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Abstract

In our paper we study the potential application of artificial intelligence in the scheduling of engineering
projects. We are focusing on a very small slice of project management topic, namely, shaping the major tasks
and starting managing risks in the design phase. By design, here, we are not referring to the technological
sense of the word, but rather on conceiving the entire technical project. We intend to study the use of Al in
the case of engineering projects that are not software-based at all and in which Al is a working tool, not a
goal or a constituent element. In our research, we investigated how the best-known Large Language Models
respond to the same request. In examining the results, we found that the AI environments made meaningful
suggestions, most of them showing in the same time a high degree of similarity. It was also confirmed that the
data provided by Al in both scientific and practical contexts should be treated with caution. Still, we prove

that AI can be considered a real and powerful, day-to-day tool in project management.

Keywords: industrial projects, Artificial Intelligence, Large Language Models.

1. Introduction

The potential use of artificial intelligence, and
its expected positive or negative impact in a given
field, is a challenging topic among scientists, yet
it can be a subject of public debate almost uni-
versally. There are probably very few topics that
are of interest to everyone, from teenagers and
pensioners to worldwide policy-makers, despite
being still only at the experimental development
stage for scientists. Al (artificial intelligence), as
one of the most mediatized scientific achieve-
ments of our time, can offer a range of possibil-
ities in both project management and leadership.

In this paper, we explore a very small slice of the
project management topic, namely the potential
application of Al in the scheduling of certain en-
gineering projects, in particular the management

of risks in the design phase. By design, here, we
are not referring to the technological sense of the
word, but rather conceiving the entire technical
project, including, among other things, the supply
chain, production management, risk and quality
management. We have to note, solutions offered
by artificial intelligence (AI) are very common in
many segments of technical engineering, espe-
cially where there is a software component. These
applications of Al in engineering can be very
domain-specific, being out of our investigation
range. In our research we analysed the possibility
of using the most well-known generic platforms,
essentially in the conceiving phase of the project,
where the whole engineering project is still just
a concept, and even the launch of the project is
still in question. The design of the production line,
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machine purchase, tooling, technology develop-
ment and other steps will just follow after this
phase. For us, Al is just a design tool, not a goal
or a constituent element. Although the most com-
mon Al applications are fast learners, they are
not always reliable for industrial projects. This is
partly because even these platforms do not have
access to most developments -thus the learning
process is limited, and furthermore, these Al solu-
tions may be protected by patents or other rights.
The legal framework in the field of Al is still fuzzy,
and far from comprehensive and satisfactory
[1], Perhaps the biggest step forward is the EU
legislation known as the "Al Act", which entered
into force on 1 August 2024 [2]. The Regulation
2024/1689 of the European Parliament and of the
Council laying down harmonised rules on artifi-
cial intelligence basically encourages the use of Al
in the EU, primarily for competitiveness reasons,
but provides a legal framework that addresses
the risks of AL In art. 4 it states, that “Al is a fast
evolving family of technologies that contributes
to a wide array of economic, environmental and
societal benefits across the entire spectrum of in-
dustries and social activities. By improving pre-
diction, optimising operations and resource allo-
cation, and personalising digital solutions availa-
ble for individuals and organisations, the use of
Al can provide key competitive advantages (...),
energy, transport and logistics (...), resource and
energy efficiency (...)”. Given the industrial areas
identified in the list, we thought it worthwhile to
research the potential uses of Al in the field of in-
dustrial project management. In our analysis, we
used either Large Language Model (LLM) [3, 4])
or multimodal type AI platforms with generative
functions [5]. We investigated the solutions pro-
vided by these platforms in a certain issue that
requires planning, design and risk management.

2. Planning, scheduling, AI and risk
treatment in project management

Project management as a discipline has a
well-developed methodology for planning, sched-
uling and risk management. The PMBOK [6] per-
haps one of the best references for practitioners,
defines the project as "a time-bound effort to
create a unique product, service or outcome.” A
project is a set of unique (non-standard), not regu-

larly performed set of complex activities done for
a well-defined, specific purpose, with fixed dead-
lines and predefined resource requirements. This
definition shows that projects, as a unique series
of activities, are characterized by complexity and
risks, from the conception of the idea, through
the design phase and ultimate implementation
[7]. Starting from the very first steps in defining
a project, there is a set of variables whose value
poses a risk to the success of the project. Explic-
itly, we are indicating the inherent risks related
to the schedule, tasks and the estimation of du-
ration. Practitioners and researchers already
identified a plethora of opportunities of Al envi-
ronments [8, 9, 10]. In risk analysis, Al can pro-
actively identify and prioritize risks and analyse
complex risks [11]. Al can also be an important
tool for predictive project planning, not only
identifying risks but also predicting project out-
comes in the light of these risks, and forecasting
different scenarios. For example, machine learn-
ing algorithms can identify patterns and trends
by studying a large amount of data in circum-
stances that human reasoning is not able to han-
dle [12]. Through machine learning, practitioners
are now able to predict project performance. Ar-
tificial intelligence offers powerful solutions by
analysing vast amounts of data. Using and ana-
lysing past data from similar projects, machine
learning can predict the expected performance
of the current project. This estimation provides
support for cost estimation, schedule, feasibil-
ity indicators and possible bottlenecks [13].
Machine learning algorithms can revolutionize
project management by being able to extract
massive amounts of historical project data [14].
They can analyse databases of almost unimagina-
ble size, with cost estimates, timelines, resource
allocation, technical and engineering standards,
and results from previous projects [15], and can
help practitioners almost immediately in the ini-
tial phase [16, 17, 18]. The use of an Al environ-
ment can expand our project management tool-
box, have an impact on human resources, reduce
work stress, increase team morale and give the
team a greater sense of achievement by solving
tasks faster. Data sharing, transparency and other
opportunities could be discussed. Artificial intel-
ligence facilitates communication and collabora-
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tion within project teams and with external stake-
holders [19].

