 2. Also, according to similar or even same
mechanisms of break appear in both samples, which are not dependent of dimensions
of cross section or wall thickness of samples (Fig. 3).

With this approach, only some of the mechanical characteristics of the material were
determined. For both complex and simple geometries, there are several approaches to
determine the mechanical characteristics of materials that vary with the types of loading
[18–23].
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Fig. 3. Image of all 10 tiles after folding (left 50% infill, right 100% infill).

3 Results and Discussion

Due to the observed discrepancies in the results, three of the five samples (Table 1) with
the closest values were taken as the relevant results, taking into account the test results
obtained by testing the remaining samples.

Table 1. Results for five tiles

Name Max_force Max_stress Max_strain

Parameter Calc. at entire areas Calc. at entire areas Calc. at entire areas

Unit N MPa %

1 (100%) 78.694 37.8853 3.89662

2 (100%) 80.7921 39.0851 4.03518

3 (100%) 76.6118 36.1803 3.36381

4 (100%) 82.3498 40.0339 4.09535

5 (100%) 74.5614 36.0708 3.40892

1 (50%) 77.0251 38.1943 3.58832

2 (50%) 67.1705 32.3375 2.69564

3 (50%) 70.7467 34.0593 3.04262

4 (50%) 71.907 34.6179 3.22846

5 (50%) 62.8313 30.2485 2.54202

Table 1 shows the maximum values of force, stress and deformation for each tested
sample. The differences in the maximum values between the samples have statistical
significance, which will be given more attention when additional tests are performed.
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Table 2. Results for chosen tiles with average and standard deviation

Name Max_force Max_stress Max_disp. Max_strain Elastic

Unit N MPa mm % MPa

Infill 100%

Average 80.61196667 39.00143333 6.2201 4.00905 1351.196667

Standard
deviation

1.834544746 1.076740718 0.158114117 0.101909204 58.52080171

Infill 50%

Average 69.9414 33.67156667 4.63733 2.988906667 1401.1

Standard
deviation

2.468803178 1.188616378 0.419587582 0.270440621 35.56542703

Table 2 shows the average values with standard deviations for the samples with
the smallest deviation. The values in the table indicate the difference in the bending
resistance of the material for two different amounts of infill.

By testing the flexural strength of samples with 100% infill, an average value of
39.00 MPa was obtained at a flexural strain value of 4%. For samples with twice as
much infill, the average value of flexural strength was 33.67 MPa and flexural strain was
2.99%.

In addition to the differences in the maximum values of the flexural strength of these
samples, a difference was observed in the maximum values of the measured parameters
within both series. This difference is more pronounced in the series of samples where
the infill is 50%. For representative samples taken from both series, the difference in
standard deviation values is twice as large for samples with a smaller amount of infill.

The differences in the scatter values of three representative samples from both series
are shown inFigs. 4 and5 for the series of sampleswith 50%and100% infill, respectively.

In Fig. 4, we can see the dispersion of the results, the difference in the maximum
values of which indicates statistical significance, although the nature of the behavior of
the samples is approximately the same up to the deformation value of 2.5%.

Figure 5 shows the diagrams of 3 representative samples for a series of 100% filling
samples, where the nature of the behavior of the samples under load is almost identical
and without a large scattering of results.

The differences in the behavior of the two tested series of samples are the result of fill-
ing the samples with material. A large influence on the consistency of the results is obvi-
ously due to the amount of material within the samples. Samples filled with 50% showed
a lower flexural strength by approximately 18%, while the measured deformations on
the samples were lower by approximately 33%.

A series of samples whose filling was 100% showed much less dispersion of results.
Bearing in mind that the only parameter that was varied was the amount of filling of
the samples with the material, we can assume that it affects not only the mechanical
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Fig. 4. Plot of flexural stress versus flexural strain for tiles of 50%.

Fig. 5. Plot of flexural stress versus flexural strain for tiles of 100%.

characteristics of the material, but also their reproducibility. This can be very impor-
tant information when it comes to functional parts of equipment obtained by additive
manufacturing, especially equipment that works under elevated pressure.
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4 Conclusion

By testing the flexural strength of the samples tested for three-point bending, results
were obtained that indicate non-negligible differences in the values of flexural strength
and flexural strain. Samples with 100% infill showed approximately 18% higher flexural
strength compared to samples with twice as much infilling. The amount of sample infill
was also reflected in the higher flexural strain. The flexural strain is approximately
33% higher for samples with a larger amount of infill compared to the other types of
tested samples. We can conclude that the testing tiles with 100% infill showed better
mechanical properties in terms of flexural strength. A smaller amount of infill with
material, in addition to having lower values of the mechanical characteristics obtained
by bending, also gives a greater dispersion of the results, which can have a great influence
when choosing the amount of filling of the object with material.

A smaller amount of material infill, in addition to resulting in lower values of the
mechanical properties acquired by bending, also results in a higher dispersion of the
results, which can have a significant effect when deciding the amount of material filling
of the object. This result, although expected, will be very useful in further work. In the
following period, the flexural strength of samples with 100% infill will be compared to
the samples of the same infill, but treated with acetone.
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tion of thermal and dimensional behavior of 3-D printed materials using thermal imaging and
3-D scanning. Therm. Sci. 27, 21–31 (2023)

16. Milovanovic, A., Milosevic, M., Trajkovic, I., Sedmak, A., Razavi, M.J., Berto, F.: Crack path
direction in plane-strain fracture toughness assessment tests of quasi-brittle PLA polymer and
ductile PLA-X composite. Procedia Struct. Integr. 42, 1376–1381 (2022)

17. Golubovic, A., Mitrovic, A., Mitrovic, N.: 3D printing in contemporary dentistry. In: Exper-
imental Research and Numerical Simulation in Applied Sciences, vol. 564, pp. 213–232.
Springer (2022).

18. Compton, B., Lewis, J.: 3D-printing of lightweight cellular composites. Adv. Mater. 26(34)
(2014)

19. Jemii, H., Bahri, A., Taktak, R., Guermazi, N., Lebon, F.: Mechanical behavior and fracture
characteristics of polymeric pipes under curved three-point bending tests: experimental and
numerical approaches. Eng. Fail. Anal. 138 (2022)

20. Guermazi, N., Tarjem, A.B., Ksouri, I., Ayedi, H.F.: On the durability of FRP composites for
aircraft structures in hygrothermal conditioning. Compos. B Eng. 85, 294–304 (2016)

21. Mazlan, N.C., Hua, T., Ramli, N., Abdan, K., Zin, M.: Thermoplastics for aircraft cabin
applications. In: Encyclopedia ofMaterials: Plastics andPolymers, vol. 4, pp. 482–497 (2022).

22. Miloichikova, I., Stuchebrov, S., Verigin, D., Danilova, I.: Simulation of the X-ray beam
absorption by the ABS-plastic filled with different metallic additives. J. Phys: Conf. Ser.
769(1), 012014 (2016)

23. Zhu,W., Zhang, X., Li, D.: Flexible all-plastic aircraft models built by additive manufacturing
for transonic wind tunnel tests. Aerosp. Sci. Technol. 84 (2018)



The Possibility of Applying a Universal Testing
Machine for Evaluating Food Textures
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Abstract. The evaluation of food texture is an essential aspect of food quality
control, directly influencing consumer acceptance and preference. Various meth-
ods have been developed to assess food texture, including sensory evaluation,
rheological measurements, and instrumental analysis. Among the versatile instru-
ments used for measuring the mechanical properties of food, the universal testing
machine (UTM) stands out. Traditionally used in the field of materials science
and engineering, the possibility of applying UTM for evaluating food textures
has gained significant attention in recent years. The UTM can perform compres-
sion, tension, bending, and shear tests on food samples, providing objective and
quantifiable data on their mechanical properties. Compression testing involves
measuring the force required to compress a food sample between two plates,
shear testing measures the force required to cut through a food sample, while
puncture testing measures the force required to puncture a food sample with a
probe. This paper reviews the current state-of-the-art of UTM in the evaluation
of food textures, including the types of tests that can be performed, the parame-
ters that can be measured, and the challenges and limitations associated with the
technique. The potential of utilizing UTMs in the food industry for quality control
and product development, instead of traditional sensory evaluation methods, is
discussed, along with its advantages and disadvantages. Overall, UTM represents
a promising tool for the objective evaluation of food textures, and further research
is needed to optimize its application in this field.

Keywords: Food textures · Universal testing machine · Compression testing ·
Mechanical properties

1 Introduction

A universal testing machine (UTM), also known as a universal testing instrument or
materials testing machine, is a versatile mechanical testing device used to determine
the mechanical properties and behavior of various materials. It is commonly used in
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materials science, engineering, manufacturing, and quality control laboratories. The pri-
mary purpose of a universal testing machine is to apply controlled forces and measure
the corresponding responses of materials under different test conditions. This machine
can perform various types of mechanical tests, including tension (pull), compression
(push), bending, shear, and torsion tests. Through these tests, engineers and scientists
can evaluate the strength, stiffness, ductility, toughness, fatigue resistance, and other
mechanical properties of materials, as demonstrated in many papers [1–8]. Universal
testing machines find applications in a wide range of industries, including aerospace,
automotive, construction, materials manufacturing, biomedical, and research institu-
tions. Additionally, universal machines are also utilized in the food industry. In the food
industry, UTMs can be utilized for different purposes related to quality control, research,
development, and examination of food textures. Food texture, a crucial component of
product assessment and consumer satisfaction, refers to the tangible properties exhibited
by food. These properties encompass a diverse range of characteristics, such as hardness,
chewiness, crispness, smoothness, and viscosity [9, 10]. Food quality assessment can be
approached through two methods: descriptive sensory analysis, which is subjective, and
instrumental analysis, which is objective [11–14]. Universal testing machines provide
a means for instrumental analysis in the food industry, enabling the quantification and
measurement of texture-related parameters. By subjecting food samples to controlled
forces and recording their responses, such as deformation or rupture, UTMs enable the
objective evaluation of textural properties. This information aids in understanding the
sensory experience and quality attributes of various food products, leading to improve-
ments in formulation, process optimization, and consumer acceptance. The application
of UTMs in the food industry continues to expand, contributing to advancements in food
research, development, and overall quality assurance.

This comprehensive paper aims to provide a detailed overview of the testingmethod-
ologies employed when evaluating various types of food using a UTM. One of the key
aspects covered in this paper is the selection of appropriate testing techniques for different
food types. Foods possess diverse compositions and physical characteristics, requiring
tailored approaches to accurately evaluate their mechanical properties. Various testing
methods can be employed, such as compression testing, tensile testing, shear testing,
and puncture testing, depending on the specific attributes of the food being analyzed.

2 Destructive Methods

There are two primary methods frequently employed to assess food texture proper-
ties: compression tests and puncture tests. These techniques are widely recognized and
utilized due to their effectiveness. Food samples used in texture analysis can vary in con-
sistency, ranging from solid to semi-solid. Moreover, depending on the specific research
objectives, texture tests can be conducted on entire fruits or specific components such as
the skin, pulp, or a combination of both. The choice of testing methodology and sample
selection depends on the desired outcomes of the research study.
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2.1 Compressive Tests on Vegetables and Fruits

During the compression tests, different vegetables including tomatoes, peppers, and
eggplants were subjected to controlled forces to determine their mechanical properties
and resistance to compression.

In the study described in research [15], the compression test on tomato fruits
involved compressive forces at three different speeds across fruit’s cross-section. How-
ever, researchers in research [16, 17] chose to use a single compression speed when
examining tomatoes at their ultimate tensile strength (UTS). The variation in testing
protocols could have been influenced by specific research objectives or experimental
considerations.

In another research paper [18], themechanical properties of pepper fruits were inves-
tigated. Two filling positions were tested, and each pepper fruit was placed between
two compression plates. The compression test was conducted at a constant speed of
10 mm/min. By subjecting the pepper fruits to controlled compression, the researchers
aimed to understand their behavior under external forces and assess their structural
integrity.

Moving on to eggplants, experiments described in research papers [19–22] were
conducted to evaluate the resistance to compression of intact eggplant fruits. A universal
testing machine was used for these tests. The procedure involved placing a designated
area of the eggplant between the stationery and compression components of themachine.
A controlled loading rate of 20mm/min was applied until the fruit ruptured. This method
allowed researchers to quantify the eggplant’s ability to withstand compressive forces
and provided insights into its mechanical properties.

In a separate paper [23], a series of experiments were conducted to evaluate the
performance of a universal machine in testing various substances, including vegetables,
bread, and agar gel. The researchers aimed to assess the machine’s ability to handle
different types of materials and determine if it could provide consistent results across
a diverse range of samples. In addition to vegetables, the study included bread, a com-
monly consumed food item known for its varying textures and densities. The bread was
cut to a standardized thickness of 10 mm to ensure consistent measurements. By sub-
jecting the bread samples to the universal testing machine, the study aimed to investigate
how effectively the UTM could assess the properties and characteristics of this widely
consumed food product.

2.2 Puncture Tests on Vegetables

In addition to conduct compression tests on various food varieties, the research paper [24]
also investigated the puncture behavior of a pepper sample (see Fig. 1). For this specific
test, a stainless-steel probe with a circular tip measuring 6mm in diameter was used. The
probe was attached to the loading cell of the machine and used to pierce the vegetable
to a predetermined depth, equivalent to 50% of the vegetable’s diameter, before quickly
returning to its initial position. The research paper [24] presented the results of the
puncture tests, including force-displacement curves and statistical analyses of the data.
These findings enabled researchers and food scientists to develop a deeper understanding
of the pepper’s puncture behavior, contributing to the improvement of food processing
techniques, packaging designs, and culinary applications.
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Fig. 1. Pepper’s puncture [24].

2.3 Other Tests on Food

Research [25] examines various types of food and suggests testing methods for each
of them. Multi-piercing jigs are innovative tools that offer significant advantages in the
evaluating hardness or cohesiveness in samples consisting of small food pieces with
diverse shapes or samples containing dispersed air bubbles. By utilizing this specialized
apparatus, researchers and food manufacturers can obtain accurate and reliable mea-
surements, leading to valuable insights into the properties of different food items. One
of the primary benefits of using multi-piercing jigs is their effectiveness in assessing
the characteristics of food products that incorporate solid components, such as jam with
fruit chunks, cookie-laden ice cream, or mixed vegetables [25]. These samples often
present challenges when it comes to measuring their hardness or cohesiveness due to the
presence of distinct textures or heterogeneous structures. However, the multi-piercing
jig overcomes these difficulties by providing a standardized method for piercing and
probing the samples.

When it comes to assessing properties like hardness and spreadability in materials
that exhibit thermal plasticity, such as butter, margarine, and bar soap, conical press jigs
play a crucial role [25]. These specialized jigs provide an invaluablemeans of conducting
compression or piercing tests on these specimens, enabling precise measurements and
analysis. Butter, margarine, and bar soap are examples of materials that undergo changes
in their physical properties when exposed to temperature variations. Thermal plasticity
refers to their ability to soften, deform, or undergo structural transformations under the
influence of heat. Evaluating characteristics like hardness and spreadability in these
materials is essential for quality control, product development, and research purposes.
Piercing tests involve driving the pointed tip of the conical press jig into the material to
evaluate its spreadability. This test determines how easily the material can be penetrated
or spread, which is particularly relevant for substances like butter or margarine that are
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meant to be spread onto bread or other food items. By quantifying the force required
to pierce the material or the depth of penetration, valuable information can be obtained
about its consistency and texture.

The three-point bending test is a valuablemethod for assessing the fracture resistance
and brittleness of samples. By subjecting a specimen to a controlled bending force,
this test provides valuable insights into the strength and structural integrity of various
materials. While commonly used in engineering and material science, the three-point
bending test can also be applied to evaluate the properties of food products such as
biscuits or chocolate bars [25] (see Fig. 2). During the test, the specimen is placed on
two lower supports, known as lower shocks, while a single upper shock or support is
positioned above the sample, creating a span between the supports. The choice of upper
shock or support can vary depending on the specific characteristics and properties of the
sample being tested. For instance, a rigid upper support may be suitable for materials
that exhibit high strength and resilience, while a flexible or cushioned upper support
might be more appropriate for brittle or delicate samples.

Fig. 2. 3-point bending test on biscuits [26].
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3 Conclusions

This research paper highlights the substantial potential of UTMs as a valuable tool for
assessing and characterizing the textural properties of food products. By employing
objective and standardized measurements, UTMs offer several advantages over tradi-
tional sensory evaluation methods, providing a more efficient and reliable approach to
texture analysis.

One of the key benefits of usingUTMs is their ability to provide precise and quantita-
tivemeasurements of food textures.Unlike sensory evaluation,which relies on subjective
perceptions and individual preferences,UTMs employ instrumental techniques that yield
objective data. This objectivity ensures consistency and repeatability in texture analy-
sis, enabling researchers and food manufacturers to make informed decisions based on
reliable measurements.

The application of UTMs in food texture analysis has wide-ranging implications for
various food markets in the food industry. Firstly, UTMs can enhance the understand-
ing of food textures by providing detailed information about the physical properties of
different food products. Researchers can investigate the relationships between texture
attributes and the composition, processing methods, and storage conditions of foods,
leading to deeper insights into the factors influencing texture.

Moreover, UTMs play a crucial role in facilitating product development. Food sci-
entists and product developers can use UTMs to precisely measure and evaluate the
impact of recipe modifications, ingredient substitutions, or processing techniques on the
texture of food products. This enables them to optimize formulations and processes to
achieve desired textural characteristics, ultimately leading to the creation of innovative
and appealing food products.

In addition to aiding product development, UTMs are invaluable for ensuring con-
sistent quality control in the food industry. By implementing UTMs as part of quality
assurance protocols, manufacturers can objectively assess the texture of their products
at different stages of production. This helps detect any deviations or inconsistencies in
texture, allowing for timely adjustments and improvements to maintain uniform quality
across batches and production lines.

While UTMs have demonstrated significant potentials, further research and devel-
opment in this field are necessary to unlock their full capabilities and establish them as
a universal approach for evaluating food textures. Ongoing studies can focus on refining
measurement techniques, expanding the range of textural properties captured by UTMs,
and exploring their applications in different food categories.

Moreover, efforts should be directed towards standardizing UTMmethodologies and
establishing industry-wide guidelines for texture analysis. This would promote consis-
tency and comparability of results across different laboratories and research studies,
further enhancing the reliability and acceptance of UTMs in the food industry.
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Abstract. The paper presents the result of numerical simulations performed to
optimize the position of burners and off-gas exit for a tundish preheating system.
The optimization of the position of burner heads and off-gas exit at the tundish top
cover has been done by application of StarCD CFD software for numerical sim-
ulations. Optimisation of the position for burner heads and off-gas exhaust in the
tundish top cover brought a uniform temperature field inside the tundish refractory
layer during the transient preheating process with minimal fuel consumption.

Keywords: Numerical CFD simulation · Tundish preheating system · Design
optimization · Transient heating process

1 Introduction

The iron and steel production process is highly energy intensive. Thus, efficient energy
conversion is one of the most relevant and mandatory tasks. Reducing the fuel consump-
tion and air pollution of industrial furnaces in the iron and steel industry is one of the
most significant objectives. High-temperature air combustion (HiTAC) has become a
leading technology in energy-efficient fossil fuel conversion in high-temperature pro-
cesses [1]. In recent years, different technologies have been developed for the utilisation
of waste heat as a possibility of primary energy savings in steel and iron production
processes. One of the available energy-efficient technologies is a regenerative burner
system for tundish preheating. Tundish is used within the continuous casting line in the
steel mill. Before use, tundish should be preheated at the prescribed temperature during
a defined time. After the preheating phase, the steel is poured into the tundish, and from
the tundish, the steel flows into the continuous casting machine, where the slabs are
formed for the next operation – rolling and producing the steel sheets.
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2 State-of-the-Art Regenerative Burner Systems

Regenerative burner systems are suitable for improving the energy efficiency of high-
temperature processes with fuel combustion by using the energy of the exhaust gasses
to preheat the combustion air. Today, there are several types of regenerative burner
systems to choose from, each with specific advantages and disadvantages for different
applications. There is a system with a central regenerator and separate regenerative
burners. A central regenerator offers several advantages: (1) the number and types of
burners are not limited and can be chosen as desired; (2) it is possible to use high-velocity
burners; (3) the point at which the exhaust gas is taken from the furnace can be optimized;
(4) the temperature field inside the furnace is uniform and allows efficient heat transfer
from the gasses to the material in the furnace. Due to the special operating conditions
(alternating heating and cooling phase), the main problem of the central regenerator
is the switching between combustion air and exhaust gas flow through the regenerator
units. In [7], the solution with two hot blast dampers is described as expensive and
energetically unattractive, as the water cooling required for the dampers leads to heat
losses and therefore reduces the overall thermal efficiency. In [7], it is also mentioned
that frequent switching between regenerator units reduces the lifetime of the dampers,
and regenerator units have to be very large, which makes such an option expensive.