Al can produce real-time reports — by day, week
or month — to facilitate data sharing, promote
transparency and streamline project implementa-
tion. Historical data on resource utilization allows
machine learning models to make near-optimal
recommendations for the allocation of resourc-
es, staff, equipment and budget for the current
project. Predicting these problems allows project
managers to pro-actively adjust schedules and
minimize disruptions [8, 9]. When simulating
pro-project scenarios, it is possible for project
managers to identify down-potential disruptions.
Significantly better-informed scheduling decisions
can be made, as machine learning can analyse past
project data to identify slippages or bottlenecks in
specific processes in similar projects [20].

Obviously, the use of Al is not without risk. The
use of Al in project management, as in any other
field, can also introduce new risks. The Al envi-
ronment should support the management in han-
dling risks and should not be a risk in itself [21].
For this reason, Al should be used with due care.

3. The best-known generative Al envi-
ronments and their applications in
engineering projects

Based on their very large number of users
ChatGPT [22], Google Gemini [23], Microsoft Co-
pilot [24] and Claude [25] are the most popular
generative artificial intelligence environments.
They are all prompt-based: they operate based
on user formulated inquiries and follow some
instructions. Behind these environments there
are continuously extended databases, developed
by major teams, some of them associated with
IT giants such as Google and Microsoft. Probably
one of the most popular current Al applications is
ChatGPT, which is powered by the Open AI plat-
form [26]. Some other environments are much
more specialised than ChatGPT, such as Ayan-
za [27] (best fitted to workflows, better manage
and coordinate teams), Stepsize [28] (suitable
for technical projects, supply tools for example
activity summary in software development),
Zapier AI [29] ] (part of a larger group of apps, it
focuses mostly on managing workflows integrat-
ed into automation projects), Kuki Chatbot [30]

(Al-driven chatbot for common questions, de-
signed with entertaining interactions with a vir-
tual assistant, linked with some common brands),
Taskade [31] (suited to teams, projects in order
to improve planning, track tasks, create best fit-
ting workplace; it uses one of the latest databas-
es of ChatGPT). We have to mention that these
applications do not only learn from the users,
they need a teaching environment in which the
system evolves through different learning mod-
els. There are several processes of learning, but
most often huge amounts of data are fed during
the learning processes. Obviously, in the case of
industrial projects the large amount of data often
is not available. The learning can be supervised
(the system learns from initially labelled data),
unsupervised (wWhere the system searches for pat-
terns and learns from them), reinforced (the sys-
tem learns by reinforcement), semi-supervised
(a combination of the previous two, the data is
partially labelled and new patterns are formed
from it) and transfer-based (refining the already
learned, proven model for a new task). At the user
level, none of these are of particular importance,
and all five of the known learning processes can
produce useful results. If we use Al only as a tool,
we need to learn at most the instructions and how
to achieve results. The quality of the instruction
has a major impact on the response and the out-
come of the Al

In spite of the fact that Al models are usually fed
by a large database, yet they still cannot solve all
problems. Not even the popular chatbots men-
tioned earlier. The more general the source of
the data, the more likely the “support” will not
be professionally correct, as the system cannot
distinguish between professionally correct and
false data. At the same time there is a consider-
able quality jump between the free version of
the AI tool and the services provided with paid
subscription. Although the paid version might
use the same database, the quality and speed of
data processing is better due to better algorithms
built into the paid versions. The free versions are
tools for gaining users, while the most advanced
Al tools will probably never be free of charge. On
of the most convincing argument might be the
fact the development of artificial intelligence is
a time-consuming, and therefore costly, process.
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It can take several months, or even years in very
specific cases, to create the proper environment.

4. Presentation of the experiment

The aim of our experiment is to compare some
AT tools that can be used for project planning in
engineering projects. We intended to investi-
gate how the most well-known Al applications
respond to the same prompt. Furthermore, we
searched to what extent they are similar and the
solutions provided correspond to real profes-
sional requirements. Our plan was to compare
the following AI environments: ChatGPT, Copilot,
Gemini, Claude, Zapier Al, Taskade, Stepsize, Kuki
Chatbot and Ayanza. The comparison was based
on a single set of instructions in which we ask the
Al platforms to organise a fatigue test of a known
car component in the context of a manufacturing
project. The search was carried out on 20 Novem-
ber 2024.

We typed the following prompt into the search
interface of the AI platforms:” Hi! I would like
to perform a cyclic fatigue test using a fatigue
machine on the rear suspension spring of a
Volkswagen Golf 7 with OEM reference number
1K0511115BD. It is made of SAE 9254 (alloy steel
for springs), in compliance with VDA 241-009
standard. The test requirements are as follows:
3 springs to be tested in one day, 50,000 prod-
ucts manufactured per year, testing at 10 Hz and
1 million cycles. Please list what machines I need,
what processes Ineed, a schedule and calculate an
approximate budget. The budget cap is € 300000.
The hourly rate for engineers in our company
is € 6.5 per hour, for the other staff (technician,
administration, project staff, etc.) is € 5 per hour.
Please also indicate the brand of the machine. In
addition, please identify the main risks involved
in the above project”

5. Presentation of results

The first result of the experience was that not
all the studied apps could handle our request.
The ChatGPT, Copilot, Gemini, Claude, Zapier,
Taskade and the Stepsize platforms gave reason-
able responses, while the Kuki Chatbot and Ayan-
za failed to provide suitable results for the task.
Very politely, Ayanza, responded that next time,
if we will ask it for a non-technical task, it will

probably be able to help us. If we study those Al
environments with reasonable suggestions, we
can observe many similarities. The differences
are mainly in the time and cost estimations. In
Table1l we summarize the main data provided
by the studied systems. As we show on the tables
above, almost all of the fatigue test environments
recommended one of the MTS devices, except for
the Copilot environment, which clearly recom-
mended a more cost-effective solution. A compar-
ison of the proposed project durations shows that
the recommended values vary from an optimistic
1 month (Gemini) to 4 months.

The comparison between the provided sche-
dules is shown on Figure 1. Here we can see the
differences between the length of the proposed
projects. We have used the arithmetic mean of
each proposed task in order to make possible
the comparison. It is obvious that the apps were
not able to calculate an accurate duration of the
project. In project management, there is a special
literature only estimating durations. There are
complex mathematical formulae and algorithms,
and also many rules of thumb of practitioners to
make a schedule.

Given the relative simplicity of the project, there
is obviously no significant difference in the pro-
posed roles and number of project team mem-
bers. Generally speaking, all the platforms high-
lighted engineers, technicians and project manag-
ers as necessary staff, while the quality engineer
was only mentioned by Claude.

Table 1. Comparison of responses from Al platforms

Suggestfed Budget |Duration HR ne-
test equip- ; eds (per-
(eurd) |(months)
ment sons)
Chat- Instron 8800,
GPT | MTS Criterion 145 000 34 4
. Zwickroell,
Copilot Admet 81 400 2-3 5
Gemini | IS SM 469000 | 12 7
madzu
Instron Elect-
Claude | ropuls, MTS 177 840 3 4
Landmark
Tas- MTS System,
kade Instron 175 500 34 6
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Name puration | 1| Dec 2024 |7an 2025 |Feb 2025 |Mar 2025 |apr 2025 May 2
i N7 Te4 I0 Tog s [z g Tos Tiz To Tee Joz o N6 3 Joe Too Tie B3 o Jos J13 To 7 Jd

EGemini 41 days v

Project Planning and Desigr 10 days

Equipment Procurement am 21days 3

Sample Preparation 10 days 4
EMicrosoft Copilot 85 days

Project Planning: 7days

Equipment Procurement 50 days 8

Test Setup 14days 9

Testing 7days 1

Reporting 7days 1
EIChatGPT 110 days

Initial Planning and Researc ~ 15days

Design & Prototyping of Te: 15days 15

Component Procurement & 25 days 16

Pilot Testing & Calibration 7days 17

First Ful Test Run 7 days 1

Analysis & Reporting 41days 19
ElTaskade AT 62 days

Initial Planning and Designf -~ 10 days

Equipment Acquisition 35days 23

Setup and Calibration 10 days 24

Training 7days 25
119 dos

Planning Phase 28 days

Procurement Phase 63days 29

Setup Phase 28 days 3

Fig. 1. Comparison of schedules.

Administrative staffing needs were identified by
Copilot, Gemini and ChatGPT. In each case only
one person was proposed. Two apps, Gemini and
Taskade, suggested the need for more engineers
and more technicians. Both platforms proposed 3
engineers and 2 technicians. In reality, it is likely
that these roles could be covered on a part-time
basis, the proposed values and justifications were
used to define a job that clearly covered the tasks,
without reference to the human resources al-
ready available in the respective areas.

In the introductory part of our paper, we high-
lighted that although we deal with a small slice of
project management, even within this, an impor-
tant subdomain is the study of Al support in risk
identification. Even the single prompt we have
formulated gives arguments for the possible use
of Al in identifying potential risks.

Based on the responses, we found that the data
on risks also show a relatively large variation.
However, the responses are in line with the lit-
erature background. The simplest answers were
from ChatGPT and Copilot. The most detailed re-
sponse was provided by Taskade. Table 2 summa-
rises the responses provided by the platforms.