It is possible to use a regenerator with a rotating bed [2], but this option has a limited
operating temperature for combustion air of about 1,000 °C and for exhaust gas of about
1,200 °C. The heat recovery of such a system is limited to about 80%.

There are two other modern regenerative burner systems: (1) classical regenerative
burners and (2) flameless regenerative burners (FLOX-Flameless oxidation). These sys-
tems have at least two drawbacks. First, it is impossible to optimise the point of extraction
of exhaust gases from the furnace. The number of regenerative burners is the same for
each furnace side (the system requires twice the number of burner heads). While one
group of burners is in “burning mode”, the other group, mounted on the opposite side
of the furnace, is in “heating mode”, and the combustion products flow through it, so
it is impossible to optimize the position of the exhaust gas extraction in the furnace.
Due to the small cross-section of the burner head, only 85% of the exhaust gas can be
discharged through the regenerator thus, 15% leaves the furnace directly through the
stack; therefore, the overall efficiency of heat recovery reaches at most 72%, although
the available regenerators (with axial flow) have efficiencies up to 85% [7]. Regenera-
tive burners are not suitable for operation in high-velocity regimes. The benefit of using
high-velocity burners is that the temperature field in the furnace is uniform.

Flameless oxidation burners (FLOX) operate with highly preheated combustion air.
The air temperature is well above the ignition point of the combustible mixture, resulting
in combustion without a visible flame, which positively influences NOx emissions [5].
According to [7], the small ceramic heat storage elements of FLOX burners can easily
be clogged with dust, limiting their application to exhaust gasses with low dust content;
another disadvantage is that FLOX burners do not operate in high-velocity mode, and
the heat recovery efficiency is approximately 65%.

The regenerative burners presented in this paper consist of two regenerative pebble
bed heaters (PH), a fluid-dynamic valve (FDV), two burners, a four-way valve, an exhaust
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fan, and a combustion air supply fan. This system has several advantages compared to
the above-mentioned regenerative burner systems:

• FDV is part of the installation that makes it possible to rapidly switch between two hot
gas streams (exhaust gas and preheated combustion air) without movable mechanical
parts. Its operating principle is based on the interaction between velocity and pressure
field in the FDV channels [7]. By optimizing the dimensions of FDV’s flow ducts,
it is possible to achieve such a pressure field so that two hot gas streams flow in
different directions without considerable mixing. FDV is an economically feasible
option compared to a conventional switching valve on the hot gas side.

• The four-way valve is located on the cold side of the installation, which is more
favorable from technical and economic aspects.

• If the heat storage bedof thePBheater ismade of tabular alumina balls, the regenerator
units can operate in a high-temperature regime, allowing a very high preheating
temperature of combustion air (up to 1,300 °C). The frequent switching between
the heating and blast periods enables the compact construction of PB units. Such
a construction is characterised by low heat losses through the outer walls and low
investment costs.

• The radial flow of gases through the porous bed, where the heat is stored, allows for
more effective heat transfer than axial flow regenerators. The gradient of temperature
in a radial direction is high (up to 1,100 °C), allowing the temperature on the cool
grid in PBH to be as low as 200 °C.

Preheating the combustion air up to 1,300 °C in the PBH systems, energy consump-
tion can be reduced, and, respectively, CO2 emissions. With a controlled mixing of two
streams (exhaust gas and preheated combustion air) in the FDV, the NOx concentration
can be reduced to below 200 mg/m3 (p = 101,325 Pa, T = 27,315 K) [7]. Addition-
ally, the exhaust gas extraction position can be optimised, resulting in a more uniform
temperature field and higher furnace capacity.

Figure 1 shows the regenerative burner system PH-FDV.

Fig. 1. Regenerative burner system with PH-FDV [7]
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3 Test Facility

The test facility presented in this paper consists of PH-FDV regenerative burner system
for 2,000 m3/h (p = 101,325 Pa, T = 0 K) and 1,200 °C flow and it will be installed
instead of the old tundish preheating system presented in Fig. 2.

Fig. 2. Old tundish preheating system

Figure 3 presents the newly designed preheating system (PH-FDV regenerative
burners connected to the tundish).

Fig. 3. Newly designed preheating system – PH-FDV regenerative burners connected to the
tundish

4 Numerical Simulation of a Tundish Preheating

The burner and off-gas positioning at the tundish top cover have been done by the numer-
ical CFD code StarCD. The simulation of transient heating of tundish with optimized
top cover geometry and position of burner heads and off-gas exhaust has been performed
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using real geometry of tundishwithout any simplification. The real geometry of a tundish
stand for preheating is shown in Fig. 4, while the tundish model is shown in Fig. 5.

Fig. 4. Geometry of tundish on the stand for preheating in a steel plant

Fig. 5. Geometry of tundish model in numerical simulation

Tundish has to be heated up to 1100 °C in 5–6 h. In the present situation, average
fuel consumption is 200–250 m3/h, and the combustion is irregular.

Parameters presented in Tables 1 and 2 have been used for numerical modeling.
The radiation model coupled with conjugate heat transfer has been used for numerical
simulation and optimization of top cover geometry (steady state and transient solution
method have been done with solution algorithm - Simple and Pisco, respectively). First,
we solved a stationary problem, resulting in the final temperature field at the inner surface
of the tundish presented in Fig. 6. It could be seen that the uniformity of the temperature
field is satisfying, and as is presented in Fig. 6, the temperature is in the range of 1028–
1096 °C (pink), 1096–1164 °C (violet) and 1164–1232 °C (red). Maximal temperature
(red field) is obtained at the point where a high-velocity stream of hot combustion
products contacts with a tundish bottom. The maximum average temperature difference
is 136 °C and the middle part of the tundish is at the lowest temperature.

On the other hand, the transient problem for 6 h of tundish preheating has been
analyzed. This is a real case in this solution. The result of this analysis is presented in
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Fig. 7, where the time interval of 6 h is divided into 12 short intervals of 30 min, lined
in counterclockwise from case (a) to case (c).

Table 1. Characteristic parameters in numerical modeling and design optimization of tundish top
cover

Item Characteristics

Number of blocks 1,009

Number of cells in the grid 300,195

Type of the grid Uniform

Type of analysis Steady state & transient

Geometry of: Identical geometry with real tundish

–Inlets:

Burner 1 φekv = 160 mm

Burner 2 φekv = 160 mm

–Outlets:

Off-gas φekv = 350 mm

Boundary conditions:

–Inlets:

Burner 1 V = 93.9 m/s, t = 1,450 °C, ρ = 0.205 kg/m3

Burner 2 V = 93.9 m/s, t = 1,450 °C, ρ = 0.205 kg/m3

–Outlet:

Off-gas Split

Reference pressure 101,325 Pa

Used models in simulation:
Turbulence model
Thermal model

K-ε High Reynolds number
Calculation of temperature field
Radiation model coupled with conjugated heat transfer

The solution of transient heating after 6 h is presented in case (c). The maximum
temperature in the right separated part of the tundish after 6 h of preheating was 1193 °C
- darker ochre color (at the same position as in the stationary case). The temperature
field on the inner side of the tundish refractory is uniform and is in the range of 1089–
1193 °C prevalence of yellow color and light ochre, with satisfactory uniformity of the
temperature field and maximal average difference 104 °C.

The positions of the burner heads and exhaust outlets have been determined in this
simulation. Both burner heads are positioned on a symmetrical axis of the tundish top
cover. The exhaust outlet is not symmetric, and during simulation, it has been shown that
there is little or no influence on whether there are two symmetric or one unsymmetrical
openings for exhaust gases. Due to the simplicity of the experimental installation, it was
decided to use one exhaust opening. One burner head is positioned exactly above the
first, smaller step of the tundish, and the other in the right separated part of the tundish
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Table 2. Parameters used in solution and numerical simulation for tundish top cover optimization

Solution method Steady state/transient

Solution algorithm Simple/Pisco

Max. global residual tolerance 1 × 10−4

Solver-type Scalar

Primary variables Relaxation factor Number of
sweeps

Residual
tolerance

Difference
scheme

U-momentum
V-momentum
W-momentum

0.5
0.5
0.5

100
100
100

0.01
0.01
0.01

UD

Pressure 0.15 1,000 0.005 UD

Turbulence K-ε
Turbulence
dissipation

0.5
0.5

100
100

0.01
0.01

UD

Temperature 0.7 100 0.01 UD

Density
Viscosity

1
1

MARS

Fig. 6. Temperature field inside the refractory layer in the tundish (stationary solution)

where melted metal first touches the tundish surface when the melted steel is poured. It
is essential to keep a high temperature at this surface since high-temperature differences
could damage the refractory surface or cause problems in the casting of steel. A uniform
temperature field at the inner side of the tundish was obtained with considerable fuel
reduction (all numerical simulations have been performed with 100 m3/h of natural
gas consumption) by using high-preheated air for combustion (up to 1100 °C) and
high-velocity burner heads.
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Fig. 7. Temperature field development during 6 h (transient problem)

5 Conclusions

With existing physical models, CFD can offer cost-effective solutions for many complex
systems of interest in different engineering fields. Numerical simulations in designing
and optimizing elements of experimental installation of regenerative burners for tundish
preheating have been performed using CFD code StarCD v 3.15.

Positions of burner heads and off-gas openings have been determined in this simu-
lation. Both burner heads are positioned on a symmetrical axis of the tundish top cover.
In this paper, two cases of tundish preheating were studied (stationary and transient).
For both cases, the uniformity of the temperature field was satisfactory and the temper-
ature was in the range of 1028–1232 °C for stationary and 1089–1193 °C for transient
solution. Maximum temperatures are obtained when a high-velocity stream of hot com-
bustion products contacts a tundish bottom. A uniform temperature field at the inner side
of the tundish was obtained as a result of the optimization of the position of the burner
heads. Numerical simulations showed that considerable fuel reduction, up to 50%, could
be obtained; however, this will be verified in further experiments.
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7. Stavanović, D., Fischer, W.: Pebble-heater twins with fluid dynamical valve – an efficient
possibility for high combustion air preheating



Design of Augmented Reality-Based Android
App for Simulation and Programming

of Industrial Robots

Jelena Vidakovic1(B) , Andrija Devic1 , Ilija Lazarevic2 ,
and Nikola Zivkovic1

1 Lola Institute, Belgrade, Serbia
jelena.vidakovic@li.rs

2 Military Technical Institute, Ratka Resanovića 2, 11030 Belgrade, Serbia

Abstract. Growing customer requirements and global competition are factors
that cause the integration of industrial robots and Industry 4.0 solutions increas-
ingly. There is a high demand for robotics and automation solutions that are cost-
effective, safe, and easy to install and reprogram,where the operator canworkwith
the complex robots to solve unpredictable problems, and that can be adapted by
small and medium-sized enterprises (SME). The Industry 4.0 paradigm triggered
the use ofAugmentedReality (AR),which has become a popularmultidisciplinary
research field over the last decade, in industrial facilities. In this paper, the appli-
cation of AR for the simulation and programming of industrial robots is presented
and demonstrated for a case of 6DoF industrial robot RL15. The design of an
AR-based mobile Android app that facilitates the simulation and programming
of industrial robots is proposed. The virtual robot model has been developed in
Unity software based on the robot CAD model. Simulation of robot movements
using the designed AR android app allows users to program, test and verify the
desired robot trajectories by incorporating 3D robot virtual model motion into a
real-world environment obtained from an android device in real-time.

Keywords: Industrial robot · Augmented reality · Simulation

1 Introduction

Growing customer requirements and global competition are factors that cause global
industrial leaders to increasingly apply industrial robots and solutions of Industry 4.0
[1]. Industry 4.0 is the concept that encompasses digitization of manufacturing with
smart factories as the primary outcome, which are being developed with the aid of
advanced robotics, massive data, cloud computing, solid safety, intelligent sensors, the
Internet of things, and other advanced technological developments [2]. There is a high
demand for the development of robotics and automation solutions that are less expensive,
safer, easier to install and re-program, where the operator can work as an assistant with
the complex robots to solve unpredictable problems, and that can be adapted by small
and medium-sized enterprises (SME) [3, 4]. Regarding industrial robots, Industry 4.0
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solutions have been implemented in the domains of collaborative robotics, assembly
tasks, inspection, pick and place tasks, packaging applications, and in various industries
such as the automotive industry, logistics and warehouses, etc. [2].

The Industry 4.0 paradigm triggered the use of Augmented Reality (AR), which has
become a popular multidisciplinary research field over the last decade, in networks of
connected physical systems and human-machine communication [5]. Themost common
definition of AR by Azuma [6] states that in AR “3D virtual objects are integrated into
a 3D real environment in real-time”. One of the domains of AR application in robotics
is interactive robot trajectory planning and simulation [3].

A robot application program is a set of instructions that cause the robot system to
move the robot’s end effector, i.e. Tool Center Point (TCP), in order to perform the
desired robot task correctly [7, 8]. User-friendly robot programming methods are an
essential tool and a key factor in enabling the wider application of robots in industrial
production facilities [7]. AR enriches the way that users experience the real world by
embedding virtual objects to coexist and interact with real objects in the real world [9].
xR (extended reality) technologies comprised of virtual reality (VR) and AR represent
the technological basis for the building of a new generation of human-machine inter-
faces [10, 11], which allow users to give instructions to the robot in a simpler, more
natural and intuitive way [12]. By reducing programming time, simplifying changes
and reprogramming, and simplifying training methods, AR-based robot programming
technologies provides foundations for wider usage of robots, especially in small-scale
productions and SMEs.

In this study, the AR-based simulation and programming system of industrial robots
developed in Unity is presented. 6DoF industrial robot RL15 installed at the Laboratory
for Robotics andmachine tools in Lola institute is used for demonstration. In this stage of
development, for the solution of an inverse kinematic problem,RoboDK’s [13] integrated
inverse kinematics solver has been used for the created robot model. The creation of the
robot RL15 simulation model in Unity based on the designed CADmodel is shown. The
creation of a Unity-RoboDk programming and simulation environment is proposed. The
main component of this research is the design of the AR-based mobile Android app for
the simulation and programming of robot motions.

2 Creation of Robot Simulation Model in Unity-RoboDk
Programming and Simulation Environment

Unity is one of the first freely available game engines whose popularity has only contin-
ued to increase. It has been adopted as a stand-alone simulator in several robotics areas.
However, it lacks many of the tools suitable for the development of robot program-
ming/control systems [14]. Thus, it is desirable to integrate Unity as a simulator with
a dedicated robotics development framework [15]. This is commonly done using ROS
[16], yielding the ROS-Unity robotics simulation suite. Other integrations are possible,
such as with 3D simulation and offline/online programming environment RoboDK [13],
which is used in this study.
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2.1 Design of 3D Model of RL15 Robot in Unity

CAD 3D model of the robot RL15 in the laboratory environment was created in CATIA
[17] software, Fig. 1, and exported into STEP (Standard for the Exchange of Product
Data) file format. Prior to export, all part elements belonging to specific links are grouped,
and coordinate frames attached to robot links are placed into robot joints. In order to
import the robot model in Unity, the STEP file is converted into glTF file format [18].
glTF (GL Transmission Format) is an open-source standard for the efficient transfer
of 3D models and scenes from one application to another. The glTF format enables the
minimization of the requiredmemory space for the transfer of 3Dmodels. It also reduces
the time required to unpack themodel, which is significant with sophisticated 3Dmodels
[11].

Fig. 1. Render of the 6DoF robot RL15 in the laboratory environment.

A script performing transformations of rotational matrixes due to different orien-
tations of frames attached to robot joints between Unity and RoboDK development
environments is developed in C# language. After the glTF files are accordingly altered,
they are imported into Unity. A parent-child hierarchical structure is designed according
to the CAD model. In Unity, robot links are coupled by joints with specified rotational
axis and their orientations.

2.2 Integration of Unity with RoboDK Software

RoboDK is a commercial cross-platform robot simulation and programming environ-
ment [13]. In this stage of development, RoboDK’s integrated inverse kinematics solver
has been used for the created robot model, as well as for achieving one of the two
provided means for robot programming - “programming by demonstration”.

In RoboDK, robot RL15 assembly is created using ‘Model Mechanism or Robot’
input formwhere dimensions of robot links are specifiedmanually by the designer, while
the STEP file for every link (part) obtained from CAD software is imported.



242 J. Vidakovic et al.

After transferring the 3D model from the CAD modeller to the AR development
system (Unity), it was necessary to write a script that allows interaction between Unity
and RoboDK via RoboDK API. Code written in C# executes mapping of robot motion
in RoboDK with robot motion in Unity in real-time. Figure 2 shows programming by
demonstration of RL15 robot in RoboDk (achieved by dragging of robot tool centre point
by user) that has been transferred in a simulation environment inUnity in real-time. Here,
the robot inverse kinematics problem has been solved by RoboDK in real-time.

Fig. 2. Unity-RoboDk programming and simulation environment.

3 Design of AR Robot Simulation and Programming Android App
in Unity

The main component of this research is the design of the AR-based mobile Android
app for the simulation and programming of robot motions. Android is a Linux-based
mobile operating system primarily developed for touchscreen mobiles [19]. Simulation
of robot movements using the Android app allows users to test and verify the desired
robot trajectories by incorporating 3D robot virtual model motion into a real-world
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environment obtained from an Android device cam in real-time. For instance, robot
programming can be performed in RoboDK software, and the AR-based app can be
used for program verification, Fig. 3.

In marker-based AR, scanning a marker triggers an augmented experience. Vuforia
[20], an AR Software Development Kit for mobile devices that provide essential tools
for the creation of Augmented Reality applications, is used for generating AR robot
image in a real laboratory environment, Fig. 3.

Fig. 3. AR integration of robot model in the real-word laboratory environment for simulation and
verification of programmed robot motions

Another possibility of robot programming the app is allowing it by using user inter-
face (UI) input from the phone touch-screen. In this case, an Android device is used
as the simplified form of a teaching pendant. GUI for the designed AR-based Android
robot programming app, with the designed buttons that allow for robot programming by
manually setting the values of TCP position (x, y, z coordinate) and orientation (RPY
angles), by increasing and decreasing their value is shown in Fig. 4.

Using Vuforia SDK provided a possibility to compile the designed application on
devices from different manufacturers. One of the main challenges in the presented
research was to ensure compatibility for different development environments (i.e. to
adjust the frame settings between different software).
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Fig. 4. GUI of AR-based Android robot programming app

4 Conclusion

In this paper, one simple application of AR for the simulation and programming of
industrial robots is presented. 6DoF industrial robot RL15 installed at the Laboratory
for Robotics and machine tools in Lola institute is used for demonstration. The creation
of the robot simulation model in Unity based on the designed CAD model is shown. In
this stage of development, to solve the inverse kinematic problem, RoboDK’s integrated
inverse kinematics solver has been used for the created robot model. The creation of
Unity-RoboDK programming and simulation environment is described. The design of
the programming and simulation Android app that facilitates the simulation and pro-
gramming of industrial robots is presented. One of the main challenges was to ensure
compatibility for different development environments. Simulation of robot movements
using the designed AR android app allows users to program, test and verify the desired
robot trajectories by incorporating 3D robot virtual model motion into a real-world
environment obtained from an Android device in real-time.
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Abstract. Simulators have become indispensable tools in the field of robotics,
providing researchers and engineers with a means to design, develop, and test var-
ious aspects of robotic systems in a safe, time and cost-efficient way. Currently,
several robot simulation environments exist, each with its own benefits in terms of
physical realism, visual realism, simulation speed, and industry support. Gazebo
combined with ROS is a popular choice when it comes to simulating robots. This
study presents the development of a 6DoF robot simulator in a ROS-Gazebo envi-
ronment. 6DoF industrial robot RL15, installed at Laboratory for Robotics and
machine tools in Lola Institute, is used for demonstration.Modelling of robot links
in ROS-Gazebo environment based on the designed robot model in 3D modeller,
URDF and SDF file formats, mesh files, including the inertial properties, is pre-
sented. Robot trajectory planning, trajectory generation and control design with
ROS are described. A brief reference to modern software simulation tools is given.