Table 2. Risk results

NR! RP? D3
ChatGPT 5 No Low
Copilot 5 No Low
Gemini 14 No Low
Claude 5 Yes Medium
Taskade 12 No High

1 NR= Number of risks identified, 2RP= Risk mitigationpro-
posal, *D= Level of detail
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From the table above, we can also see that the
Claude environment was beside the identification
of certain risk factors, also suggested risk mitiga-
tions as well. In terms of the number of risk fac-
tors identified, Gemini was the best, it identified
14 risk factors. We noticed all apps showed the
evident intention to group certain risks — as hap-
pens in practice, in real risk evaluation processes.
The reason for grouping, is not only that it pro-
vides, although indirectly, suggestions on how to
address risks, but also that it makes it possible to
assign resources to handle these groups togeth-
er. Risk management requires often significant
human and financial resources. By grouping, an
optimization can take place so the risks can be
managed more effectively. Only the critical risks
should be managed separately.

Our experiment proves that it is advisable to use
Al in project planning, even if we have previous
experiences gained in similar projects. An in-
quiry related to risks can be used as a guide or as
a checklist during the risk identification process.
In such cases, it may be interesting to compare
the project manager's own experience with what
the solutions indicated by Al In cases where we
do not have any starting point, Al can alert us to
risks that are very difficult to think about in the
absence of experience. So, for example, in our
case, being a completely new task of purchasing
fatigue test equipment, the risk factor identified
by ChatGPT of springs with possible material de-
fects during the calibration process was a surprise
risk factor. It became clear to us that Al can be an
important tool for predictive project planning.

The first search was performed on 16 Novem-
ber 2024, but when we repeated the search, we
found that the results were different. The data
shown in this paper is based on the data generat-
ed on 18 November 2024. From a methodological
point of view, we might have some concerns due
the difficulty in reproducing the experiment for
further reference. It is not like the case of a tech-
nical measurement experiment or a social study
on the same sample. Here, the experiment once
repeated will never deliver exactly the same re-
sults. Nevertheless, interesting findings can be
made and conclusions can be drawn. At the same
time, since we have recorded the responses to the
prompts during our experiment, it will be possi-

ble, in a way, to do longitudinal research in the
future to analyse the evolution of AI platforms.
With scientific rigour, we can try to analyse the
evolution of each platform over time based on a
single prompt. Further interesting analyses can
be made by asking the question firstly in English,
a very common language in the field of AI, and
later in a less common language. We used the
Hungarian language, being the mother tongue of
the authors and a language with a difficult and
unusual vocabulary and grammar. Hungarian is
relatively less spoken worldwide, but still a fair
amount of tech data is available. It is not the sub-
ject of this paper, but there are obvious differenc-
es between the Hungarian and English answers
provided by the studied apps. The data presented
in this paper shows only the responses in English.

The fact that for a given prompt, even within a
few minutes of each other, we get different re-
sults in some details, even on the same platform,
only reinforces the well-known fact that data
provided by AI in both scientific and practical
contexts should be treated with due caution. This
applies primarily to the Large Language Model
based Al and is largely not true for specific Al
applications developed for medical, engineering
or other domains (e.g. diagnostics based on image
processing).

6. Conclusions

During our case-study presented here, we have
attempted to show, through a relatively simple
example, that artificial intelligence can now be
a tool in project management. It can support the
planning and scheduling of new and unfamil-
iar technical projects, and, as well, in the cases
we might have previous experience. We experi-
enced, that AI has been able to propose a techni-
cally accurate schedules, identify key activities,
calculate durations and costs. It was able to iden-
tify important tasks and the right sequence of
these operations. Unfortunately, partially due to
simplicity of this project, the AI did not propose
parallel operations. Under normal circumstances
a project manager will try decrease the overall
duration by creating parallel tasks. However, the
estimates duration and costs can provide useful
data for project planning, even if the data are
clearly not accurate as expected. Note that the
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case study presented - in order to be able to com-
pare the results — is based on a single question
(prompt). This single prompt provided useful,
interesting data to the project managers. Under
real circumstances, there are no restrictions to
have a conversation between the platforms and
the project design team. In fact, there are tools
available, some of them platform-dependent, to
refine the first results. In fact, the simplest tool
available in each case is to have conversation and
improve the results based on received answers. If
the prompt did not provide satisfactory answers,
there is always the possibility for improvement
through further inquiries. In our experiment,
for comparability reasons, we had to forego this
possibility and condense everything into a single
prompt. We just asked for support primarily to
identify tasks and estimate their duration, con-
ceive schedules, identify resources. Furthermore
we were interested about the availability of each
resource. The provision of data on timetables has
proved relatively useful. We have seen that Al can
provide significant help, right from the planning
phase, in identifying and managing the risks that
may arise during the project. Simulations high-
light potential areas of vulnerability and allow
adjustments to be made. This may obviously lead
to a better use of resources during the execution
of the project, increasing the likelihood of pro-
ject success. Although only a limited number of
specific answers related to risks were obtained,
the few risk factors identified could form the ba-
sis for identifying specific risk groups, or a more
detailed and precise list could be drawn up after
further questions might been asked.

As conclusion we may state, that as artificial in-
telligence develops, new opportunities in the field
of project management are also emerging, shap-
ing an already dynamic field. The vast amount
of data analysed by AI can shed light, recognise
patterns and correlations, and by looking at data
from countless previous projects, it can provide
the project manager with previously unimagina-
ble analyses. Through machine learning, Al can
therefore take data-driven decision making to a
new level and become an indispensable tool for
pro-active planning of complex projects.