Keywords: Industrial robot · ROS-Gazebo · Simulation

1 Introduction

Industrial systems are becoming increasingly autonomous. Simulators have become
indispensable tools in the field of robotics, providing researchers and engineers with a
means to design, develop, and test various aspects of robotic systems in a safe, time and
cost-efficient way. The ultimate goal of the abovementioned virtual environments is to
enable users to simulate and analyze the operation of robots, their interactions with the
physical world, and the performance of different algorithms and control strategies, in
order to refine and optimize robotic applications before implementing them in the real
world. In order to accomplish this, they have to achieve faithful reproduction of the var-
ious aspects of the physical properties of robots and their surroundings. Simulators also
play a crucial role in robotics education and training. They provide an accessible plat-
form for students and beginners to learn about robotics concepts, practice programming,
and gain hands-on experience with robot design and control.
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Robot simulators have different quality levels in accuracy (physical or visual real-
ism), speed of simulation, and industry support [1]. A priority list of mentioned quality-
determining elements depends on the specific application. Robotic simulators come in
various forms, ranging from simple 2D platforms to complex 3D environments that
closely resemble real-world scenarios. They can be free or proprietary licensed, with
closed or open-source architecture. Three of the most used ones by the robotic com-
munity are V-Rep (CoppeliaSim), Gazebo, and Unity [2]. Gazebo [3], paired with the
Robot Operating System (ROS) [4], consistently ranks as one of the most popular robot
simulators [1, 2] with a large community of users.

In this paper, a design of a simulator for the 6DoF robot in a ROS-Gazebo [5] envi-
ronment is presented. 6DoF industrial robot RL15 installed at Laboratory for Robotics
and machine tools in Lola Institute is used for demonstration. Modelling of robot links
in ROS-Gazebo environment based on the designed robot model in 3D modeller, URDF
[6] and SDF file formats, mesh files, including the inertial properties, is presented. Based
on the 3D robot model in Blender, the inertia tensor for every robot link is computed
using MeshLab software. Robot trajectory planning, trajectory generation and control
design with ROS is described. A brief reference to other modern software simulation
tools such as Unity is given.

2 Design of a Robot Simulation System in ROS-Gazebo for 6DoF
Industrial Robot RL15

Robot Operating System (ROS) is an open-source Linux-based software framework
extensively used in robotics, robot collaboration and machine vision research [4]. ROS
ecosystem provides tools, libraries, and conventions targeted towards building applica-
tions in robotics, and is compatible with various robotic platforms [4]. It has an Indus-
trial ROS extension [7] that is aimed at industrial robots rather than general and mobile
robotics, and it is often paired with the open-source 3D robotics simulator Gazebo [8,
9]. Gazebo has OpenGL rendering, integrated several physics engines, and support code
for sensor simulation and actuator control [4].

The first step in the design of a robot simulation system is to define the robot’s kine-
matic and dynamic properties using XML file formats such as URDF (Universal Robot
Description Format) or SDF (Simulation Description Format), which are equipped with
elements and attributes specific to robot kinematic structure. The URDF is primarily
developed for ROS purposes, while SDF is specifically designed for the Gazebo sim-
ulator. SDF file defines a simulation world or environment and multiple models inside
that world. URDF uses the ‘<robot>’ element to define one model per file, Fig. 1.

2.1 Modeling of Robot Links in ROS-Gazebo Environment

A 3D model of each link must be defined to visually represent the robot in the Gazebo
simulator. Simple robots can be directly modelled inside URDF or SDF files using built-
in XML elements of primitive geometric shapes; however, to avoid cumbersome and
inefficient modelling for any real-world robot, the links are designed in 3D modelling
software and reference file of the link model with the ‘<mesh>’ element. The URDF
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Fig. 1. URDF (left) and SDF (right) file minimal example

and SDF have a ‘<mesh>’ element with a filename attribute, which needs to be set as
the path to the 3D model file. The mesh files are usually STL (.stl), Wavefront (.obj) or
Collada DAE (.dae) formats. The coordinate systems of each element in the URDF or
SDFfile are definedwith Cartesian coordinates for origin position and roll, pitch and yaw
angles for orientation. Coordinate systems are rigidly attached relative to the element in
which they are defined. For our purposes, a 3D simplified model of each robot link of
the RL15 robot is modelled in Blender [10] and exported as a.obj file. Besides visual
representation, the mesh of the 3D models of robot links can be used as a boundary for
collision detection (Fig. 2).

Fig. 2. Simplified model of the robot RL15 link in Blender

The inertial properties of the robot are crucial for the simulation within the physics
engine inGazebo to be as accurate as possible.Mass, the center ofmass and inertia tensor
are externally computed and defined inside the ‘<inertial>’ element of the URDF or
SDF file. Based on the 3D robot model from the Blender file, the inertia tensor for every
robot link is computed usingMeshLab software [11]. MeshLab calculates inertia tensors
based on the volume of themesh and unit density. The numerical values of inertia tensors
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are obtained by multiplying inertia tensor elements with appropriate density calculated
from mass and volume (Fig. 3).

Fig. 3. RL15 link in MeshLab

2.2 Trajectory Planning, Programming and Control Design with ROS

At its core, ROS is the middleware used for inter-process communication via a pub-
lish/subscribe pattern. The second component of the ROS ecosystem is ROS packages
that provide specific functionalities needed in building robotic projects. The best example
in this context is the ‘ros_control’ package [12] which provides ready-for-use controllers
for the most common types of robots and the necessary framework for users to develop
their own controllers or modify existing ones. The package ‘move_it’ (MoveIt) pro-
vides a solution to the motion planning and trajectory programming problem [13]. The
communication between ROS nodes and Gazebo is achieved using special inter-faces
from package ‘gazebo_ros_pkgs’ [5]. This package defines topics, services and dynamic
reconfiguration for Gazebo and exposes them to ROS nodes. The simulation process of
the 6DoF industrial robot RL15 can be summarized in the following steps:

1. User specifies the desired path of the end-effector using MoveIt graphic interface;
2. MoveIt use inverse kinematics to convert the desired path from operational-space

coordinates (end-effector position and orientation) to joint-space coordinates (joint
angles);

3. The desired path in joint space coordinates is fed to the joint trajectory controller
which generates interpolated desired joint-space trajectory. The desired joint-space
trajectory can be defined as a linear, cubic, or quintic polynomial;

4. Joint trajectory controller parses desired joint-space trajectory to the PID controller;
5. Joint trajectory controller further sends an actuation signal to theGazebo,where joints

of the RL15 are actuated (Fig. 4).
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Fig. 4. Model of the RL15 in laboratory environment in Gazebo.

3 Reference to Other Notable Robot Simulation Environment

Despite the powerful capabilities of ROS-Gazebo, there is still a desire within the
research community for simulation environmentswith improved visual fidelity [1]. Thus,
many have begun to turn their attention towards the usage of game engines, such as Unity
[14], due to their higher visual fidelity and developer-friendly architectures [1, 15].When
choosing an environment for robotics applications, it is important to consider features
such as user-friendliness, affordability, and open-source availability. In addition, the exis-
tence of the community of users, support and accessible examples are highly valuable
merits [8].

V-Rep and Unity offer a user-friendly interface and considerable flexibility when
it comes to scene editing, while Gazebo demonstrated fewer capabilities in that aspect
[2]. For all three simulators (V-Rep, Gazebo, and Unity), it is possible to perform a
connection with ROS, but with different complexities, Gazebo and V-Rep being the eas-
iest ones [2]. While Gazebo and V-Rep are open-source software, Unity is not. Unity
provides extended reality (XR) development which has been increasingly used in the
robotics domain [16]. Generally, V-Rep is tried and tested for industrial purposes, fol-
lowed by Unity (which has major potential regarding XR capabilities) while Gazebo
is dominant in mobile and hobby robotics. Another significant robot simulation system
is the commercial cross-platform simulation environment RoboDK [8, 9, 17], which
can be installed on a RaspberryPI which helps using low-cost controllers. RoboDK can
also be integrated with Unity, providing inverse kinematics solutions and an applicative
programming environment. In Fig. 5, the simulation environment for the RL15 robot
designed in Unity is presented.
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Fig. 5. Robot simulation environment for robot RL15 created in Unity.

4 Conclusion

In the presented paper, a design of a simulator for a 6DoF robot in a ROS-Gazebo
environment is presented. Modelling of robot links in ROS-Gazebo based on designed
robot model in 3D modeller, URDF and SDF file formats, mesh files, including the
inertial properties, is presented. Based on the 3D robot model from the Blender file,
the inertia tensor for every robot link is computed using MeshLab software. Robot
trajectory planning, generation and control design with ROS are described. A brief
reference to modern software simulation tools such as Unity is given. 6DoF industrial
robot installed RL15 at Laboratory for Robotics and machine tools in Lola institute is
used for demonstration.
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and Stevan Maksimović4
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Abstract. The primary focus of this study is the development of efficient calcula-
tion methods and application software for the fatigue strength analysis of aircraft
structural elements. This primarily indicates the long life of aircraft structure ele-
ments exposed to the spectrumof cyclical loads. Therefore, the total fatigue life can
be divided into two parts: the first until the appearance of the initial damage, and
the second after the appearance of the initial damage, that is, crack propagation.
The conventional approach uses small-cycle fatigue characteristics to estimate the
life until the appearance of an initial crack and dynamic characteristics to analyze
crack propagation. In order to avoid very expensive and time-consuming tests,
the Strain Energy Density (SED) method was used here, which uses the same
low-cycle characteristics for both appearance and crack propagation. The Finite
Element Method (FEM) was used to assess the life of complex constructions,
such as aircraft, for the analysis of the stress state. By combining the SEDmethod
with FEM for stress state analysis, a reliable and efficient method for estimating
the total life of aircraft structural elements is obtained. The results show that the
predicted results agree well with the test data.

Keywords: Aircraft structures · Fatigue · Crack initiation · Crack growth · Total
fatigue life · Strain Energy Density (SED) · Finite Element Method (FEM)

1 Introduction

The research in this work is primarily focused on the development of suitable methods
and application software for the lifetime verification of the metal elements of an aircraft
structure exposed to cyclic loads in the form of spectra. One of the primary goals of this
research is to establish effective calculation methods for estimating the life of aircraft
elements under the influence of the load spectrum. In work related to the fatigue behavior
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of real aircraft structural components under service loading, one of the fundamental
issues is the evaluation and formulation of adequate relations that should describe fatigue
life. Fatigue, as a very complex process, can be considered and analyzed as: (1) the crack
initiation phase and (2) the crack propagation phase. In this paper, a computationalmodel
to estimate the total fatigue life of aircraft structural components was developed.

The aircraft structural components and structural components of other mechanical
systems are components with geometrical discontinuities, known as components with
notches or notched structural components. As a rule, cracks appear at critical points
that lie at the bases of the notches. Therefore, notches play an important role in the
investigation of fatigue life. The Total Fatigue Life (TFL) of concrete aircraft structural
components is the sum of the Crack Initiation and Crack Growth Life (CIL and CGL,
respectively) and mainly depends on the number, form, size, position, and arrangement
of its notches.

CIL computation of aircraft structural components understands knowing aircraft
flight cycles, cyclic events in flight cycles, cyclic properties of the material used or
nominated for workmanship, the stress-strain response at critical points or points of
expected crack initiation, and damages initiated by all cyclic events.

The stress–strain response at the critical point (local stress-strain response) for all
cyclic events and the method of identification and counting of those events have special
importance. The local stress-strain response may be determined by strain gauge mea-
surement, the Finite ElementMethod (FEM), andmethods that relate local stresses (σloc)
and strains (εloc) to nominal values. The identification and counting of cyclic events in
aircraft flight cycles may be carried out using the rain flow counting method, range pair
method [1], and similar good methods of the reservoir [2].

The method of exact damages and CIL computation still does not always exist. All
these are based on numerous hypotheses (rules). Because of its simplicity, Palmgreen–
Miner’s linear damage accumulation rule is mostly used [1–5].

For TFL computation, several investigators [6, 7] have combined the two approaches
by combining the computed results for crack initiation and crack growth.

The aim of this paper was to compute (to predict) the TFL (TFL = CIL + CGL)
of notched structural components using the same input parameters (cyclic properties)
for the CIL and CGL computations. Methodologies of CIL and CGL computation of
notched structural components based on the criteria of low-cycle fatigue (LCF) [1, 8] and
Strain Energy Density (SED) [9] are described in this paper. The aim was to predict the
total fatigue life of structural components using the same input parameters (low cyclic
properties) for the crack initiation and crack growth propagation stages. Therefore, the
formulated model presents an effective procedure that enables us to predict the CIL
and CGL life and establish an estimated fatigue life schedule by combining the finite
element and strain life methods, as well as the strain density theory. The initiation phase
is modeled using strain-life and cyclic stress-strain curves, whereas the propagation
phase uses the crack growth rate versus stress intensity curves. In this work, the crack
growth rate is analyzed by using the SED theory. Therefore, the same parameters were
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used to predict the fatigue life to crack growth, as well as to estimate the fatigue life to
crack initiation.

2 Initial Fatigue Life Estimation

To estimate the life until the appearance of the initial damage of structural elements
subjected to cyclic loads and where material plasticity occurs in critical zones, it is
necessary to use the cyclic behavior curves of the material. Here, a complete procedure
for estimating the lifetime until the appearance of initial damage is presented, where the
Manson-Coffin relation was used for estimating the lifetime

�ε

2
= σf ′

E
Nb
f + εf ′Nc

f (1)

where: σf′- coefficient of fatigue strength, b - exponent of fatigue strength (Basquin’s
exponent), εf′ - coefficient of fatigueductility, c - exponent of fatigueductility, E -modulus
of elasticity andNf - number of cycles until the appearance of initial cracking. In Eq. (1),
the total deformation�ε is equal to the sum of elastic,�εe and plastic deformation,�εp
and has the form:

�ε

2
= �εe

2
+ �εp

2
(2)

The Manson-Coffin Eq. (1) represents the simplest relationship for estimating the
age until the appearance of initial damage. Equation (1) can be expressed graphically,
and Fig. 1 represents the sum of the elastic and plastic deformations (εt = εe + εp).

Fig. 1. Curve ε-N for total fatigue life estimation
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In the case of a “graded” load spectrum, such as usually occurs (or is defined) in
the flight of an airplane, mean stress, σm, occurs. Earlier research has shown that the
influence of medium stress on age until the appearance of initial damage is important,
but the same does not exist in the Manson-Coffin relationship. In order to include the
influence of medium stresses on the estimation of the lifetime until the appearance of
the initial damage, various relations were established, of which the following relations
are often used: Morrow, Manson-Halford, and Smith-Watson-Topper low-cycle fatigue
curve [10–12].

Morrow’s relation for estimating the life to the onset of initial damage

Morrow was the first to propose a modification to include the effect of medium stress in
the lifetime estimate in the form:

�ε

2
= σf ′ − σm

E
Nb
f + εf ′Nc

f (3)

The difference between this curve and the basic low-cycle fatigue curve is that consid-
ering the mean stress σm, only the elastic component of the total amplitude deformation
is modified.

Manson-Halford’s relation

In the Manson–Halford low-cycle fatigue curve equation has the form:
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Smith-Watson-Topper relation

The Smith-Watson-Topper (SWT) relation for describing the low-cycle fatigue curve
has the form:

PSWT =
√
(σf ′)2(Nf )2b+Eσf ′εf ′(Nf )b+c

√
σ

�ε

2 max
(5)

whereby the influence of medium stresses is included via the dependence

σm
�σ

2 max
(6)

The notation PSWT in (5) refers to the Smith-Watson-Topper parameter. The relation
SWT (5) defines that there is no fatigue damage in situations where the value of the
maximum stress, σmax, is zero or has a negative value, which is not entirely true.
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3 Estimate of the Remaining Life of the Wing-Fuselage Connection

3.1 Crack Growth Based on the Theory of Strain Energy Density

In this section, the procedure for crack growth computation is established based on SED
theory. The key value in the process of crack growth analysis is the stress intensity factor
range,�KI. Near the stress intensity factor range�KI, a threshold stress intensity factor
range �Kth exists, that is the value below which fatigue cracks do not grow. Therefore,
wewill formulate a relation for crack growth rate da/dNp as a function of a stress intensity
range �KI as well as a threshold stress intensity factor range �Kth.

The first important parameter in fatigue crack analysis is the length of the process
zone ahead of the crack tip, d* (Fig. 2). This parameter can be considered as a constant
by the same authors [13] and as a variable (as a function of �KI) by others [14, 15]. The
length d* can be expressed as a function of �KI and �Kth [15], as follows:

d∗ = �K2
I − �K2

th

πEσy′ (7)

where�Kth is the range of the threshold stress intensity factor and σ′
y is the cyclic yield

stress. In order to define the required relation based on parameters ε′f, σ′
f and n′, we first

need to define a relation for the cyclic plastic strain energy density �Wp in the units of
Joule per cycle per unit volume [6, 7] as:

�Wp =
(
1 − n′
1 + n′

)
�σeq�εeq (8)

where are �σeq, �εeq equivalent stress and strain along the crack line (θ = 0),
respectively, or

�Wp =
(
1 − n′
1 + n′

)
�K2

I σeq(0; n′)εeq(0; n′)
EIn′r

(9)

where �KI is the range of stress intensity factors under mode I loading, or for the plate
with a central hole and crack �KI can be expressed as [16]:

�KI = �σ
√

πa

[
1 + 2.365

(
R

R + a

)2.4
]

(10)

where a is the crack length, �σ - stress range, R – the radius of a central hole, and In′ is
the non-dimensional parameter of exponent n′.Terms r and θ are the radial and angular
positions, respectively, of any point from the crack tip, as shown in Fig. 8.
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Fig. 2. A crack tip zones of damage

Furthermore, and σeq(0; n′), εeq(0; n′) are non-dimensional angular (θ = 0)
distribution functions for stress and strain, respectively.

Equation (9) presents the distribution of the plastic strain energy density per cycle
ahead of the crack tip. The unknown values are the angular distribution functions of the
equivalent stress, strain, and parameter In’. The area near the crack tip is known as the
process zone [14]. The next area is the region between the cyclic plastic zone and the
process zone. The area where the damage is mainly accumulated is the process zone.

Since we defined the length d* it was possible to determine the plastic energy ωp
dissipated per cycle per unit growth. The required relation for ωp can be obtained by
integrating the relation for the plastic strain energy density (11) and if r is substituted by
d*, or:

ωp =
∫ d∗

0

(
1 − n′
1 + n′

)
�K2

I ψ(n′)
EIn′d∗ dr (11)

after integrating,

ωp =
(
1 − n′
1 + n′

)
�K2

I ψ

EIn′
(12)

where ψ = (
σij(0; n′)εij(0; n′)

)
and can be determined experimentally. It is known that

the external load increases from zero at the crack tip; it is blunted first and starts to
open when the stress intensity factor reaches the threshold value, Kth. After that, loading
blunts the crack tip, andwhen the load reaches themaximumvalue, the crack tip becomes
blunter, causing the crack tomove by a certain distance. Based on the previous statement,
it is possible to formulate �KI = Kmax – Kmin instead of �KI = Kmax–Kth, as follows:

ωp =
(
1 − n′
1 + n′

)
ψ(Kmax − Kth)

EIn′
(13)

Theplastic energydissipatedper cycle per unit growth canbe formulated as a function
of the energy absorbed until fracture, Wc, as follows:

Wcδa = ωp (14)
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Therefore, the relation for δa becomes:

δa = da

dNp
= (1 − n′)ψ

4EIn′σf ′εf ′ (Kmax − Kth)
2 (15)

Equation (15) presents a special case for R = 0 (R = Kmin/Kmax). In that case, Kmax
= �K, Kth = �Kth, where is �Kth a material constant and it is sensitive to stress ratio
R. An important aspect of the fatigue design of structural elements is the ′′design of safe
cracks′′ based on the crack growth threshold. Of much concern, however, is the effect
of the stress ratio on the fatigue threshold stress intensity range �Kth. Regarding the
R-effect on�Kth, many relations, mostly empirical, have been proposed, some of which
are [17]:

�Kth = Kmax(1 − R);�Kth = Kth0(1 − R)
1
2 ;�Kth = Kth0(1 − R)γ ;

�Kth = Kth0

(
1 − R2

)
;�Kth = Kth0

(
1 − R

1 + R

) 1
2

(16)

where �Kth0 is the threshold stress intensity range at R = 0 and γ is a material constant
that varies from zero to unity. For most materials, γ was 0.71 [14]. Despite the large
number of proposed relations (16) between �Kth and R, a general relation does not
appear to exist. Such a general relation would be most welcome.