However, we have also seen evidence that, be-
yond the indisputable benefits listed, the reli-

ability of the data is questionable, and that it is
not currently possible to rely solely on Al for risk
analysis, nor even for scheduling and cost plan-
ning. The provided results may differ depending
on which AI environment was queried. We can
posit, using the data provided by Al is risky and
may in itself generate new risks. Still, artificial in-
telligence offers opportunities that were not pre-
viously possible. Identifying and mitigating risks
has traditionally relied on human expertise and
experience. A fundamental characteristic of any
project is its innate relatively high risk. Projects
are unique, and therefore must handle a novel sit-
uation through a complex set of activities. There-
fore, success depends on the ability to navigate
the sea of potential risks. This is where artificial
intelligence may offer assistance and sometimes
solutions. As an overall conclusion we can state
that Al, used with care, can support project design
activities and may reduce the risk of failure. The
presence of artificial intelligence in project man-
agement is no longer an experiment, but a real,
powerful, day-to-day tool that is difficult to avoid.
Our paper has examined a very small slice of
project management, so the conclusions drawn
here are obviously not representative. Our in-
tention was to demonstrate that Al and large
language models can be used to schedule certain
engineering projects. Since we recorded the re-
sponses to the prompts during our experiment,
a longitudinal study will allow us to analyse the
evolution of Al platforms. Thus, we can try to ex-
amine the evolution of each platform over time,
based on a single prompt with scientific objectivity.
We are confident, that the relatively short time be-
tween the date of our experiments and the date of
publishing the present article, already gives to the
reader, and to the authors, the opportunity com-
pare the development of the studied platforms.
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Abstract

The project investigates the conversion of a Toyota MR2 W10 passenger car. The aim was to replace the car's
original braking system with a more modern one, so that the car's braking system could cope with more
demanding conditions than planned in competition. The design took into account the stresses on the braking

system and the adhesion and friction coefficients.

Keywords: prototype electric race car, brake system, brake assist system, design.

1. Introduction

DEAC Motorsport has been competing in the Sla-
lom Championship organised by the MNASZ for
more than 4 years. During this time we have won
several races in several categories.

In the future we would like to compete in oth-
er categories with vehicles of our own design. As
part of this, we have started the modification of a
Toyota MR2 at the University of Debrecen, Faculty
of Engineering.

The project consists of several parts, the current
study is on the braking system. The vehicle is rep-
resented in Figure 1.

First, we looked at the original brake system.
The front disc is 252 mm in diameter and has a
floating caliper. According to the factory data, the
braking distance from 100km/h to a stop is 44 me-
tres. This is 32-35 metres for today's cars with
ABS.

2. Modification of the vehicle braking
system
The force on the disc of the original brake sys-
tem is calculated as follows, depending on the
factory values:

— Hydraulic pressure (P): 80 bar

- Piston diameter (d): 51 mm

— Coefficient of friction (u): 0,3

— Number of pimps (n): 1

— Effective radius of brake disc (r): 0,12 m [2].
Pumping surface calculation [3]:

A=nd*/4 (1)
The force exerted by the brake lining:
F.=P-An 2)

Fig. 1. Toyota MR2 [1]
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The force on the brake disc is given by the force
exerted by the brake pad multiplied by the coeffi-
cient of friction:

Fo=u-F, 3

Torque applied by the braking force on the
brake disc:

M=Fyr ()

The same principle is used to determine the
braking force of the new braking system to be in-
stalled.

We had several options for the design of the Toy-
ota MR2 braking system. One is to design a new
one from scratch, the other is to transfer it from
an existing vehicle. As the University owns sever-
al vehicles, the braking system will be transferred
from an Opel Vectra C car. However, it should be
noted that this modification will also change the
behaviour of the vehicle.

The EBC Orangestuff brake pad will probably be
the biggest change, as it has a coefficient of fric-
tion of 0.5, which can rise to over 0.6 under load.
The other changes are the brake disc diameter,
which increases to 285 mm, and the brake piston
size, which increases to 57 mm.

The force on the disc of a modified brake system
can be calculated using the formulae described
above [2].

Basic values of the modified braking system:

— Hydraulic pressure (P): 80 bar

— Piston diameter (d): 57 mm

— Coefficient of friction (¢): 0.5

— Number of pimps (n): 1

— Effective radius of brake disc (r): 0.135m.

The next step was to modify the caliper to ac-
commodate the new caliper stirrup. The wheel

Fig. 2. The pitch circle modifier. [4]

bearing's splitter circle is 4x100, which means
that there are 4 holes on a 100 mm diameter cir-
cle. The brake disc to be installed has a 5x110
pitch circle, therefore a pitch circle modifier (Fig-
ure 2) must be placed between the brake disc and
the wheel bearing.

To facilitate scaling, we created a pattern split-
ter modifier in Solid Edge [5], and printed it from
STL format using a 3D printer.

For 3D printing, we used a machine with FDM
(Fused Deposition Modelling) technolog [6] Since
it is a vehicle part, ABS+ industrial plastic was
chosen as the pattern splitter modifier. It is im-
portant to point out that 3D print (Figure 3) is
only a "sample" and not a final component to be
incorporated.

In order to mount the brake caliper unit on the
stub, an adapter has to be made. With the factory
caliper clamp, only the smaller brake pads could
be used, which would not grip the full extent of
the brake disc, and the caliper would also have
less force to exert.

The Vectra C caliper, on the other hand, has a
larger piston diameter and the brake pads have
almost double the area of the Toyota MR2 brake.
However, with the increase in disc diameter and
the change in pitch, the factory rims will not be
compatible with the car, so 5x110 or possibly
5x112 rims can be fitted, and 5x112 rims re-
quire the use of conical wheels. The holes for the
2 mounting bolts on the caliper bracket almost
match the holes on the wheel studs, but there is a
slight difference. The distance between the holes
on the wheel hub is 130 mm, while the distance
between the holes on the stirrup is 125 mm.

Fig. 3. 3D printed pattern splitter.
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The holes are the same size, with 12 mm diam-
eter holes in both the stub and the stirrup, but
threads are only in the stirrup, with a thread
pitch of 1.25 mm (Figure 4).

The first brake pad chosen was the EBC
DP41414R ,Yellowstuff” [7] racing brake pad.
This brake pad is designed for track use, mainly
for slalom and mountain racing (Figure 5).

Generally, the brake pad of choice has a friction
coefficient of 0.6, is above 800 degrees Celsius and
is fail-safe. EBC brake pads are typically free of
health-damaging material [7].

The handbrake in this case is a bowden cable, so
it can be operated with a custom-made bowden
cable that can be folded in the car. It is important
that the cables are the same length, so that the two
calipers apply the same amount of brake on both
sides of the handbrake at the same time. The car's
handbrake lever has a sensor in it, which was de-
signed so that if the handbrake was applied with
the ignition on and the engine running, it activat-
ed an indicator light on the instrument panel to
show that the handbrake was applied.

This will also be provided with a circuit breaker
after the electric motor has been installed, which
breaks the connection between the "throttle" and
the motor controller. This means that when the
handbrake is applied, the accelerator pedal will
not transmit a signal to the motor controller, thus
protecting the motor and the rest of the drive

Fig. 4. Distance between holes on the console.

train. There will also be an indicator light in the
dashboard that will illuminate when the hand-
brake is applied, as the car is currently just an
empty body with no dashboard.

3. Brake ,Line-lock”system

The brake line lock system, or "line-lock system",
is used to lock the front or rear brake circuit so
that the circuit does not receive the hydraulic
pressure and only the open circuit will apply the
braking force when the brake pedal is depressed
(Figure 6).

The universal kits can be installed one brake
hose at a time and operate on a 12V system [8].

When locked, the indicator light illuminates to
indicate to the driver that the brake circuit is not
in use. The car will be fitted with 2 sets of rear
brakes. The end will be connected to a cap-switch,
so that the entire rear brake system can be locked
at the push of a button.

This is necessary because the car will run on rac-
ing tyres, whose operating range is temperature
dependent. The sudden rise in surface temper-
ature is achieved by a process known as rubber
burnout. During a burnout, the driven wheels,
in this case the rear and rear wheels, spin while
the car is held stationary with the brakes on. In
the absence of a brake hose locking system, the
rear brake would also be applied, providing both
propulsion and deceleration, which would put a
heavy load on both the drivetrain and the brake.
If the car is fitted with this system, the rear brake
can be locked before the tyre is burnt and only
the front brake will engage during the warm-up,
allowing the car to remain stationary and reduc-
ing the load on the driveline as there will be no
braking force on the rear axle.

Fig. 5. EBC DP91414 performance chart [7]

Fig. 6. Brake , Line-lock” system kit [8]
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4. Electric vacuum pump brake assist

The car is equipped with brake assist, so that
comfortable and powerful braking can be
achieved with the factory system, but due to the
lack of an internal combustion engine (as the
brake assist in this version is supplied from the
intake manifold) it is inoperable in its current
state.

We first looked into the brake assist solutions
used in today's electric cars. There are several
solutions used by car manufacturers, in low-
er-end cars a conventional vacuum brake boost-
er is used and an electric vacuum pump supplies
the brake booster with the necessary vacuum of
around 0.8-1 bar [9] (Figure 7).

This solution is also applicable here, as the car
has a 12V electrical system. These pumps can be
operated in 2 ways, with regulation and with con-
trol (Figure 8).

5. Vehicle validation by simulation
measurement

Since vehicle redesign is a multi-step process
and several developments take place in parallel,
a virtual model had to be created for the prelimi-
nary vehicle test (Figure 9).

For this purpose Automation [11] developed by
Camshaft Software and BeamNG.Drive [12] were
used. Both programs are widely used for testing
engines and vehicles.

First, in Automation, the original and modified
brakes were adjusted to give the calculated brake
force. All tests were simulated at 8:52 a.m. in sunny
weather with no wind. The ambient air tempera-
ture is set to 25°C. Gravity acceleration: 9.81m/s.
The asphalt of the track used for the tests and sim-
ulation has a coefficient of friction of 0.98 and a
coefficient of sliding friction of 0.7.

Factory brake simulation:

First, we took the factory brake data. The red
solid line indicates the front brake force, while
the blue line indicates the rear brake force. On
the left is the brake force in N and below is the
vehicle's speed.