By substituting the values of Kmax and Kth for the general stress ratio R, the fatigue
crack growth relations are expressed as follows:

δa = da

dNp
= (1 − n′)ψ

4EIn′σf ′εf ′
[
�KI − �Kth0(1 − R)γ

]2 (17)

δa = da

dNp
= (1 − n′)ψ

4EIn′σf ′εf ′

[
�KI − �Kth0

(
1 − R

1 + R

) 1
2
]2

(18)

It is clear from Eqs. (17) and (18) that with an increase in the stress ratio R, �Kth
decreases and �KI increases, increasing the fatigue crack growth rate. However, the
influence is more pronounced in stage I (near-threshold region of da/dNpvs�KI plot)
where �KI and �Kth are comparable to those in other regions of the plot. This is
consistent with the experimental results [14].

From the fatigue crack growth relations (15) and (16) or (17) and (18), it can be
seen that they require only the mechanical and fatigue properties E, σ′

f, ε′f and n′, which
presents a great advantage in the application of this procedure.

3.2 Crack Growth Life Computation

To compute the CGL, Eq. (18) was used. A crack growth model of the flat specimen
with a central hole with two cracks was considered. For this purpose, the stress intensity
factor is defined by Eq. (10): Fig. 10 are shown computation (prediction) results - the
relation between crack length a and the number of blocks of variable force.
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Fig. 3. Graphical interpretation of CGL computation of flat specimen with a central hole

The CGL obtained by computation, according to Fig. 3, amounts to 412 blocks, and
this result has a good correlation with the experimentally obtained results (See Table 2).

3.3 Numerical Examples

The validity of the presented strain energy density method can only be assessed through
a comparison with experimental data, which is the focus of this section. In addition,
stress intensity factors were obtained using analytical and numerical approaches. When
the numerical simulation was used for the stress intensity factor for crack growth life
estimation, the evaluated polynomial expressions were used for the corrective function,
which included the geometry of the structural element.

4 Structural Analysis of Aircraft Wing-Fuselage Connection Using
FEM

Calculation estimates of the total life were made here, which included calculations until
the appearance of the initial damage, as well as an estimate of the remaining life after the
appearance of the initial crack, that is, during crack propagation. For this purpose, part
of the wing structure at the wing/fuselage junction was considered. In order to verify the
calculation procedure for the estimation of the life, representative parts of the wing were
made in the form of “complex” test tubes, which represent a real part of the structure of
the wing of the aircraft. Calculation estimates of life and tests were performed using the
same (“real”) load spectrum. In the following discussion, only the essential part of the
research results will be presented, both in the domain of calculation estimates and the
results of fatigue tests.
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4.1 Life Estimation Until the Appearance of the Initial Damage

Figure 4 shows the part of thewing-fuselage connection (the part on the side of thewing),
which is practically the subject of the analysis. A similar part of the structure, with which
this part is connected with special screws, is located on the other side. The analysis of
the stress state was performed using FEM. For this purpose, due to the systematicity of
the research, a linear analysis of FEM, Figs. 7 and 8, as well as an elastoplastic analysis
of FME, Figs. 10 and 11. Elastoplastic analysis was performed using FEM for the cyclic
characteristics of the behavior of duralumin, Fig. 9.

a) The critical zone of the wing-fuselage connection 

b) Part of the wing connection in the critical zone

Fig. 4. Part of the aircraft wing-fuselage connection (part on the wing side)

Figure 5 shows the load spectrum of the part of the wing-fuselage connection (one
block corresponds to 50 h of aircraft flight). Table 1 shows the load spectrum as well as
the corresponding stresses for each load level in the spectrum. To determine the stress
state for certain load levels, the elastic-plastic analysis of FEM was used. The material
of the wing joint, that is, the part of the wing that is the subject of analysis, is made
of duralumin alloy 2024-T351. The cyclic behavior curve of the material is shown in
Fig. 9.
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Fig. 5. Load spectrum in the wing-fuselage connection (per one screw in the wing-fuselage
connection)

Table 1. Load spectrum and corresponding stresses in the critical position in the wing/fuselage
connection section

Load level ni Fmin[kN] Fmax[kN] σmin[MPa] σmax[MPa]

I 305 13.3 33.3 58.8 147.2

II 245 9.30 46.6 41.0 205.5

III 133 6.0 60.0 28.0 279.8

IV 50 3.0 73.3 13.3 313.8

V 13 −4.6 86.6 20.3 336.5

VI 7 −14.0 100.0 61.9 366.4

VII 13 −4.6 86.6 20.3 336.5

VIII 50 3.0 73.3 13.3 313.8

IX 133 6.0 60.0 28.0 279.8

X 245 9.3 46.6 41.0 205.5

XI 305 13.3 33.3 58.8 147.2

Figure 6 shows the finite element model of the wing part at the point of connection
of the wing to the aircraft’s fuselage. When it comes to structural elements with complex
geometric shapes and loads, it is necessary first to determine the potentially critical zone
in which the appearance of damage under the effect of cyclic loads is first expected. For
this purpose, FEM was used. When estimating the age until the appearance of initial
damage, a precise calculation of stress states is required, especially in the critical zone
of the structure. Two methods can be used to determine the elastoplastic stress state:

• Using the linear analysis of FEM, Figs. 7 and 8, cyclic material behavior curves and
Neuber curves, the intersection of which determines the elastoplastic stress state;

• Using elastoplastic FEM analysis for all load levels within the spectrum,
Figs. 10 and 11.
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The elastoplastic analysis of the FEM was used for the calculation assessment of
the life until the appearance of initial damage, and the calculation results are given in
Table 1. Neuber’s approach based on linear FEM analysis is used here only as a control
calculation.

Fig. 6. Finite element model of the wing-fuselage connection part of the aircraft

Fig. 7. Linear FEManalysis in the part of thewing structure for themaximum load in the spectrum
(Level VI in the spectrum)
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Fig. 8. Detail of the stress distribution in the critical part of the wing-fuselage connection using
linear FEM analysis (for load level VI in the spectrum)

Fig. 9. Curve of elastic-plastic behavior of the material (2024 T351 duralumin)
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Fig. 10. Elastoplastic FEM analysis in the part of the wing structure for the maximum load in the
spectrum (Level VI in the spectrum)

Fig. 11. Detail of the stress distribution in the critical part of the wing-fuselage connection using
elastoplastic FEM analysis (for load level VI in the spectrum)

4.2 Assessment of the Age Until the Appearance of Initial Damage

For a given load block, Fig. 3, as well as the stress states determined for each load
level, the number of blocks until the appearance of initial damage can be determined.
To estimate the lifetime until the appearance of initial damage, expressed through the
number of blocks Nbl, theMorrow (3) and SWT (Swith-Watson-Topper) relations, given
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by (5), were used. Remaining life and experience have shown that it is the most accurate
for century estimates with the influence of medium stresses. Finally, to estimate the
lifetime until the appearance of initial damage, the elastoplastic analysis of FEM was
used to determine the stress states in conjunction with the SWT (Swith-Watson-Topper)
relation. This approach determined the number of blocks until the appearance of initial
damage, Nbl,i, The life determined by calculation until the appearance of initial damage,
expressed through the number of blocks, using the previous relations, is given in Table 2.

Table 2. Life to damage assessment of the wing-fuselage connection according to (SWT) and
Morrow

Nbl,i = 480 (SWT) (Computation estimate of the life until the appearance of the initial damage).
Nbl, i = 505 (Morrow) (Computation estimate of the life until the appearance of the initial
damage)

5 Residual Life Estimation

In addition to the age estimation until the initial damage, it is necessary to carry out
a calculation assessment of the remaining life, i.e., during the crack propagation. To
estimate the remaining life, it is necessary to assume initial damage in the form of surface
cracking. Based on the maximum stress value, determined by elastoplastic analysis of
FEM, the critical position is defined in Fig. 10. Here, the initial damage is defined in the
form of an initial surface crack.
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The calculation estimate of the remaining life is based on the stress intensity factor in
analytical form. Since it is a complex construct, there are no knownanalytical expressions
for FIN. For this purpose, the finite element method was used to determine the analytical
expression of FIN. 3-D singular finite elements around the assumed surface crack line
were used to determine the FIN. Figure 12 shows the finite element model of a part of
the wing structure with an assumed initial surface crack.

Fig. 12. Finite element model for a part of the wing structure with an initial surface crack

Fig. 13. FEM detail for a part of the wing structure with an initial surface crack
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As mentioned before, in order to establish an analytical expression for FIN, FEM
was used again, assuming several depths of surface cracks. For this purpose, singular
finite elements around the tip of the crack were used. Figures 13, 14, 15 and 16 show
the stress state for two “depths” of cracks.

Fig. 14. Detail of the distribution of the stress state for a crack depth of 3.5 mm

Fig. 15. Distribution of the stress state for the crack depth of 5.5 m
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Fig. 16. Detail of the distribution of the stress state for a crack depth of 5.5 mm

For the analysis of crack propagation, i.e., for the estimation of the remaining life,
the strain energy density method was used.

The estimate of the remaining life during the crack propagation, expressed through
the number of blocks, is Nbl,p = 52 (Calculation estimate of the remaining, i.e., during
the crack propagation). So, to estimate the remaining life, the SED method, described
in detail in the paper, was used, on the one hand, with the establishment of analytical
expressions for FIN using FEM, on the other hand.

6 Conclusion

This paper deals with research in the domain of estimating the total fatigue life of
aircraft structures under the effect of cyclic loads. The goal is to provide an efficient
calculation method. For this purpose, the strain energy density method was developed
for crack propagation analysis. Unlike the conventional method, which uses the dynamic
characteristics of the material for calculation, this method uses the low-cycle fatigue
characteristics of the material, which are also used in the estimation of the life until
the appearance of initial damage. This, in turn, reduces the additional experimental
tests required for the experimental determination of the dynamic characteristics of the
material. This approach finds particular application in the domain of aircraft structures,
both in the design phase and in the phase of aircraft exploitation, when NDT methods
are used to monitor damage to aircraft structural elements, especially in critical zones.
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Abstract. Industry and industrial production in today’s world represent one of the
maindrivers of the economyanddevelopment.Oneof the relatively newermethods
of production is additive manufacturing or better known as 3D printing. Unlike
traditional ways of manufacturing parts, 3D printing adds material layer-by-layer
and gives the possibility of creating complex shapes that are almost impossible
to create with classical methods. In order to improve the surface quality of 3D
printed parts, CNC technologies can be used for part finishing. This paper presents
an overview of the possibilities of combining 3D printing and CNC technologies,
recommendations for material selection, process parameters, technical data, as
well as their use in the finishing process.

Keywords: 3D printing · CNC ·Machining · Quality

1 Introduction

Industry and industrial production, technologies, materials, and equipment in use are
advancing very rapidly. In addition to CNC technologies, which represent traditional
manufacturing technologies, one of the technologies that is gaining ground is certainly
3D printing. 3D printing is a generally faster, cheaper, and easier solution than other
technologies for the production of 3D objects. It enables the production of parts and
assemblies from many different materials, with different mechanical and physical prop-
erties. This technology produces models that faithfully imitate the appearance, impres-
sion, and functionality of the product as a prototype [1]. 3D printing technology can
produce parts of any complex shape, without having to consider processing problems,
and solves the problems of designing and manufacturing complex parts. Therefore, 3D
printing technology is a very important production method in the industry [2]. When
we have a complex geometry that is ideal for FDM, however, the part requires critical
dimensions and fine features that cannot be achieved by printing alone, thus CNC pro-
cessing after 3D printing is one of the solutions that will lead to the geometrically and
dimensionally accurate part that is needed [3, 4]. Many researchers have been engaged
in investigating the post-processing of 3D-printed parts with CNC machining as well as
the possibility of combining 3D printing and CNC technology.
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Kulkarni, P. et al. integrated additive manufacturing and traditional material removal
processes into an integrated production process in their work. Processes under which
this integration would be useful were identified and algorithms for the integration were
developed.As examples, they looked at two additivemanufacturing technologies that use
material removal operations as part of their process [5]. Boschetto et al. has developed
a methodology in their work that can unlock the possibility of parts made by Fused
Deposition Modeling to be machined using computer numerical control. A different
depth of the cutwas considered to avoid defects and eliminate initial surfacemorphology.
The experimentmade it possible to determine how the depth of the cut should be adjusted.
A case study characterized by functional surfaces confirmed the applicability of the
method to complex geometry: A large reduction in average roughness and reliability of
finished surfaces was achieved [6]. Pamarac and Petruse determined in their study the
best parameters for milling 3D printed parts at a constant spindle speed of 3500 (rpm).
Some important observations are: for ABS, low cutting speeds give better roughness
quality. For PLA, the situation is reversed, better surface quality is obtained when a
higher cutting speed is used. This is due to the lower melting temperatures of PLA,
which implies that if the cutting tools remain in contact with the part more heat will be
generated andwould damage the part surface [7]. Li et al. studied additive and subtractive
processes, which are presented as a hybrid manufacturing process. Specifically, the
authors manufactured PLA pieces using a Fused DepositionModeling printing head and
a milling head. The measured surface roughness varied depending on the printing angle
(from 20 to 90°). The hybrid process by adding, the milling post-processing, allowed for
the reduction of the surface roughness from a range of 17.332 and 56.021 mm to 4.870
and 24.511 mm [8]. Guo et al. analyzed the surface roughness after machining of AISI
316L samples produced by direct laser deposition. They obtained surface roughness
between 0.2 and 0.4 mm after dry finish milling. Cutting conditions included a feed
rate of 0.05 mm/tooth, depth of cut of 0.1 mm, and cutting speed between 60 and
150 m/min. They did not provide the values of the surface roughness before machining
but, regarding the post-process, they showed how by increasing the cutting speed, the
surface roughness can be reduced [9]. Cococcetta et al. investigated the effects of the
printing process and milling process on the post-processing quality of thermoplastic
composites. The results showed that deep cooling reduced tool wear during milling and
was able to completely eliminate or reduce burrs [10]. Noorani identified characteristics
of additive and subtractivemachining processes. 3Dprinting offers advantages such as its
adequacy for manufacturing entire assemblies, where high complexity can be obtained,
including small holes of unlimited length. However, it is still an expensive technology,
and the part size is a limitation. Subtractive manufacturing offers advantages such as no
part size limitations and cost because it is a conventional and widespread technology.
Moreover, it allows for achieving high accuracy and excellent surface finish, which is
still a limitation for AM [11].
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2 Machining 3D Printed Parts with CNC Technologies

The finishing of additively manufactured (AM) components may be categorized into
three mechanisms, namely: (i) mechanical conversion, and machining e.g., grinding,
milling, and shot-peening; (ii) thermal processes including electron beam and laser melt-
ing; (iii) electrochemical and chemical processes, such as electropolishing and etching.
Several subtractive processes have been vastly used in near-net shaping processes, such
as die-casting, casting, and molding. This has now been extended to additive manu-
facturing, allowing feature geometries to be realized with greater accuracy and surface
quality via subtractive processing [12].

Milling is a typical AM post-processing method that eliminates the effect of the
surface staircase effect on the parts, expands the range of applications for 3D-printed
parts, and increases durability. The combination of FDM and milling post-processing
technology is an AM method with low energy consumption, low cost, and sustainable
potential [13]. According to an insight into the literature, the three most frequently used
factors in post-processing are feed rate (Vf), speed (n), and depth of cut (ap).

Companies oftenAMplastic ormetal parts and then process them on aCNCmachine
for the following reasons:

• Dimensional accuracy – Industries with high functional and tolerance requirements,
such as automotive, medical, and consumer products manufacturing, need to hit
repeatable, tight specs. Most additive manufacturing technologies, such as Fused
Deposition Modeling (FDM) can achieve up to ± 0.005 mm, but that’s not enough
for some critical part features. With CNC machining you can bring tolerance down
to ± 0.002 mm. Which can make a huge difference if you’re producing an assembly
aid, manufacturing fixture, or any in-process tool with a long service life.

• Speed – The second reason why companies combine the two technologies is speed.
Accounting for print time, CAD/CAM set up and machining, the process is still
much faster than designing and producing a tool for injection molding. And 3D
printing and machining give engineers more flexibility in the timeline to make design
improvements. It just involves updating CAD/CAMfiles, and printing andmachining
a new part, whereas making changes to an injection molding tool can be nearly
impossible and expensive, causing major delays in production [14].

In addition to the above reasons, one of the most important is certainly the improve-
ment of surface quality. 3D printing generally does not provide a good enough surface
quality and therefore post-processing is necessary. Table 1 shows the results of individual
researchers who dealt with this problem and machined 3D-printed polymer.

3 The Combination of 3D Printing and CNC Machining

Hybrid manufacturing is a relatively new method that combines additive manufacturing
and subtractive manufacturing technologies in one machine (Fig. 1). These machines
use 3D printing to produce the basic, near-net shape of the part in metal or plastic.
Then, another unit or tool head mills the part to the required tolerances. As a result,
manufacturers (and their customers) have gained complex part geometries via additive
manufacturing and the detailed surface quality by milling those components [16].
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Table 1. Surface roughness measured in both additively manufactured and machined parts [15].

Material AM technology Subtractive
technology

Ra before Ra after

ABS Fused Deposition
Modeling

Milling From 17 to 50 From 1 to 35

VeroClear Material Jetting Turning From 0.14 to 1.07 From 0.14 to 0.32

Polyamid Selective Laser
Sintering

Grinding Over 15 2.85

PLA Fused Deposition
Modeling

Milling From 17.332 to
56.021

From 4.870 to
24.511

Fig. 1. Hybrid process of Additive Manufacturing and CNC [17]

Combining both processes in the samemachine provides additional benefits not pos-
sible through tandem use with separate machines. First, it provides the opportunity to
realize both metal addition and removal in the same setup, thus eliminating the trans-
fer step between systems. It also enables both deposition and removal processes to be
programmed in the same way (as opposed to writing different kinds of programs for
robotic deposition versus machine tool finishing). It also provides access to the inside
of the part in the manufacturing process for inspection and heat/compressive treatments
(helpful in managing residual stresses). This can even allow defect identification and
re-work of a part before it becomes scrap. Perhaps most importantly, it provides access
to both technologies at a lower capital investment threshold than acquiring two separate
systems [18].

As manufacturing and design techniques get progressively “smarter” with
CAM/CAD programs offering generative design and artificial intelligence, these hybrid
machines could become a new standard in high-end machine shops working in advanced
manufacturing industries like aerospace, medical, defense, and the mold, tool & die
market [19].
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4 Conclusion

3Dprinting or additivemanufacturing is a trend that is increasingly prevalent in industrial
production. Lower production costs, reduced development time and costs (increased
pace of product design), environmental friendliness, shorter delivery time, and complex
products that are relatively easy tomake, are just some of the advantages that 3D printing
brings. However, there are also some disadvantages, such as certainly worse surface
quality, higher tolerances, and lower dimensional accuracy. In order to improve these
parameters, post-processing with CNC technologies as well as the possibility of hybrid
production (combining 3D printers and CNC machines) represents a trend that will
continue to develop and enable researchers to improve both methods of production.
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Abstract. This work is an overview of open-source engineering software for
numerical simulations running on a desktop or laptop since most of the research
still begins and ends on a personal computer. An attempt was made to analyze
what the current state is, and how it developed in the last two decades. Although
comparisons with corresponding commercial software were made, the main goal
was to analyze how extensive is the use in research, especially in the last couple of
years, what are the latest innovations, how the verification and validation process
is developing. Special attention was paid to the most advanced software. More
recent are also mentioned, the one that are imposing due to new models which
are the main topic of recent research, and, in general, due to the new way of
thinking. The Windows Subsystem for Linux is highlighted as novelty that can
bring a solution to well-known problem of the luck of Windows versions of the
open-source Linux software.
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1 Introduction

In recent times, software for numerical simulations is expected to provide advanced
tools for all steps in the process: a version for each operating system with installation
instructions and user support; a choice between graphical and command interface; pre-
processors for geometry and mesh; solvers, preferably coupled, for different physical
phenomenon; postprocessors for visualization of the results, with the most beautiful 3D
graphics if possible; extensive documentation with tutorials, validation and benchmark
examples included. In the case of commercial software, all needed is available in one
package. Couple of examples of a successful use of commercial FEM software are given
in [10].

When look back at a period of a littlemore than two decades ago, onewould saymany
years, but again a little when it comes to scientific research, every postgraduate student
or researcher in the field of numerical simulations would write bunch of code during
coursework and research or would use in-house code previously made by the fellow
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researchers. The imperative was to know how and to know what was behind commercial
software that was already in widespread use. That was a time of Computational Fluid
Dynamics (CFD) commercial software Fluent, around version 5, and before it become
Ansys Fluent, [11]. Fluent was composed of solvers and post-processor, and sufficiently
user-friendlymesh generation softwareGambit was commonly used as pre-processor. At
the same time Ansys [11], Abaqus [12], and Comsol [13] were with some multiphysics
capabilities, but more oriented towards structural analysis, and there was a need for
better and better pre-processors, especially mesh generation software. In addition to
usual programming tools, programming and numeric computing platforms likeWolfram
Mathematica [14] and MathWorks Matlab [15] have already been used extensively.

Increasing interest in mesh generation, CFD, parallel computing, design optimiza-
tion, and due to numerous postgraduate students and all other researchers who used
commercial software, but also did a lot from scratch, where the main reasons why the
creation of so much quality open-source numerical simulation software started at that
time. When glance trough the history of some, for example Gmesh [16], finite element
mesh generator, but also pre- and post-processor, was the product of a joint effort of
Christophe Geuzaine and Jean-Francois Remacle, and said in their own words, at the
beginning more a hobby than official work [17], on the website of CalculiX [18], finite
element solver written by Guido Dhondt, and pre and post-processor written by Klaus
Wittig it is written: “The CalculiX package was developed by a team of enthusiasts in
their rare spare time”, OpenFOAM [19, 20], in the beginning as FOAM,was not intended
to be open-source, but later it became the most famous open-source CFD software [21].
It is important to highlight here CAELinux [22], special engineering Linux distribution
which was created in 2005 as a personal project of Joël Cugnon [23], and looks like it
still is, for the most part, a personal effort with continuous new releases, at the moment
version 2020.

On the other hand, Salome platform [24], the open-source platform for numeri-
cal simulation, with all additional tools, and with accompanying solver for structural
mechanics and heat transfer Code_aster [25], and CFD solver Code_Saturn [26], is
the project of The French National Network for Research and Innovation in Software
Technologies, from 2005 the French National Agency for Research (ANR) [27]. The
network was initiated by OPENCASCADE [28] and was created by the FrenchMinistry
of Research and the French Ministry of Industry in September 2000 [29].

The experience of every researcher is that getting used to the use of new software for
numerical simulations, commercial or open-source, is always difficult at the beginning.
Even more difficult is a transition from one to another, certain habits are created, each
software requires a certain way of thinking, and new one requires the creation of new
habits. In general, the easier and more comfortable to use the better for the end user.
Open-source software is the constant effort of the few, and, additionally, the effort of
the many. For that reason, being comfortable to use is not the primary goal, but it is
increasingly present. The software is distributed under GNU General Public License
(GPL), GNU Lesser General Public License (LGPL) [30], or Berkeley Source Distri-
bution Licenses (BSD). The source code is opened, it can be seen, tested, upgraded,
redistributed under conditions of previously mentioned licenses, which makes it perfect
for research and development (R&D). Since you can see what you get, it can be very
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useful in mastering existing methods and can be effectively used as highly advanced tool
for educational purposes. An example is a course “CFD with OpenSource software” at
Chalmers University of Technology given by professor Häkan Nilsson [31].

Usually, this type of software is originally made for Linux, and CAELinux is Linux
operating system (OS) with specific characteristics. In this work, the most attention will
be paid to the software that has version or is not difficult to be installed under other
operating systems.

2 Windows Subsystem for Linux

Since most of the open-source software for numerical simulations is Linux based, fre-
quently asked question in the research community is the one about Windows versions.
The subject of this work is the open-source software, but the incredibly fast develop-
ment of information technologies pushes the limits, force the communication between
operating systems, and Windows Subsystem for Linux (WSL) is one of the results.
It is probably the solution of the problem for Windows users, and as such it must be
mentioned here.

WSL is a real subsystem that gives the possibility to Windows users to run Linux
without living Windows, and without virtual machine or dual-boot [32].

Fig. 1. Lid-driven cavity flow tutorial example from OpenFOAM tutorials executed in Ubuntu
22.04.2 terminal on Windows with WSL2 using latest Ubuntu OpenFOAM version 2212

The latest version fromNovember 2022 isWSL2, and it comeswith the latest version
of Ubuntu, Ubuntu 22.04.2. WSL2 is easy to install, the one line of commands, executed
from Windows PowerShell, will get the job done:

wsl --install.
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After installation, the Ubuntu terminal is available from Start menu, and the Ubuntu
directory tree is available in Windows File Explorer. Through WSL the systems are
interchangeable with each other, for example, the new directory made from Ubuntu
terminal can be placed in theWindows directory tree. Now, withWSL2 it is also possible
to run Linux graphical applications.

Detailed information about advantages of OpenFOAM installation using WSL
is already given at OpenFOAM websites. Illustration of Ubuntu terminal running
OpenFOAM tutorial case on WSL2 is presented in Fig. 1.

3 CAELinux

CAELinux is a unique engineering Linux distribution coming with numerous open-
source software for numerical simulations, programing tools, and muchmore. It is based
on Ubuntu Linux. Latest version is CAELinux 2020, released in January 2019, and is
based on Xubuntu 18.04 [22] (Latest stable version of Ubuntu is 22.04).

Fig. 2. CAELinux desktop with enlarged image of educational menu of CAELinux 2020

Live distribution of CAELinux can be run from USB flash drive so that a user who
wants to try how it works, and wants to familiarize with the installed software, can do
it without installation of an operating system. System is easy to install, single-boot or
dual-boot, parallel to the operating system to which the user is accustomed, or maybe
lately through WSL. This range of capabilities is of great significance for beginners,
students, or educators who wants to introduce their students to numerical simulation in
general.

Desktop of CAELinux 2020 running from USB flash drive is presented in Fig. 2.
Educational menu is enlarged at right to illustrate available numerical simulation soft-
ware. In addition to standard compilers such as gcc, gfortran, java, perl, tcl/tk, Qt, latest
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distribution comes with Spyder [33], open-source integrated development environment
(IDE) for scientific programming, and with Python 3 [34].

4 Salome Platform and Code_Aster

Salome is a product of many years of work of researchers from R&D organizations
from French universities, small, medium-sized and large enterprises, joint on a project
managed by a government institution. What is available in the public domain of Salome
platform, in appearance and in capabilities, is closest to what one would expect from
commercial software [29], and much more. It should be pointed out that graphical user
interface (GUI) is in English and all modules have detailed documentation translated
into English.

Several Linux versions of Salome_meca, which is the combination of structural
mechanics and heat transfer module Code_aster and Salome pre- and post-processors,
can be downloaded from Code_aster website [25]. Latest versions of the software are
distributed as Singularity container image which needs Singularity to be previously
installed on the system [35]. If container is not already installed, or if user is not familiar
with containers, the installation process will be longer and more complicated than it was
before. There is a warning that Salome_meca needs Nvidia-like device, which means
that other types of graphics can cause problems during execution. On the other hand, in
the case of Windows version of Salome_meca [36], Code_aster and Salome have to be
installed separately, but the process is straightforward, and software is running without
any problems.

4.1 Salome Geometry Module

TheSalomegeometrymodule is comfortable to use and easy tomaster 3DCADsoftware.
Geometry can be programmed in Python and loaded into module, drawn directly in the
module, or imported from BREP, STEP, IGES, STL, XAO file formats. It can also be
exported in previously mentioned formats, in VTK format, and as Python script.

In the references, where Salome platform is used for research, the Salome mesh
module, or some other modules, are emphasized, but it is often difficult to conclude
whether the geometry module was applied to draw the model. Recent examples, where
it is explicitly indicated that CADmodel was built with Salome, are references in which
programming of geometry becomes important. For example, reference [37]where the gas
entrainment in sodium-cooled fast breeder reactor pools was analyzed experimentally
and numerically. It is interesting that in this work Salome was used only for geome-
try, and a commercial software Ansys ICEM CFD for mesh generation. The numerical
simulations, more precisely the CFD calculations, are performed in TrioCFD, another
powerful open-source CFD code developed byNuclear EnergyDivision of FrenchAlter-
native Energies andAtomic Energy Commission (CEA) [38, 39]. Some verifications and
comparisons are performed in Ansys Fluent.

The same group of software was selected in reference [40] for CFD analysis of
the cross-section of pressurized water reactor fuel assemblies. Python programming of
geometry in Salome geometry module was used to facilitate modification of the model.
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In the CFD simulation of control rod guide tube of pressurized water reactor [41],
Salome geometry and mesh module are used, but numerical analysis was performed
in Code_Saturn and Ansys Fluent. Options of using Python programming of geometry
in Salome for design optimization are discussed in reference [42] where CFD analysis
with OpenFOAM was applied for numerical simulations of wine tank. Optimization
was performed with open-source Design Analysis Kit for Optimization and Terascale
(DAKOTA), project of Sandia National Laboratories [43].

The illustration of relatively complex geometry made in Salome geometry module
from reference [44] is presented in Fig. 3.

Fig. 3. Geometry of shipping container drawn in Salome geometry module

Since a shipping container is composed of parts that are repeating two or more
times, all parts were drawn separately using Graphical User Interface (GUI) of Salome,
exported in BREP file format, and imported and combined as needed. It is interesting to
mention that the HDF files (binary file format that Salome uses to save the work) from
2013, made on CAELinux installation of Salome_meca, loaded without any problem
on current Windows Salome_meca installation. It was possible to read geometry of the
parts and mesh, but the Code_Aster command file was showing errors while loading,
and, obviously, lot of updating needs to be done for file to be customized for newLinux or
Windows settings of Salome_meca. Also, it was impossible to read old results, prepared
and saved in the default post-processor at the time.

In 2019 new Salome CAD module was introduced, Salome Shaper, which is more
advanced than geometry module, and brings a more modern approach to geometry
construction to Salome [45]. Now the pieces of geometry can be drawn as separate parts
in Shaper which solves the problem of geometry module tree which is pretty linear and
becomes complex for complex geometry. Also, the parameters of the part can be changed
as needed, and there is a possibility to export drawing to geometry module.
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4.2 Salome Mesh Module

The main components of Salome mesh module are SMECH, or Salome MESH, and an
open-source automatic 3D tetrahedral mesh generator Netgen [46]. Some other software
is supported through plugins.

When talking about standard meshing algorithms in Salome mesh module, the sim-
plest is an automatic mesh generation through the assignment of automatic hypothesis.
The automatic tetrahedralizationwith default values preselected bymeshmodule applied
to the shipping container corner fitting is illustrated in Fig. 4.When this option is selected,
Salome uses NETGEN for mesh generation.

Fig. 4. Mesh information window (left), shipping container corner fitting geometry (top right),
and aspect ratio 3D of the mesh obtained using automatic tetrahedralization algorithmwith default
values (bottom right)

A plugin for Gmesh, an open-source 3D finite element mesh generator mentioned
in the introduction, is recently added, and it looks like it is not available for Windows
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version of Salome. There is a series of plugins for MeshGems, suite is available in the
menu, but a license error occurs during runtime since MeshGems is not open-source
software. The product was developed by company Distene, but it is obviously acquired
by Dassault Systemes since all web links connected to MeshGems and Distene lead to
Dassault Systemes website.

4.3 Code_Aster

Code_aster is open-source set of finite element solvers for structural mechanics and
heat transfer. The software can be installed separately or as module of Salome_meca.
It comes with documentation, French and English, and with numerous test cases that
can be loaded into the software, and are product of long-time work of researchers from
Électricité de France (EDF).

Fig. 5. Results for temperature and displacement from transient thermo-mechanical simulations
of the skeleton of the shipping container performed in Code_Aster

Some examples of transient thermo-mechanical simulations from reference [44] are
presented in Fig. 5. These simulations do not really represent state-of-the-art numerical
calculations related to the subject of presented research; they are more a product of
fascination of the authors with the possibilities that this open-source software brought
with it in one package at the time.

Structural mechanics and heat transfer solvers in Code_Aster are not coupled. The
heat transfer simulations had to be performed first, followed by structural mechanics
simulations applied to the results obtained from transient heat transfer simulations. Since
the object was supposed to be gradually exposed to a certain temperature, it was hung on
cables to make the model as realistic as possible. All steps: pre-processing, calculations,
and post-processing of the results, were performed using Salome_meca.

The transient thermal simulations of welding problem with Goldak’s moving heat
source from reference [47] are presented in Figs. 6 and 7. The moving heat source was
introduced into calculations using formula command.

Salome_meca comes with GUI that tends to be more and more advanced with each
new version. All test cases that are in public domain can be selected and added from
the list, not always without errors. If the test case is not loading easily, the Code_Aster
code can be seen, and the steps can be entered manually trough GUI or as text. There
is also a possibility to add case, or more precisely stage of the Code_Aster case, with
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Fig. 6. Temperature distribution as example for the transient welding simulations with Goldak’s
moving heat source performed in Salome_meca with Code_aster

Fig. 7. Temperature distribution in 2 mm cut planes as example for the transient welding
simulations with Goldak’s moving heat source performed in Salome_meca with Code_Aster

assistant which is a series of templates with procedures prepared in advanced for thermo-
mechanical analysis, fracture analysis, etc.

Code_Aster is supported by an extensive literature with examples following the
development of the solvers. Presentations from 1991 to 2019 containing literature about
specific fields of research can be found at the web link given in reference [48]. Many of
the listed texts and all PhD Thesis are in French, but there are references to published
papers which are in English.

5 CFD Open-Source Solvers

5.1 Code_Saturn

There is a number of open-source solvers for fluid dynamics, but there are often no
provided versions that are easy to install on all operating systems. An example is
Code_Saturne [16], a finite volume CFD software mentioned in the introduction as
one of the solvers from the group of software around Salome platform. Of course, the
native OS is Linux, the version for Windows existed until version 5 (current version is 7,
and version 8 is expected in June 2023), but is not available anymore and they welcome
help from anyone who is prepared to work on the version for Windows OS [16].

The new Windows version may not be necessary since Ubuntu Code_Saturne can
be installed using WSL2 following the instructions for Ubuntu installation. On Ubuntu,
Salome or Salome_CFD would be used for pre- and post-processing, on Windows,
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Salome_meca for Windows or some other software for pre-processing and ParaView for
post-processing.

Fig. 8. Code_Saturne GUI running on Windows through WSL2

A GUI of Code_Saturne 7.0.6 installed through WSL2 is illustrated in Fig. 8. It is
extremely user-friendly, especially for novice in CFD, since the necessary steps required
for setting a CFD model are listed in the GUI, and can be simply followed.

In order to get a feel for how Code_Saturne works, a heated square cavity flow
tutorial example was chosen from reference [49] and was made slightly more complex
through the changes applied to boundary conditions.

Information and files necessary for square cavity heated from the side wall are
given at Code_Saturne website or GitHub page of Code_Saturne. The study laminar
solution in the tutorial was obtained using transient, incompressible flow equations with
a buoyance term added to momentum equations through Boussinesq approximation, and
without using any turbulent model. The buoyance source term needs to be programmed,
and code has to be added while defining physical properties of the model through user
law. In Code_Saturne, model is always three dimensional, for two dimensional cases
like this one, one mesh cell is added in third dimension, and the symmetry boundary
conditions are imposed to a front and rear wall. The adiabatic boundary conditions were
applied to horizontal walls and two vertical walls were kept at different temperatures.
The results in the tutorial were validate by comparing with the benchmark solution.

In this work, the settings for the solver with minor changes were used for the simu-
lation of the cavity partially heated at the bottom wall. The part of the bottom wall was
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exposed to a higher temperature while the side walls were exposed to lower tempera-
ture. Adiabatic boundary conditions were imposed to the rest of the walls. The results
of one execution for the cavity where 0.8 of the length of the bottom wall was heated
are illustrated in Fig. 9.

Fig. 9. Isotherms and streamlines for the cavity partially heated from the bottom. Streamlines
were drawn in ParaView over surface plot of velocity using “Stream Tracer with Custom Source
Filter”, afterwards lines were colored in black using “Solid Color” option. Isotherms were drawn
in the same manner using solid and black color for “Contour” filter lines

Details for the model parameters will not be given here since it is not a subject of this
work. The model was used to examine the procedures in Code_Saturne. For example,
the possibility of programming geometry, and afterwards mesh, can be useful for the
change of length of the heated part of the bottom wall.

Post-processing was performed in ParaView without any difficulties. The details are
given in paragraph 6.

5.2 OpenFOAM

The open-source CFD software that stands out by its popularity among researchers
worldwide from the very beginning is OpenFOAM. Without going into the turbulent
history, and into the dispute about the first developer, the creation of OpenFOAM started
at the Imperial College, University of London, an inspiring place known for its tradition
through one of the pioneers of CFD Brian Spalding, and people from his group like
Suhas Patankar or David Gosman. The tradition obviously continued since OpenFOAM
began its development as product of PhD research or work under the mentorship of
professor David Gosman.

The first developers are still active participants in the development of OpenFOAM,
the first one, Henry Weller, together with Chris Greenshields through The OpenFOAM
Foundation [19]; Hrvoje Jasak, the one that was responsible for the most of the funda-
mental development at the beginning, and Gavin Tabor through ESI Group [20]. Also,
on the website for developers [50], one can find names from the list of the first, Andrew
Heather and Mattijs Janssens, constantly active in current development.
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From 2004 a new version of software has been released at least once a year. Installa-
tion procedure is usually explained in details. Example is the last version, comingwith the
step-by-step explanation of the Windows installation under WSL2. OpenFOAM comes
with numerous examples that can be found in the tutorials’ directory of the software.
The examples are often followed by text file containing references for the model used
in example, and with data for validation of the results.

Details for the creation of the models and the steps needed for the execution of the
simulations can be found at websites already mentioned in references. There is still no
GUI, the execution of the simulations is done through the terminal. Mesh generation
can be done using OpenFOAM tools for mesh generation, or using other software and
afterward convert the mesh using OpenFOAM converters. ParaView is used for post-
processing, but also EnSight, Fieldview and Fluent.

In OpenFOAM, there is already a series of prepared solvers for buoyancy driven
flows, and there are constantly developing. In this work, one such solver was selected
for the simulation example. The heat transfer tutorial case using buoyantSimpleFoam
solver was chosen as starting point. The solver is for steady turbulent buoyancy driven
flowwhich is in the latest version merged with transient buoyantPimpleFoam solver into
one buoyantFoam solver. In the OpenFOAM tutorial, the model was turbulent natural
convection in an enclosed tall cavity from experimental study given in reference [51].
The test and the data for validation of the results are provided in the tutorial directory.
In this work, the boundary conditions were changed to simulate the natural convection
in shallow encloser. The temperature difference was imposed to horizontal walls, higher
temperature at the bottom and lower at the top wall. The case is two-dimensional, but
the solution is three-dimensional, one mesh cell had to be added in third dimension and
OpenFOAM boundary type “empty” had to be selected for those boundaries.