The weight of the car in this case is 1090kg with
252mm diameter discs at the front and 240mm
diameter discs at the rear. The dashed lines show
the grip limit for the tyres. All factors are includ-
ed in these values, including downforce and even
centre of gravity drift (Figure 10).

The following figure shows the braking time.
The left side shows the speed of the vehicle, while

Fig. 7. Electric vacuum pump. [9]

Fig. 8. Electric vacuum pump circuit. [10]

Fig. 9. Toyota MR2 BeamNG.Drive.
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the bottom side shows the time elapsed since the
brake pedal was depressed (Figure 11).

The car will stop from its top speed in almost 7
seconds, and its stop from 100-0 km/h will be 44
metres. The tyre is 185/55R15 street rubber.

Electric Toyota MR2 with modified brakes:

The next step was to enter the data of the car be-
ing developed. As it will be fitted with fibreglass
batteries and the internal combustion engine will
be replaced by an electric motor and a battery,
there will be a change in both centre of gravity
and weight.

This reduces the weight of the car to 958 kg.
A modified brake caliper is also fitted, so the di-
ameter of the brake discs is now 285 mm at the
front and 278 mm at the rear. Fig. 10. Simulated factory brake performance.

The red solid line (Figure 12) indicates front
brake force, while the blue line indicates rear
brake force. On the left is the braking force in N
and below is the vehicle speed.

The dashed lines also indicate the grip limit of
the rubber, which has also increased since the
tyres have been replaced with 305/30ZR15 semi-
slick tyres, the size we like to use in races.

From the Automation program, you can direct-
ly transfer the finished models to BeamNG.Drive,
where you can use the designed cars on the road.
So we continued in this program and tested the
credibility of the data provided by Automation on
the asphalt road.

The test consisted of 4 races and the best time
counted. One race consisted of accelerating to
100 km/h and then braking completely. This was
followed by the same from 150 km/h. In addition, Fig. 11. Gactory braking distance.
the temperature of the brake discs was monitored
continuously.

First the measurement was done with the fac-
tory data.

The brake disc temperature was imported into
an Excel spreadsheet with a sample of 1 second
(Table 1. and 2.).

Table 1. Braking from 100kmy/h for the first time

Temperature Rear brake Front brake
Surface 118°C 137°C
Internal 108 °C 130 °C

Table 2. Braking from 100 km/h for the fourth time

Temperature Rear brake Front brake
Surface 208 °C 243 °C

Internal 186 °C 226 °C Fig. 12. Simulated performance of modified brake.
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Afterwards, the braking data with the modified
brakes were examined (Table 3. and 4.).

Table 3. Braking from 100kmy/h for the first time

Temperature Rear brake Front brake
Surface 143 °C 218°C
Internal 144 °C 208 °C

Table 4. Braking from 100 km/h for the fourth time

Temperature Rear brake Front brake
Surface 119 °C 292 °C
Internal 119 °C 278 °C

As you can see, the rear brake doesn't heat up
much, the centre of gravity is too far forward, and
the braking of the electric motor makes it easier
for the rear brake to do its job, plus it also recov-
ers energy. This can be controlled very well with
the iBooster.

6.Digitalinfrastructure & developments

The University of Debrecen, Faculty of Technol-
ogy has made significant developments in recent
years, and thanks to the new infrastructure, de-
velopments have been launched in a number of
directions. In the Vehicle Manufacturing Labo-
ratory, the renovation of old machine units with
AT functions has started [13]. Furthermore, just
as we have applied digital models to the vehicle
crank in our project, Digital-Twin models have
been used in education to facilitate teaching [14,
15]. And machine learning techniques [16] have
been used to sort and sort other parts [17], ],
which is also important for vehicle manufactur-
ing and development. For composite materials,
there are also advances that can contribute to bet-
ter body manufacturing [18]. In the context of ve-
hicle modelling, the collection and processing of
telemetric data [19] is of particular importance,
and with this in mind we have started to build
our own Linux distribution-based server [20].
In the future, this will allow us to design further
vehicle simulation models [21]. Furthermore
with our 3D printing [22] capability, we also have
the ability to launch aircraft-related projects [23].

7. Conclusion

The braking system should be considered a top
priority when it comes to track days, especially if
the car will be used exclusively on a race track.
It's no use having a high endurance if you can't
stop the car and drive it steadily. After all, it is rap-
id deceleration that you want to experience be-

fore every corner, not sudden stops. Thanks to the
increased braking force and the semi-slick tyres,
the braking distance has been reduced from 44
metres to 29 metres from 100km/h to a stop, ac-
cording to simulation data. The higher the speed
from which the braking is performed, the great-
er the improvement. Once the parts designed in
Solid Edge have been produced and the parts
mentioned in the project have been sourced, the
construction and modification of the car will be-
gin, together with the other students and DEAC
Motorsport team members.

Our aim is to have a finished car for the first race
and to test our work so far. The simulation-based
validation showed how important it is to have a
simulation environment in advance where we
can test a braking system developed directly for
racing on the basis of recorded data. It is esti-
mated that at higher temperatures, the stopping
distance did not deteriorate and the low tempera-
ture difference between the internal and friction
surfaces shows how good the heat transfer and
heat conduction properties of the disc are.