The illustration for two different aspect ratios of the encloser are given in figure
Fig. 10. As in the case of Code_Saturne example, the details of simulations and the
parameters used in simulations will not be given here.

OpenFOAM can be, and has often been used, in advanced CFD courses. As men-
tioned earlier, an outstanding example is PhD course “CFD with OpenSource Software”
of professor HåkanNilsson [31] who is also responsible for turbomachinery applications
at ESI Group Technical Committees for OpenFOAM. Among other, the website of this
course contains tutorials made by students, some of which are worthy of attention.

6 Post-Processing with ParaView

ParaView is the most widely used open-source data analysis and visualization software.
Nearly every open-source software for numerical simulations relies upon ParaView for
post-processing. Detailed information about software usage, development, and webinars
can be found on ParaView website [52]. The software was released in 2002 as a project
of Kitware and Los Alamos National Laboratory, and as a product built on Visualization
Toolkit (VTK) libraries of Kitware – a company dedicated to R&D of open-source 3D
visualization tools. It is difficult to describe all the power of ParaView in few lines,
therefore the emphasis will be placed on several elementary flow field post-processing
examples.
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Fig. 10. Isotherms and streamlines for shallow encloser with aspect ratio approximately 3 (top
two) and aspect ratio approximately 6 (bottom). Stream lines were drawn in ParaView using
“Evenly Spaced Streamlines 2D” filter, afterwards the “Point” representation was selected in
order to ensure better line visibility

Since the mesh from previous examples is simple, flange mesh obtained from Open-
FOAM snappyHexMesh tutorial (OpenFOAM tutorials/mesh/snappyHexMesh/flange)
is used to demonstrate geometry and mesh visualization in ParaView. The solid color
surface representation of the object mesh is illustrated in Fig. 11. Followed by two cuts
combined in one presentation.

Wireframe of the flangemesh, and surfacemesh of one boundary defined in advance,
are also presented in Fig. 11. Boundaries which are defined on a model can be selected
as mesh regions in ParaView, and they can be visualized separately along with the fluid
or solid properties for those boundaries calculated in the simulations.

Two methods of streamline presentation were already used and the results were
illustrated in Figs. 9 and 10. For the presentation in Fig. 9, “Stream Tracer with Custom
Source” filter was applied, “CellDatatoPointData” filter was used as stream tracer input,
and “MaskPoints” filter was used as stream tracer seed source. Streamlines were colored
with solid black color, and visualized together with surface plot of velocity.

For the presentation in Fig. 10, “CellDatatoPointData” filter was applied first, then
the “Slice” filter parallel to the encloser, and finally “Evenly Spaced Streamlines 2D”
filter to draw evenly spaced streamlines.
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Fig. 11. ParaViewvisualization of the flange obtained fromOpenFOAMsnappyHexMesh tutorial
example (top left), the image of the object’s two cuts obtained using “Clip” filter in x and y direction
and combined (top right), wireframe presentation (bottom left), and surface mesh of one boundary
(bottom right)

In Fig. 12 the results for velocity of the shorter encloser from Fig. 10 are presented
using “Glyph” filter. First “CellDatatoPointData” filter was used, then “Stream Tracer”
filter, and, at the end, “Glyph” filter was applied to draw vectors along streamlines with
intensity and orientation.

Important to mention is that ParaView has numerous readers, tools for reading differ-
ent file types like: CGNS, EnSight, Fluent, Plot3D, Tecplot and many more. In addition
to being used as post-processor for numerical simulations, it is also a powerful tool for
material, medical and other types of computer visualization.
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Fig. 12. Vector presentation of velocity magnitude

7 Conclusion

The attention was paid to most popular open-source software for numerical simulations,
and there is a lot more to say about the one we mentioned. Of course, there are many
more that we haven’t andwon’t be able to process: Elmer FEM [53], one other joint effort
between government organization, Finnish IT Center for Science (CSC), and Finnish
universities, research laboratories, and industry – from the beginning, the main idea
was to make a multiphysics software, and Elmer was built in such a way; one other
multiphysics project – an open-source, parallel, finite element framework Moose [54]
draws attention with fantastic gallery of simulations already done in it; there is a lot of
new research that uses TrioCFD [38] for fluid calculations, but the problem is that aside
from research papers most of the information about software is in French. The list is
infinite, and on top of it all Python, modern object-oriented programming language that
is everywhere and in almost all we mentioned.
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Abstract. For high speed systems, fatigue relevant analysis of lug-type joints
plays an important role in preventing sudden hazard events. Dynamic loads are
one of the main causes of system disturbance during service operations. In the
present research, thus, the stress state of the lug with an elliptical corner crack-like
flawwas explored, and prognostic analysis in terms of residual life was performed
using a new computational framework. This study provides valuable information
for both academia and industry on the detrimental effects of stress raisers for
improving the optimal and safe design of fatigue-critical lug type joints.

Keywords: Computational design · Elliptical flaw · Fatigue life · Lug-Pin joint

1 Introduction

Large moving systems face a loss of stability due to crack-like flaws, and damage tol-
erance requirements under dynamic load impose significant challenges in terms of the
safe-integrity design. The problem’s complexity increases due to the hotspots where
stress concentrators such as lug-type joints participate in the load transfer for relevant
operations. In the contact linkage zone, evidently, the presence of a strong notch effect
causes the lug-pin joints to be highly susceptible to the sudden formation of part-through
crack-like flaws. Thus, it is necessary to efficiently combine appropriate sets of dam-
age tolerance-based strategies within computational design models to assess the fatigue
response of quarter-elliptical or semi-elliptical flaws at the lug-type joint.

The presence of continuous concern about the increased risk of fatigue-driven hazard
events motivated researchers to pay special attention to the surface part-through phe-
nomena through relevant fracture mechanics-based concepts. Thus, the stability of lug
with an elliptical corner crack or a through-the-thickness crack has been assessed by
Kathiresan and Brussat [1] by applying Forman and Walker crack growth concepts [2,
3], the Green’s function method [4] and the finite element method [5]. Guo [6] suggested
that an analytical crack growth model can be employed for analyzing the same fatigue
flaws under biaxial and pin loading. Rigby and Aliabadi [7] explored the behavior of the
elliptical corner flaw coupled with the pin-loaded effect by using the J-integral method
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and the boundary element method. Later, Mikheevskiy et al. [8] analyzed the same link-
age via the weight function method and the UnuGrow software framework based on the
Noroozi et al. concept [9].

Through safety-relevant design of the lug with elliptical corner flaw, Boljanović et al.
[10] introduced novel damage-tolerance based solutions by combining themodifiedZhan
et al. concept [11] with the J-integral method. Further, Boljanović and Carpinteri [12]
performed the fatigue analysis in the case of the same flaw by means of the modified
two parameter driving force model.

Moreover, Jones et al. [13] demonstrated that the behavior of semi-elliptical flaws
can be evaluated through theweight functionmethod and theCTODcrack growthmodel.
Boljanović et al. [14] examined such a stress raiser located at a hole taking into account
the crack growth concept proposed by Kujawski [15] and the finite element method.
Later, Boljanović and Carpinteri [16] proposed novel stress ratio dependent solutions to
generate the mode progression due to semi-elliptical flaw.

The present research study aims to develop a computational model for the failure
resistance assessment of pin-loaded lugs under the threat of defect-related hotspot for-
mation in a dynamic load environment. The analysis uses sets of analytical solutions to
quantify the bearing capacity degradation due to stress raiser interactions. Such novel
damage tolerance-based formula, successfully verified, can be used for a reliable design
of lug with the elliptical corner flaw, enabling the adjustment of relevant performance
characteristics according to long-term durability requirements.

2 Failure Mode Analysis Under Dynamic Load

The driving mode of an elliptical corner flaw was assessed here via crack growth rates
in depth and surface direction, modifying the fracture mechanics concept proposed by
Huang and Moan [17], expressed as follows:

da

dN
= CA(M�KA)mA,

db

dN
= CB(M�KB)mB (1)

where�KA,�KB and da/dN, db/dN are stress intensity factor ranges and corresponding
crack growth rates in depth and surface direction, respectively,CA,CB,mA,mB represent
material parameters generated through fatigue experiments.

Through safety-relevant linkage assessments, the interaction between service load-
ings and environmental factors was quantified by means of the fracture mechanics
parameter M [17], i.e.

M =

⎧
⎪⎨

⎪⎩

(1 − R)−β1 − 5 ≤ R < 0

(1 − R)−β 0 ≤ R < 0.5

(1.05 − 1.4R + 0.6R2)−β 0.5 ≤ R < 1

(2)

where R is stress ratio, β and β1 are crack growth exponents, experimentally obtained
in the case of positive and negative values of loading.



296 S. Boljanović

Moreover, to achieve effective and efficient decision making in a complex load
environment, the number of loading cycles N was generated for two critical (depth and
surface) directions integrating relevant crack growth rates, defined by

N =
af∫

a0

da

CA(M�KA)mA
, N =

bf∫

b0

db

CB(M�KB)mB
(3)

where (a0, b0) and (af , bf ) are initial and final crack growth length in depth and surface
direction, respectively.

Fig. 1. Cyclically loaded lug with quarter-elliptical crack

The necessity to progress towards sustainability has inspired modern researchers
in the aeronautical sector to theoretically examine the interaction between stress raiser
effects and in-service loadingon the fatigue response of largemoving systems.Therefore,
in the present research study, a novel computational design model was developed to
generate the fatigue stability of pin-loaded lug with elliptical corner flaw. In order to
solve novel damage tolerance-based solutions herein discussed, the Euler\s numerical
integration algorithm for functions of a complex variable was employed.

3 Stress Intensity Evaluation for a Corner Flaw

A long-duration aircrafts designed for relevant missions must include adequate pro-
tection against sudden failures in hotspots, where stress raisers exist, by implementing
fracture mechanics-based analytical and/or numerical approaches [18–28]. In this con-
text, the performance of lug-type joint with elliptical flaw (Fig. 1) was analyzed through
the stress intensity factor [29], expressed as follows:

�K = Fqec �S
√

π a

Q
(4)

where a and Q are the crack length in depth direction and the ellipse shape factor,
respectively, �K denotes the stress intensity factor and �S is applied stress range.
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Fatigue-induced degradation is evaluated taking into account the effect of elliptical
corner crack and the lug-hole effect through the correction factor Fqec [29], i.e.

Fqec =
[

M1 + M2

(a

t

)2 + M3

(a

t

)4
]

g1g2g3g4fϕ fw1G1 (5)

where a and t are crack length in depth direction and lug thickness, respectively, G1 is
the correction factor for the lug with one crack, and f w is the correction factor related to
the lug-width effect, respectively.

Further, stress disturbance caused by the quarter-elliptical crack, in the case of a/b
≤ 1, was generated considering the crack size effect and the crack shape associated with
the location angle on the crack front in terms of relevant correction factorsM1,M2,M3,
g1, g2, g3, Q, given by

M1 = 1.13 − 0.09
(a

b

)
(6)

M2 = −0.54 + 0.89

0.2 + a
b

(7)

M3 = 0.5 − 1

0.65 + a
b

+ 14
(
1 − a

b

)24
(8)

g1 = 1 +
[

0.1 + 0.35
(a

t

)2
]

(1 − sin ϕ)2 (9)

g2 = 1 + 0.358λ + 1.425λ2 − 1.578λ3 + 2.156λ4

1 + 0.13λ2
(10)

λ = 1

1 + b
r cos(0.85ϕ)

(11)

g3 =
(
1 + 0.04

a

b

) [
1 + 0.1(1 − cosϕ)2

]
·

[

0.85 + 0.15
(a

t

) 1
4
]

(12)

g4 = 1 − 0.7
(
1 − a

t

) (a

b
− 0.2

) (
1 − a

b

)
(13)

Q = 1 + 1.464
(a

b

)1.65
(14)

where φ represents the location angle at a crack front and r denotes the radius of the lug
hole, respectively.

Through the failure resistance analysis, the pin-loaded effect, the location angle
effect and the lug-width effect are theoretically examined by means of the correction
factors G1, f φ and f w, respectively, expressed as follows

G1 = 1

2
+ 2w

π (2r + b)

√
r

r + b
(15)

fϕ =
[(a

b

)2
cos2 ϕ + sin2 ϕ

]0.25

(16)

fw1 =
{

sec
(π r

2w

)
sec

[
π

4

(2r + b)

w + b

√
a

t

]}0.5

(17)
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4 Stability Analysis of Lug with Part-Through Corner Flaw

4.1 Life Assessment of Pin-Loaded Lug

In the first section, the fatigue endurance of damaged lug (Fig. 1) was explored via
residual life evaluation. Initial quarter-elliptical crack-like flaw is characterized by the
following lengths a0 = b0 = 0.635 mm in depth and surface direction, respectively.
Through failure analysis the lugs (D = 38.1 mm, t = 12.7 mm), made of 7075 T851 Al
Alloy (CA = 4.0 × 10–10, mA = mB = 2.9, with da/dN, db/dN in m/cycles and ΔKA,
ΔKB in MPam0.5), were subjected to two different stress ratios R = 0.1 and 0.5. Note
that, applied maximum stresses and corresponding stress ratios in the case of two lug
widths (2w = 57.15 mm and 114.3 mm) are shown in Table 1.

Table 1. Maximum stress Smax , stress ratio R and width 2w for relevant lug configurations [1]
examined through this research work.

Lug ID [1] Smax (MPa) R 2 w (mm)

ABPLC21 41.38 0.1 57.15

ABPLC18, ABPLC22 41.38 0.5 57.15

ABPLC6, ABPLC56 41.38 0.1 114.3

8ABPLC88, ABPLC55 103.31 0.5 114.3

The interest in surface phenomena under dynamic load has increased due to high
performance requirements of modern large systems during service operations. In this
context, the interaction between the elliptical-flaw effect and the stress ratio effect cou-
pled with pin-loaded effect is herein examined in terms of the lug life through a novel
damage tolerance-based analytical model, employing Eqs. (4) to (17) together with
Eqs. (2) and (3), respectively. The evaluated number of loading cycles, as a function of
crack length, is shown in Figs. 2, 3, 4 and 5 for two different lug widths.

Relevant fatigue outcomes obtained in the case of two values of stress ratios are then
compared with experiments tested by Kathiresan and Brussat [1] and theoretical results
generated by Boljanović and Maksimović [30], as is shown in Figs. 2, 3, 4 and 5 and
Table 2.

From different comparisons, it can be deduced that the developed computational
model provides reliable fatigue evaluations for the lug with elliptical corner flaw sub-
jected to dynamic loads. It should be also noted that, in the case of stress ratio equal to
R = 0.1, theoretical outcomes obtained through this research work are less conservative
than those previously discussed [30] with respect to literature-based experiments [1].

Further, the safety relevant analysis demonstrates that if the lug width increases from
2w = 57.15 mm to 114.3 mm, the number of loading cycles increased from 28100 to
32900 according to experiments, while obtained estimates have approximately the same
values under maximum stress and stress ratio equal to Smax = 41.38 MPa and R =
0.1, respectively. Moreover, for a lug subjected to the same value of maximum stress,
increasing the stress ratio from 0.1 to 0.5 leads to an increase in residual life more than
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Fig. 2. Fatigue life evaluations (R = 0.1, 2w = 57.15 mm): (a) a versus N and (b) b versus N;
calculated curves are generatedwithin the presentwork and experiments (1 –ABPLC21) discussed
by Kathiresan and Brussat [1].

Fig. 3. Fatigue life evaluations (R = 0.5, 2w = 57.15 mm): (a) a versus N, (b) b versus N;
calculated curves are generated within the present work and experiments (1 – ABPLC18 and
2 – ABPLC22) discussed by Kathiresan and Brussat [1].

two and a half times if the lug width and hole-diameter are equal 2w = 57.15 mm and
D = 38.1 mm, respectively.
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Fig. 4. Fatigue life evaluations (R=0.1, 2w=114.3mm): (a)aversusN, (b)bversusN; calculated
curves are generated within the present work and experiments (1 – ABPLC6 and 2 – ABPLC56)
discussed by Kathiresan and Brussat [1].

Fig. 5. Fatigue life evaluations (R = 0.5, 2w = 114.3 mm): (a) a versus N, (b) b versus N;
calculated curves are generated within the present work and experiments (1 – ABPLC88 and
2 – ABPLC55) discussed by Kathiresan and Brussat [1].

4.2 Stress Intensity Calculation in the Vicinity of Crack Tip

Through this section, the stability of the pin-loaded lug (Fig. 1), made of 7075 T851
Al Alloy, was analyzed via the stress intensity factor. Such fatigue evaluations were
performed in the case of maximum stress equal to Smax = 48.8 MPa and stress ratio
R = 0.3, assuming that initial elliptical flaw is characterized by the following sizes:
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Table 2. Evaluated number of loading cycles (N*cal. Discussed by Boljanović et al. [30] and
Ncal. from the present work) and experiments (Nexp) reported by Kathiresan and Brussat [1].

Lug ID [1] 2 w (mm) Nexp. (cycles) [1] N*cal.(cycles) [30] Ncal.(cycles)

ABPLC21-51,52 57.15 28100 19100 21400

ABPLC18, ABPLC22 57.15 91400; 126100 62380 58590

ABPLC6, ABPLC56 114.3 36356; 32900 19220 21190

8ABPLC88, ABPLC55 114.3 6300; 7015 4060 5440

a0 = 1.64 mm, b0 = 1.97 mm in depth and surface directions, whereas the lug width,
hole-diameter and thickness are equal to 2w = 70 mm, D = 26 mm, and t = 12 mm,
respectively.

Considering the significant influence of driving forces on fatigue response of lug-type
joint, it is important to carefully examine the stress raiser effects at damaged hole under
service loading. Therefore, by employing Eqs. (4) and (5) coupled with Eqs. (6) to (17),
the stress intensity factor was evaluated with respect to depth and surface directions, as
it is shown in Fig. 6a and b, respectively.

Furthermore, the predictive-capability of obtained estimates was verified using
appropriate theoretical results generated through analytical solutions, discussed by Bol-
janović and Maksimović [30], as is listed in Table 3. From such comparisons, it can be
deduced that different stress intensity outcomes agree quite well for considered lug with
the elliptical corner flaw.

Fig. 6. Stress intensity analysis of the lug with elliptical corner flaw: (a) KA versus a, (b) KB
versus b; calculated curves are generated within the present work.
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Table 3. Stress intensity calculation for elliptical corner crack-like flaw.

a (mm) ΔKA (MPam0.5) ΔKB (MPam0.5) ΔKA
. (MPam0.5)

[30]
ΔKB (MPam0.5)
[30]

3.14 8.021 7.543 8.446 7.328

4.64 8.941 8.490 8.964 7.626

7.14 10.080 9.770 9.636 8.252

9.14 10.920 10.892 10.200 9.002

4.3 Crack Growth Evaluations at a Lug Hole

Now fatigue performance design examines the failure of pin-loaded lug (Fig. 7) in terms
of crack path. Applied dynamic load is characterized by maximum stress equal to Smax
= 120 MPa with stress ratio R = 0.33. The lug with initial elliptical crack (a0 = b0 =
0.25 mm, 2w = 60 mm, t = 9.6 mm and D = 25 mm), is made of 7075 T851 Al Alloy
(Su = 568MPa, S0,2 = 506.5 MPa, CA = 4× 10–10,mA =mB = 2.9, with da/dN, db/dN
in m/cycles and ΔKA, ΔKB in MPam0.5).

Fig. 7. The lug specimen with elliptical corner crack experimentally tested by Friedrich and
Schijve [31].

One of the primary mission risks that must be monitored for large moving systems in
a fatigue environment is that caused by surface crack-like flaw. Therefore, the stability
of lug-type joint with elliptical corner flaw was generated via crack growth paths, using
Eqs. (1) and (2) together with Eqs. (4) to (17). Relevant theoretical outcomes are plotted
in Figs. 8, 9 and 10 for six different crack lengths in depth direction, adopting that the
vertical axis and horizontal axis coincide with the lug hole and the front face of the lug,
respectively.

Furthermore, in order to verify the computational design model, generated crack
pathswere comparedwith those experimentally tested byFriedrich andSchijve [31], as is
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Fig. 8. Fatigue crack path evolutions: (a) a = 2.07 mm, (b) a = 3.16 mm; calculated curves are
generated within the present work and experiments reported by Friedrich and Schijve [31].

shown in the same Figures. Examining relevant comparisons, it can be deduced thatmod-
eled crack growth paths adequately correlate with those obtained through experimental
observations [31].

Fig. 9. Fatigue crack path evolutions: (a) a = 3.64 mm, (b) a = 4.14 mm; calculated curves are
generated within the present work and experiments reported by Friedrich and Schijve [31].

4.4 Lug Failure Strength and the Hole-Diameter Effect

Fatigue stability evaluations are performed here in order to analyze the impact of the lug
diameter (Fig. 1) on the failure strength. Thus, residual life of three different lugs (2w =
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Fig. 10. Fatigue crack path evolutions: (a) a = 4.95 mm, (b) a = 6.06 mm; calculated curves are
generated within the present work and experiments reported by Friedrich and Schijve [31].

90 mm, t = 14 mm, a0 = 1.86 mm and b0 = 2.53 mm), made of 7075 T851 Al Alloy, are
assessed in the case of lug-hole diameters equal to D = 32 mm, 44.8 mm and 57.6 mm.
Also, it was assumed that maximum force and stress ratio are equal to Pmax = 57000 N
and R = 0.3, respectively and material parameters are the same as those examined in
Sect. 4.1.

Knowledge-based damage tolerance analysis represents an effective way to interpret
the lug-failure due to elliptical corner flaw. Thus, the fatigue response was herein evalu-
ated via the crack growth rate and residual life using Eqs. (1) to (3) coupled with Eqs. (4)
to (17), respectively. Relevant analytical outcomes obtained in the case of three values
of lug-hole diameters are shown in Fig. 11a and b for crack growth length in depth and
surface direction, respectively.

Different comparisons indicate that if the lug diameter D increases from 32 mm to
44.8 mm, the residual life N decreases about 30%. Further, if the diameter increases
from 44.8 mm to 57.6 mm, it causes the linkage capacity to decrease by about 50%
for considered lug configurations with elliptical flaws. It is evident that increasing the
lug-diameter can worsen the disturbed stress state of crack-like flaw, endangering the
fatigue performance of lug-pin joint.

4.5 Impact of Stress Ratio and Crack Shape on the Fatigue Life of Lug

Finally, the failure performance of lugs with elliptical corner flaw ((2w = 80 mm, t =
10 mm, D = 30 mm, a0 = 2.34 mm and b0 = 3.19 mm), made of 7075 T851 Al Alloy,
was evaluated under dynamic load characterized by maximum force equal to Pmax =
32000 N and three different values of stress ratios R = 0.1, 0.2 or 0.4, respectively.

Through the safety-relevant analysis, the lug life was estimated via a computational
model generated within this research work, taking into account the stress ratio effect
and pin loaded effect. Generated number of loading cycles, as a function of crack length
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Fig. 11. Fatigue life evaluations (a0 = 1.86 mm, b0 = 2.53 mm): (a) a versus N, (b) b versus
N; 1–D = 32 mm, 2–D = 44.8 mm, 3–D = 57.6 mm, calculated curves are generated within the
present work.

in depth and surface direction, are shown in Fig. 12a and b, respectively. Such damage
tolerance-based outcomes indicate that if the stress ratio R increases from 0.2 to 0.4, the
residual life increases about 28% in the case of considered lug with corner flaw.

Fig. 12. Fatigue life evaluations (a0 = 2.34 mm, b0 = 3.19 mm): (a) a versus N, (b) b versus N;
1–R = 0.1, 2–R = 0.2, 3–R = 0.4, calculated curves are generated within the present work.

Furthermore, the lug life was explored here in the case of three different corner flaws,
whose sizes in depth and surface directions are equal to a0 = 1.9 mm, 2.47mm, 3.21mm
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and b0 = 3.41 mm, assuming the following geometrical and loading parameters 2w =
86mm, t = 15mm,D= 32mm,Pmax = 44000N,R= 0.2, respectively. Fatigue-induced
degradation of lug in terms of number of loading cycles, as a function of crack growth
length in depth and surface direction, is plotted in Fig. 13a and b, respectively.

From relevant comparisons, it can be concluded that if the crack length in depth
direction increases from 1.9 mm to 3.21 mm, it leads to a reduction in the number of
loading cycles by 10% for fatigue-critical linkage examined. Since an increase in crack
length in depth direction by less than 1.5 mm can cause a decrease in residual life by
about 10%, it is clear that the application of reliable computational design models has a
key role in ensuring the full functioning of large systems in a dynamic load environment.

Fig. 13. Fatigue life evaluations (b0 = 3.41 mm): (a) a versus N, (b) b versus N; 1–a0 = 1.9 mm,
2–a0 = 2.47 mm, 3–a0 = 3.21 mm, calculated curves are generated within the present work.

5 Conclusions

How well large moving systems resist the damage that can occur during complex oper-
ations at high speeds is one of the main design configurations for aircrafts continuously
exposed to dynamic load environments. Thus, this research proposes a novel compu-
tational model to evaluate the fatigue response of the elliptical corner flaw in order to
achieve long-term durability of the lug-type joints. It was demonstrated that changes of
driving forces result in direct variation on stress intensities at a damaged hole endanger-
ing residual life, which can suddenly lead to loss of lug stability. Analytical solutions
were developed to assure that the formation targeted can be employed for crack growth
path evaluations. Damage tolerance-based outcomes agree well with experimentally
tested results, providing good confidence in the use of computational model to assess
the failure strength and to generate safety-relevant performances of lug-type joints under
service loading.
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estimation of notched structural components using low-cycle properties. Strain 47(Suppl. 2),
341–349 (2011)

24. Antoni, N., Gaisne, F.: Analytical modellng for static stress analysis of pin-loaded lugs with
bush fitting. Appl. Math. Model. 35, 1–21 (2011)

25. Carpinteri, A., Brighneti, R., Huth, H.J., Vantadori, S.: Fatigue growth of a surface crack in
a welded T-joint. Int. J. Fatigue 27(1), 59–69 (2005)

26. Carpinteri, A., Brighneti, R., Vantadori, S.: Notched double-curvature shellswith cracks under
pulsating internal pressure. Int. J. Press. Vessels Pip. 86(7), 443–453 (2009)
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mination of stress intensity factors in low pressure turbine rotor disks. Math. Problems Eng.,
304638 (2014)

28. Belinha, J., Azevedo, J.M.C., Dinis, L.M.J.S., Natal, Jorge R.: The natural neighbour radial
point inerpolation method extended to the crack growth simulation. Int. J. Appl. Mech. 8(1),
1650006/1-32 (2016)

29. Newman, Jr. J.C., Raju, I.S.: Stress-intensity factor equations for cracks in three-dimensional
finite bodies subjected to tension and bending loads, NASA Technical Memorandum
85793, National Aeronautics and Space Administration, Langley Research Center, Hampton,
Virginia, United States (1984)
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Abstract. Structural analysis of elements of passenger boarding bridge is neces-
sary to achieve endurance and safety in transport network. Elements of pivoting
joint which are enclosed by protective bellows have been the subject of these
analysis. Aluminum frames connected by protective bellows and attached to the
circular rod might be in two operating positions of special interest: the position
where two rigid sections connected by articulation make an angle of 0° (firm posi-
tion) and position where two rigid sections connected by articulation make an
angle of 45° (maximum angle position). For the purpose of simplifying the cal-
culation, five aluminum frames have been extracted from the original geometry
in a firm position, and to simulate the influence of protective bellows attached to
aluminum frames, springs have been added. Themain dilemma in the analysis was
how to estimate the stiffness of springs. Using data from the protective bellows
manufacturer stiffness coefficient of springs was evaluated. However, the stiffness
coefficient value was varied through the analysis to assess the influence of this
parameter on stress/displacement values, and the difference in obtained results
is commented later in this report. Values of displacements and stresses obtained
using finite element analyses (FEA) for both positions of frames are given.

Keywords: Passenger boarding bridge · Forces · FE analysis · Stiffness
coefficient

1 Introduction

With the recent developments in technology, significant improvements have been
achieved in transportation both on sea, land, and air routes. Bridge construction is chang-
ing swiftly since it is so important to the transportation system. Passengers can enter
and depart ships or plane through weather-protected tunnels provided by the Passenger
Boarding Bridge (PBB). Sea transport has been widely used especially in international
transportation. Around 90% of the world trade is carried out by sea transportation [1–4].
The main elements of the maritime transport are sea vehicles and ports. Vessels such as
oil tankers, bulk carriers, general cargo, containers, ferries, and cruise ships contribute to
the national economy with domestic and foreign transportation [5]. Clearly, the strength
and safety of such structures are of utmost importance. Application of the finite element
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method (FEM) is of particular importance in different industrial sectors in terms to eval-
uate the life time of the structure based on the predefined geometry of the structure, the
mechanical characteristics of the applied material, the position, geometry and dimension
of different components [6–9].

Subject of this structural analysis are elements of pivoting jointwhich are enclosed by
protective bellows. Five aluminum frames connected by protective bellows and attached
to the circular rod might be in two operating positions of special interest.

The aim of this research is to determine values of displacements and stresses obtained
using finite element analyses (FEA) for both positions of frames. For this analysis Ansys
2020 software was used.

2 Materials and Methods

The PBB described in this paper (Fig. 1) must be highly operational, adaptable,
lightweight, and fault-free while yet offering passengers a great boarding experience.

Fig. 1. Passenger boarding bridge
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Aluminum frames connected by protective bellows and attached to the circular rod
(with cross-section defined by the manufacturer) might be in two operating positions of
special interest: the position where two rigid sections connected by articulation make an
angle of 0° (firm position, Fig. 2) and position where two rigid sections connected by
articulation make an angle of 45° (maximum angle position, Fig. 3).

Fig. 2. Firm position of frames (α = 0°)

Fig. 3. Maximum angle position of frames (α = 45°)

For the purpose of simplifying the calculation, five aluminum frames have been
extracted from the original geometry in a firm position (Fig. 4), and to simulate the
influence of protective bellows attached to aluminum frames, springs have been added
(Fig. 5).

The main dilemma in the analysis was how to estimate the stiffness of springs. Using
data from the protective bellowsmanufacturer (modulus of elasticity of thematerial used
in production) stiffness coefficient of springs was evaluated as c = 70 N/mm. However,
the stiffness coefficient value was varied through the analysis to assess the influence of
this parameter on stress/displacement values, and the difference in obtained results is
commented later in this report.
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Aluminium
frames

Circular rod

Fig. 4. Five frames connected to the circular rod in a firm position (α = 0°)

Fig. 5. Protective bellows were simulated using springs

The main (and only) load considered in the analysis was a force of 2,500 N (simu-
lating the mass of 250 kg) acting perpendicularly to three middle frames. Three frames
were loaded because it had been estimated that an average person can apply pressure
(with his/her body) on a maximum of three frames at once. The average person is con-
sidered to have a mass of 80–100 kg, but the mass of 250 kg was used in calculations to
ensure the value of safety factor ν = 2.5. On the subject of boundary conditions, it was
assumed that the circular rod was fixed (Fig. 6) since the main emphasis in the analysis
was on the displacements and stresses of aluminum frames, not the rod.
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Fig. 6. Circular rod is fixed

Since no data were available about the type of contact between the rod and ends of
frames, two approaches were used in the analysis: 1st approach: contact was considered
to be slidingwithout friction (so-calledNo separation contact), and2nd approach: contact
was considered to be sliding with friction (so-called Frictional contact) with the value
of friction coefficient μ = 0.2.

3 Results and Discusion

Values of displacements and stresses obtained using finite element analyses (FEA) for
both approaches and both positions of frames (firm and max. Angle) are given below.

Firm position of frames, sliding without friction

Values of displacements are given in Figs. 7 and 8.

Fig. 7. Displacements on the left-hand side of pivoting joint (maximum 3.2 mm)
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Fig. 8. Displacements on the right-hand side of pivoting joint (maximum 2.1 mm)

Values of stress are given in Fig. 9.

Fig. 9. Maximum value of stress 51.7 MPa obtained on the left-hand side of pivoting joint

Firm position of frames, sliding with friction μ = 0.2

As can be seen in Fig. 10, values of displacements, as expected, are significantly
smaller than in the case when friction was not considered (0.72 mm versus 3.2 mm).
However, friction produces higher stresses in the contact areas and these stresses cannot
be correctly evaluated without further analysis which includes nonlinear properties of
materials in contact.



Structural Analysis of Elements of Passenger Boarding Bridge 315

Fig. 10. Displacements on the left-hand side of pivoting joint when frictional contact is used

Maximum angle position of frames, sliding without friction

The geometry representing themaximumangle position is shown in Fig. 11, while values
of displacements are given in Figs. 12 and 13.

Fig. 11. Five frames connected to the circular rod in the maximum angle position (α = 450)
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Fig. 12. Displacements on the left-hand side of pivoting joint (maximum 25.8 mm)

Fig. 13. Displacements on the right-hand side of pivoting joint (maximum 11.6 mm)

Values of stresses are given in Fig. 14. It is important to notice that the maximum
stress of 284 MPa is at one node only (singularity) and cannot represent the referent
value, while values in the most stressed area are between 170 and 220 MPa (Fig. 15).

Fig. 14. Maximum value of stress 284.2 MPa obtained on the pivoting joint is singularity



Structural Analysis of Elements of Passenger Boarding Bridge 317

Fig. 15. The maximum stress in the critical area is not greater than 220 MPa

Maximum angle position of frames, sliding with friction μ = 0.2

Similar to the analysis of the firm position of pivoting joint, values of displacements are
significantly smaller in themaximumangle positionwhen friction is considered (Fig. 16).
However, the maximum displacement is on a different spot than before (Fig. 17). Again,
friction produces higher stresses in the contact areas and correct stress values cannot be
evaluated without further analysis which includes nonlinear properties of materials.

Fig. 16. Displacements on the left-hand side of pivoting joint when frictional contact is used
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Fig. 17. Maximum displacements is on the top of the middle frame

4 Conclusion

As said above, to consider the influence of the protective bellows, springs with stiffness
coefficient c= 70 N/mm have been used. Based on the results of FEAs presented in this
report, the following conclusions can be drawn:

1. Values of displacement obtained in simulations are acceptable andwithin the expected
range. When friction between ends of aluminum frames and the circular rod is
neglected displacement is higher since ends can slide along the circular rod sur-
face; on the contrary, when friction between these elements is considered maximum
displacement is much smaller. However, the exact value of the coefficient of friction
must be known in order to get the realistic value of displacement. It should be noted
that the stiffness of protective bellows influences the total displacement of frames
too, and that approximate value of stiffness coefficient was used in calculations. Dis-
placements are generally smaller when frames are in a firm position – this indicates
that the maximum angle position is a critical position of pivoting joint.

2. When friction is neglected, stress values are low in a firm position and significantly
higher when frames are in maximum angle position but acceptable. Maximum stress
is around 50MPa in a firmposition and around 210MPawhen frames are inmaximum
angle position. This implies that aluminum alloy 6060-T6 (or similar) should be used
since it has the yield tensile strength of 170 MPa and an ultimate tensile strength
of 220 MPa. Therefore, this alloy can provide desired safety factor ν = 2.5. When
arbitrary friction coefficient μ = 0.2 is used in calculations stress values in contact
areas rise, but accurate values cannot be calculated without considering the nonlinear
properties of materials: maximum stress is higher than the yield strength of aluminum
alloy which implies the occurrence of plastic deformation.
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Abstract. This paper presents the revitalization of the feedrate system of the
Stankoimport 2620B horizontal boring mill machine using a PLC controller and a
DC converter with special reference to the way of adjusting the speed and current
loop parameters of the converter using Matlab and OPC server. Using Matlab, a
model of auxiliary movement was created and simulated. The simulation model
was taken as a reference and connected to the PLC and the DC converter using the
OPC server, and based on the comparison of the response difference between the
simulation model and the real system, the parameters of the PI controller of the
DC converter were tuned. Revitalization and reconstruction was carried out using
modern components for the regulation of auxiliary movement. During the recon-
struction, the components were integrated into the old system, which represents a
special challenge, because the control systemdating from1970was combinedwith
the new control system. New electrical documentation was designed, software for
the PLC controller was developed and written. After revitalization, testing was
carried out in real conditions in metal machining and functionality was proven.

Keywords: Horizontal boring mill machine · DC converter · PLC · Feedrate
regulation

1 Introduction

Speed control using a PID controller is commonly applied in different branches of
industry [1, 2]. In machining and production of part improper control speed will result
in the damage the of the subject being processed. The paper describes the method of
adjusting the analog DC converter, wrote the software and developed the hardware for
regulating the feedrate. The control task was realized using two PI controllers in cascade
loop [3–5] and a programmable logic controller (PLC) Schneider electric type Modicon
M211 [6] and DC converter SSD Parker type 514C [7]. The signal of the actual speed
and current of the motor is fed to the analog inputs of the PLC from the analog outputs
of the DC converter, whereby the reference speed is set by commands located on the
control panel.
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Models of DC converter and motor for feedrate are identified, a simulation was
performed in Matlab [8, 9], the parameters of the PI controller were determined, and
a real DC converter [10] was set based on them and the results were experimentally
verified on a horizontal boring mill machine.

2 Hardware and Software Solution of the Speed Control of Motor
for Feedrate of Horizontal Boring Mill Machine

The controlling system of feedrate for auxiliary movement (Fig. 1) is provided with DC
motor (with characteristics in Table 1) connected to gear box, analog DC converter drive
and Modicon PLC with additional cards for necessary analog and digital signal. The
DC motor which was used has a maximum speed of 1500 rpm or 3000 rpm depending
on how the excitation coil is connected. SSD Parker convertor drive for controlling DC
motors [10], providing control of the motor speed in all 4 Quadrants of operation. This
type of regulator was chosen because of its low cost.

Fig. 1. Block scheme of feedrate regulation

2.1 DC Motor and Converter, Model Identification

Some parameters are taken from nameplate of the motor, and some are determined with
the help of the identification procedure and some by simple measurement. To identify
the parameters of the DC motor, an experimental platform was used, consisting of a
test bench equipped with a Simoreg DC converter of the 6RA70 series [11], which is
used to start the motor, and a Micrologix PLC [12] controller with analog cards and
a PC with an OPC server [13] and Matlab. Table 1 shows the parameter of the DC
motor that drives the mechanical part for feedrate. Part of the parameters was obtained
by directly reading the parameters from the nameplate of the engine, part by simple
measurement and part of the parameters through identification [14–18]. The model of
the DC converter drive is derived on the analysis of voltage waveforms at its input and
output [10]. After simplification of the analysis, the function transfer of a single-phase
fully controllable thyristor module can be represented by the first-order function transfer
with delay (FOPDT) [19].
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Table 1. Motor and DC converter parameters

Parameters Values

Motor power P 2.2 kW

Armature voltage Ua 230 V

Armature current Ia 11.2 A

Motor speed n 1500/3000 rpm

Excitation voltage Up 230/130 V

Excitation current Ip 0.43/0.88 A

Armature winding resistance Ra 11.5 �

Inductance of armature winding La 0.136 mH

Excitation windig resistance Rp 110 �

Back electromotive force constant ke 1.23 V

Viscous friction coefficients of motor Bm 0.00221 Nms

Moment of motor rotor inertia Jm 0.0221 kgm2

Viscous friction coefficients B 0.00712 Nms

Moment of inertia J 0.963 kgm2

DC converter gain kt 19.83

DC converter time constant Tt 0.01 s

DC converter time delay θ 0.4 s

2.2 Synthesis of the PI Armature Current and PI Speed Controllers

In applications where purchased DC converters are used, cascade control is always used
to control the DCmotor and optimize each PI controller separately [11, 20]. PI armature
current regulator is designed by the method of technical optimum [21].

Fig. 2. Block diagram of model motor for feedrate with DC converter

The block diagram of model of auxiliary movement Fig. 2 consists of a PI speed
controller, PI current controller, DC converter model, motor model and mechanical part.
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When synthesis a PI speed controller, the influence of the response of the internal current
loop can be ignored because the time constant of the rotor circuit is much smaller than the
mechanical time constant [22, 23]. A dynamic process current loops can be neglected
in synthesis and analysis PI speed controller performance and interference rejection
performance.

Equation (1) gives the open loop transfer function, and the desired closed-loop
transfer function.

Goω = kpω
1 + sTiω
sTiω

km
kb

1 + sTm
= a

s + a
(1)

The parameters of the PI speed controller are selected based on the rise time tr ,
which also determines the bandwidth of the speed loop. The parameter TiÑ is chosen to
compensate for the time constant of the mechanical part of the system Tm Eq. (2), which
cancels the old pole, and the parameter kpω sets the new pole. The speed performance and
the disturbance rejection performance when using PI controller depends on the pole-zero
distribution of the desired transfer function.

a = kpωkmkb
Tm

,Tm = Tiω, kpω = aTm
kmkb

, a ≈ 2.2

tr
(2)

Figure 3 (left) shows the armature current response of the auxiliary motion drive
motor based on Matlab simulation when the rotor speed is controlled by a PI controller
as the setpoint speed changes, Fig. 3 (right) shows the speed characteristic of the auxiliary
motion drive motor obtained by simulation.

Fig. 3. Response of armature current when changing the set speed in the range from 300 rpm to
700 rpm (left), speed response in time when set speed is 140 rpm (right)



324 I. Kocic et al.

3 Realization Control and Parameter Setup of SSD Converter
Drive for Speed Control of Auxiliary Movement

3.1 Parameter Setup of SSD Converter Drive

The procedure for setting the parameters of this type of DC converter is somewhat more
complicated compared to converters that have ready-made adjustment procedures. The
current loop and speed loop PI controller parameters are adjusted by the method trial and
error or Ziegler-Nicols method close loop method, visually observing the response to
the step signal. Based on the model and the selected control, it is necessary to establish
a connection between the parameters of the PI regulators DC converter [24], which are
adjusted by physically turning the potentiometers P3, P4, P6 and P7 on the front panel
of the DC converter [7]. Tuning‚ of the current and speed loop of the DC converter were
performed using a PLC controller, HMI connected to PLC and Matlab using Kepware
Modbus [25–27]. Kepware server is used for computer interface. On Fig. 4 is illustrated
the block scheme of experimental platform for tuning SSD converter and modeling for
control applications.

The analog inputs of the PLC controller are connected to output terminals from the
DC converter drive that correspond to the current value of motor current and the motor
speed of the drive motor for auxiliary movement. The setting of the current loop is done
via potentiometers P6 and P7, respectively, for proportional gain and integration time
using rules [28].

The setup procedure is divided into two separate procedures. The first is setting the
PI parameters of the current loop, and the second is setting the parameters of the speed
loop PI controller.

Fig. 4. Block scheme of experimental platform for tuning SSD converter

First, the setup of the PI controller of the current loop was performed using real time
monitoring.

Steps of tuning PI controller for current loop:

1. Disconnect the field excitation voltage,
2. Turn on the fan for forced cooling of the motor,
3. Connect the motor to the gear box, if this is physically impossible, it is necessary to

brake rotor of the motor,
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4. Activate the connection between the PLC and Matlab using Kepware Modbus OPC
drive,

5. Start the motor without field excitation and set the maximum current value with
potentiometer P5 [7],

6. Stop motor,
7. Bring the small reference speed signal to the input of the converter using PLC, and

start motor,
8. Watch the trend view of PLC tags of motor armature current,
9. Restart the motor and adjust the current loop parameters for several speed reference

values, adjust the Kp and Ti parameters (using potentiometers P6 and P7) so that
the current response is as fast as possible without overshooting, according to the
response obtained in the part of the current loop controller model,

10. Repeat point 7 until a satisfactory response is obtained,
11. Reconnect the motor excitation,
12. Deactivate connection between the PLC and Matlab using Kepware Modbus OPC.

The procedure for adjusting the speed loop is performed similar to the procedure of
adaptive control with reference model (MRAC) [28–30]. Model composed of the motor
model, the DC regulator and the cascade loop of the PI controller modeled in Matlab
from was taken as the reference model [31]. At the input of the model and the real
process with a DC converter and PLC, a step impulse is simultaneously applied and the
response of the system is observed on the HMI panel based on Eq. (3).

IAE =
+∞∫

0

|e(t)|dt =
+∞∫

0

|yr(t) − y(t)|dt (3)

Steps of tuning PI controller for speed loop:

1. Set the potentiometers for the acceleration/deceleration ramp to minimum (P1, P2
[7]),

2. Activate the connection between the PLC and Matlab using Kepware Modbus OPC
drive,

3. Watch the trend view of PLC tags of motor speed,
4. Bring the small reference speed signal to the input of the converter using PLC, and

start motor,
5. Adjust Kp and Ti (using potentiometers P3 and P4) to obtain a critically damped

response, i.e. the fastest possible response without overshoot according to the
response obtained in the part of the current loop controller model,

6. Repeat step 5 until a satisfactory response is obtained
7. Adjustment P10 so that the achieved speed corresponds to the maximum desired

speed,
8. Setting P11 speed offset for the zero speed signal,
9. Deactivate connection between the PLC and Matlab using Kepware Modbus OPC,
10. Stop motor.
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3.2 Realization Control of Feedrate

The hardware configuration of the PLC controller and the writing of the control program
for managing the feedrate, as well as the part of the software forModbus communication
and the reading of the current values of the current and the speed of themotor, was done in
the software package called “EcoStruxureMachine Expert-Basic” by Schneider Electric.

By combining the contacts of the existing relays from the old system, which are
activated by turning the coded rotary switches S1 and S2, commands for 9 slow and 32
fast speeds are generated to control the feedrate. Such commands in the form of a voltage
of 0–10 V are sent to the DC converter. Based on the value of the voltage, the motor
rotates at the set speed after starting. In the picture Fig. 5 the connection diagram of
discrete and analog PLC inputs is shown, and Fig. 6 show DC converter wiring diagram.

Fig. 5. Input terminal PLC wiring diagram for input system

According to the requirements, it is necessary to completely preserve the old control
panel and part of the control logic of the machine, and to carry out the revitalization
of only the drive for auxiliary movement, which required ingenuity in the sense of
connecting the old and new control system. The relay contacts from the existing old
control logic P2P, PN, PV, P1P, P3P and PSP are connected via a 24V DC power supply
and introduced to the PLC inputs.

To the analog inputs of the PLC controller using the elements VF1, VF2 for voltage
feedback, set values of speeds with slow and fast movement of the drive for auxiliary
movement generated in the old control logic are brought. For this reason, it was necessary
to design andmake cards that are also designed for proportional voltage reduction Fig. 7.
Inputs VF1 and VF2 are supplied with voltage levels that are generated by turning
switches with S1 and S2 from multiple positions (order of magnitude 0–120 V), and at
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the output pins VF1 and VF2 voltages of 0–10 V are obtained, which are introduced as
such into the PLC controller.

Depending on the state of the contact (open, closed) and voltage levels and a suitably
written program for the PLC controller, a total of 82 movement speeds of the feedrate
tool are generated.

Fig. 6. SSD Parker 514C wiring diagram

Fig. 7. Voltage feedback card (right), layout of components (left)

Figure 8 shows a part of the software for selecting the operating speed of the drive for
auxiliary movement, and turning on and off the engine brake. The speed of the auxiliary
motion drive is set by entering the desired value in the register %QW0.100. Speed values
in the PLC controller are given in engineering units, ranging from 0 to 10000 eng. unit
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which correspond to voltage values from 0 to 10 V, i.e. motor speed from 0 to 1500 rpm.
The ramp value is with tu = 1 s and td = 1 s.

Fig. 8. Part of software for setup speed and activate clutch

Fig. 9. Drive cabinet with new component (left) and old control panel (right)

Figure 9 on the left shows the real realisation of the drive cabinet in which the
PLCM221, SSD 514C converter, voltage coupling cards and other necessary equipment
for feedrate controlled are installed. Figure 9, on the right, shows the appearance of the
control panel, where the layout of the control commands has been completely preserved.
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4 Experimental Results

The experimental results were obtained on a real horizontal boring mill machine type
Stankoimport 2620B. Values of the corresponding registers (tags) of the PLC controller
which correspond to the real values of speed, current of motor for auxiliary moving are
represent in Engineering unit. Figure 10 shows the characteristic of the realized speed
of feedrate where the maximal error in tracking the set point speed is 42eng. Unit which
corresponds to a voltage of 0.042 V. The value of 1 V or 150 rpm corresponds to the set
value of 1000 eng. units.

Fig. 10. Characteristic of the speed of motor for feedrate

Figure 11 (up) shows the characteristic of the actual and set referene speed with
correspond with armature current Fig. 11 (down) in the feedrate process, where the
feedrate speed was changed randomly. From Fig. 11 it can be seen that the DC converter
device works in the speed mode, the speed is maintained by the current. A value of 1000
eng. units corresponds to a drive motor current of 1.6 A.
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Fig. 11. Characteristic of the actual and set reference speed and actual armature current

5 Conclusion

The most difficult part was to connect the old control system (which dates back to 1970)
with the part of the new control system for the auxiliary movement of the machine,
which was a significant challenge in terms of knowledge of old control systems (such
as Ward Leonard’s group, lamps, etc.) and modern control systems. If we add to that the
requirement that the cost of the revitalization should not be too high and that the layout
of the commands on the command desk be completely maintained, it all represented a
challenge. The justification for using the Modicon M221 PLC controller is reflected in
its price and modularity, and especially due to intuitive configuration and programming.
The used DC converter is of an analog type, based on the simulations performed in the
modeling part, it was necessary to connect the obtained results with the simultaneous
control, which was solved by the use of PLC and opc drivers. The adjustment of the
regulator parameters was performed manually by observing the response on the HMI
panel, which is used only in the parameter adjustment process. With the revitalization,
the mode of operation and the layout of the control panel commands were kept, which
reduced the time for operator training to a minimum.
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Maksimović, Stevan
Mangovska, Biljana
Mekinjić, Boško
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Mitrović, Nenad
Mladenović, Goran
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	 Preface
	 Scientific Committee
	 Contents
	Key Factors of Business Sustainability: Analysis of Human Resources’ Versus Business Performance in Case of Serbian Companies
	1 Introduction
	2 Literature Review
	2.1 Influence of Business Performance Indicators on Company Sustainability
	2.2 Influence of Human Resources’ Performance on Company Sustainability
	2.3 Influence of Company Financial Viability on Its Sustainability

	3 Methodology
	3.1 Framework
	3.2 Hypothesis Formulation and Variables Definition
	3.3 Clustering Method Used for Quantitative Analysis

	4 Results
	4.1 Research Sample
	4.2 Research Findings
	4.3 Hypothesis Testing

	5 Discussion and Conclusions
	5.1 Key Findings and Conclusions
	5.2 Discussion of Research Findings
	5.3 Limitations of Conducted Research
	5.4 Practical Implications
	5.5 Future Research Plans

	Appendix A
	Appendix B
	References

	Robot Movement Programming and Simulation Generation for Pick and Place Materials in ABB Robot Studio
	1 Introduction
	2 Making the Work Environment
	3 Target Placement
	4 Path Generation
	5 Simulation and Code Generation
	6 Conclusion
	References

	Bucket Wheel Excavator Reliability Improvement by Use of Probabilistic Approach and Fault-Tree Analysis
	1 Introduction
	2 Cracks as Causes of Failure of the Bucket-Wheel Excavators and a Role of the Non-destructive Testing in Assemblies State Diagnostics
	3 Materials and Methods
	4 Results
	5 The Welded Joint Validity Coefficient
	6 Conclusions
	References

	Risk Management of Foreign Trade Financing of Bosnia and Herzegovina
	1 Introduction
	2 Review of Literature Through Previous Research
	3 Research Methodology
	4 Research Results
	5 Conclusion
	References

	CAD/CAM Approach to Automation of the Production Process
	1 Introduction
	2 System Installation
	3 System Calibration
	4 Program Support
	5 Conclusion
	References

	Bookshelf Scanning Mechanism with Arduino Control
	1 Introduction
	2 Hardware Components
	2.1 Arduino Microcontroller Board
	2.2 Stepper Motor
	2.3 Stepper Motor Driver
	2.4 Limit Switches

	3 Challenges of the Device Design
	4 Software
	4.1 The Code for Arduino Microcontroller Board

	5 Conclusion
	References

	Development of a Method for Testing Temperature Distribution During 3D Printing of Specimens with Application in Aerospace Industry
	1 Introduction
	2 Methodology
	3 Results and Discussions
	4 Conclusions
	References

	Determination of Compression Response for Various Dried Vegetables
	1 Introduction
	2 Materials and methods
	3 Results and Discussion
	4 Conclusions
	References

	Energy Efficiency in Serbia: Challenges and Opportunities
	1 Introduction
	2 Energy Sector in the World: Challenges and Opportunities
	3 Energy Consumption in the Republic of Serbia
	4 Conclusion
	References

	Comparative Mechanical Analysis of PLA and ABS Materials in Filament and Resin Form
	1 Introduction
	2 Methodology
	2.1 Specimen Preparation
	2.2 Mechanical Testing
	2.3 Hardness
	2.4 Microscopy

	3 Results and Discussions
	3.1 Tensile Testing
	3.2 Bending Testing
	3.3 Compression Testing
	3.4 Hardness

	4 Conclusions
	References

	Corrosion Damages of Pipelines Assessment by Using the Finite Element Method
	1 Introduction
	2 Methods for Assessing Corrosion Damage to Steel Pipelines
	2.1 Data for the Calculation of Corrosion Damage to the Steel Pipelines
	2.2 Determination of the Maximum Acceptable Length of Corrosion Damage Using the RSTRENG Method

	3 Evaluation of the Residual Strength of FEM Steel Pipelines
	4 Results and Discussion
	5 Conclusion
	References

	Selection of the Most Suitable Renewable Energy Alternative For Štrpce Municipality
	1 Introduction
	2 Methodology
	3 Case Municipality of Štrpce
	4 Conclusion
	References

	Topology Optimisation as Method for Improving the Design Process of Tipping Semi-trailer
	1 Introduction
	2 Geometry limits
	3 Load cases
	4 Simulation model
	5 Topology optimization simulation and results discussion
	6 Conclusion
	References

	Advances in Additive Manufacturing Application in Military Industry
	1 Introduction
	1.1 3D Printing Explained
	1.2 Advantages and Disadvantages of AM in Military Industry

	2 Literature Review
	3 3D Printed Guns and Ammunition
	4 3D Printed Bombs, Drones and Spare Parts
	5 3D Printed Explosive Materials
	6 3D Printed Safety Equipment and Structures
	7 3D CAD/CAM Compatibility with Numerical Simulations
	8 Conclusion
	References

	A Comprehensive Review of the Effect of Elastane and Common Wet Processes on the Cotton and Cotton/Elastane Knitted Fabrics’ Properties and Revalorization of Fabric Waste
	1 Introduction
	2 Experimental
	3 Structural Characteristics of Knitted Fabrics
	4 Knitted Fabrics’ Comfort Properties
	5 Mechanical Properties of Selected Knitted Fabrics 
	6 Volume Electrical Resistivity of Knitted Fabrics
	7 Obtaining Bioactive Knitted Fabrics
	8 Reuse and Revalorization of Knitted Fabric Waste
	9 Conclusion
	References

	Dimensional Accuracy of Compressive Specimens Obtained by SLS Technology
	1 Introduction
	2 Materials and Methods
	2.1 Preparing Specimens
	2.2 Materials
	2.3 Testing Procedure

	3 Results and Discussions
	4 Conclusions
	References

	Analysis of Flexural Strength Tiles Made by ABS-X Material with Different Infill
	1 Introduction
	2 Experimental Setup
	3 Results and Discussion
	4 Conclusion
	References

	The Possibility of Applying a Universal Testing Machine for Evaluating Food Textures
	1 Introduction
	2 Destructive Methods
	2.1 Compressive Tests on Vegetables and Fruits
	2.2 Puncture Tests on Vegetables
	2.3 Other Tests on Food

	3 Conclusions
	References

	Numerical Simulations for the Optimization of the Position of the Regenerative Burner System for Tundish Preheating
	1 Introduction
	2 State-of-the-Art Regenerative Burner Systems
	3 Test Facility
	4 Numerical Simulation of a Tundish Preheating
	5 Conclusions
	References

	Design of Augmented Reality-Based Android App for Simulation and Programming of Industrial Robots
	1 Introduction
	2 Creation of Robot Simulation Model in Unity-RoboDk Programming and Simulation Environment
	2.1 Design of 3D Model of RL15 Robot in Unity
	2.2 Integration of Unity with RoboDK Software

	3 Design of AR Robot Simulation and Programming Android App in Unity
	4 Conclusion
	References

	Design of a 6DOF Robot Simulation System in ROS-Gazebo with a Brief Reference to Modern Robot Simulation Software
	1 Introduction
	2 Design of a Robot Simulation System in ROS-Gazebo for 6DoF Industrial Robot RL15
	2.1 Modeling of Robot Links in ROS-Gazebo Environment
	2.2 Trajectory Planning, Programming and Control Design with ROS

	3 Reference to Other Notable Robot Simulation Environment
	4 Conclusion
	References

	Efficient Computation Method for Total Fatigue Life of Aircraft Structural Components
	1 Introduction
	2 Initial Fatigue Life Estimation
	3 Estimate of the Remaining Life of the Wing-Fuselage Connection
	3.1 Crack Growth Based on the Theory of Strain Energy Density 
	3.2 Crack Growth Life Computation 
	3.3 Numerical Examples

	4 Structural Analysis of Aircraft Wing-Fuselage Connection Using FEM
	4.1 Life Estimation Until the Appearance of the Initial Damage
	4.2 Assessment of the Age Until the Appearance of Initial Damage

	5 Residual Life Estimation
	6 Conclusion
	References

	3D Printing and CNC Machining: Materials, Technologies, and Process Parameters
	1 Introduction
	2 Machining 3D Printed Parts with CNC Technologies
	3 The Combination of 3D Printing and CNC Machining
	4 Conclusion
	References

	The Current State of the Open-Source Engineering Software for Numerical Simulations
	1 Introduction
	2 Windows Subsystem for Linux
	3 CAELinux
	4 Salome Platform and CodeAster
	4.1 Salome Geometry Module
	4.2 Salome Mesh Module
	4.3 CodeAster

	5 CFD Open-Source Solvers
	5.1 CodeSaturn
	5.2 OpenFOAM

	6 Post-Processing with ParaView
	7 Conclusion
	References

	Aircraft Lug Failure Design Under Fatigue Loading
	1 Introduction
	2 Failure Mode Analysis Under Dynamic Load
	3 Stress Intensity Evaluation for a Corner Flaw
	4 Stability Analysis of Lug with Part-Through Corner Flaw
	4.1 Life Assessment of Pin-Loaded Lug
	4.2 Stress Intensity Calculation in the Vicinity of Crack Tip
	4.3 Crack Growth Evaluations at a Lug Hole
	4.4 Lug Failure Strength and the Hole-Diameter Effect
	4.5 Impact of Stress Ratio and Crack Shape on the Fatigue Life of Lug

	5 Conclusions
	References

	Structural Analysis of Elements of Passenger Boarding Bridge
	1 Introduction
	2 Materials and Methods
	3 Results and Discusion
	4 Conclusion
	References

	Horizontal Boring Mill Machine Feedrate Revitalization with DC Converter and PLC
	1 Introduction
	2 Hardware and Software Solution of the Speed Control of Motor for Feedrate of Horizontal Boring Mill Machine
	2.1 DC Motor and Converter, Model Identification
	2.2 Synthesis of the PI Armature Current and PI Speed Controllers

	3 Realization Control and Parameter Setup of SSD Converter Drive for Speed Control of Auxiliary Movement
	3.1 Parameter Setup of SSD Converter Drive
	3.2 Realization Control of Feedrate

	4 Experimental Results
	5 Conclusion
	References

	Author Index