Of course, there is still room for improvement
on the vehicle, the ones just outlined are just one
of the many.
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Abstract

Our research focuses on the applicability of artificial intelligence (AI) in the education of CNC programming.
In this article, we present the current application areas of Al focusing on its role in CNC technology. We de-
fine what the term artificial intelligence entails and briefly review its application areas. The acronym CNC is
interpreted, and we summarize the history of CNC. We examine the potential of artificial intelligence, which
we use to support CNC technology, and we present the application of Al in the context of Industry 4.0.

Keywords: arificial inteligence, CNC, Industry 4.0.

1. Introduction

Artificial intelligence (AI) is a set of computer
algorithms that can mimic human intelligence in
performing various tasks. Such activities include
learning, problem solving, planning, natural lan-
guage processing or image recognition. Artificial
intelligence can reason and make decisions based
on available data without human intervention
[11.

Given the current state of development of arti-
ficial intelligence, one type is available, called Ar-
tificial Narrow Intelligence (ANI), also known as
narrow or narrow Al This type can only perform
a specific task, which it can perform more effi-
ciently than a human. It is the highest level of AI
currently available. Examples include self-driv-
ing vehicles, facial recognition systems, digital
personal assistants, language processing Al (Copi-
lot, ChatGPT, Gemini, etc.), or for example a chess
game [2].

The next stage of development is Artificial Gen-
eral Intelligence (AGI), which would not only spe-
cialise in a single task, but would be able to do
complex thinking, learning and adapting in mul-
tiple environments. Such a system could under-
stand problems and find creative solutions in a
human-like way. AGI is still experimental and its
development is a major goal of Al research.

The highest theoretical type is Artificial Super
Intelligence (ASI), which would far surpass hu-
man intelligence not only in computational ca-
pacity, but also in reasoning, decision-making,
and even emotional and social intelligence. The
functioning of ASI would fundamentally change
social and economic systems, but would also raise
significant ethical questions. This type of capabil-
ity exists today on a purely theoretical level, but
is an important part of the future AI discourse
[3]. Below are listed the technological solutions
known to date for this capability:

Machine Learning is an artificial intelli-
gence-based technology that allows computer
systems to learn and evolve automatically by
processing experience and data, without the need
to explicitly program each step. Algorithms rec-
ognise patterns in data sets and can use them
to make predictions, decisions or classifications.
The three main types of machine learning are su-
pervised learning, where the model learns with
known input-output pairs. Unsupervised learn-
ing, which can discover hidden structures and
clustering, and reinforcement learning, where
the system develops its decision strategies based
on rewards and punishments. Today, machine
learning is widely used in applications such as
recommender systems (Netflix, Spotify), financial
forecasting, health diagnostics, fraud detection
and self-driving vehicles.
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Deep Learning is a special branch of machine
learning that uses deep neural networks. These
networks learn from large amounts of data and
can perform complex tasks. Examples include
image recognition and natural language process-
ing. A special feature of deep learning is that it
uses multilayer neural networks that can gener-
ate hierarchical representations of data. This al-
lows the system to interpret information at pro-
gressively more abstract levels. Deep learning
techniques have led to significant advances in
machine vision, speech recognition and natural
language processing. For example, Convolutional
Neural Networks (CNNs) are excellent for image
recognition tasks, while Long Short-Term Mem-
ory (LSTM) networks are efficient for processing
sequential data such as text [4].

Deep learning and computer vision play a key
role in the development of self-driving cars.
Such systems use convolutional neural networks
(CNNs) to process data collected by cameras and
sensors. These networks can recognise and in-
terpret the environment, such as road signs, pe-
destrians, other vehicles and road conditions.
Self-driving cars continuously learn and adapt to
different traffic situations, increasing safety and
efficiency. The use of deep learning and comput-
er vision allows cars to navigate autonomously,
avoid obstacles and drive safely without human
intervention. Uber and Tesla, for example, have
made significant advances in this area and are
continuously developing their self-driving tech-
nologies [5].

Natural Language Processing (NLP) is a branch
of Al that focuses on understanding and generat-
ing human language. Applications of NLP include
autocorrect and spell-check functions that help
correct spelling mistakes and clarify text. In ad-
dition, NLP is used for sentiment analysis, which
allows the detection and analysis of the emotion-
al content of texts, for example in social media
posts or customer reviews. NLP can also be used
in question-answering systems that automatically
answer users' questions, such as customer service
chatbots. In addition, NLP technology is used for
text translation, allowing automatic translation
between different languages, for example in
Google Translate. Other applications of NLP in-
clude speech recognition, which enables the con-
version of spoken language into text, for example
in Siri and Alexa virtual assistants. Some popular
NLP software solutions [6]:

—spaCy is a Python-based library that supports
more than 72 languages and enables efficient
text processing;

—MonkeyLearn is a Machine Learning platform
that enables text analysis and data visualiza-
tion;

—Stanford CoreNLP is a Java-based NLP tool that
produces linguistic annotations from text and
supports multiple languages;

-IBM Watson is a comprehensive enterprise
text analysis solution that can perform a vari-
ety of NLP tasks.

Computer Vision allows computers to interpret
images and videos. Applications of computer vi-
sion include face recognition, object recognition
and self-driving cars.

Facial recognition systems can identify and au-
thenticate people by their faces. For example, Fa-
celD technology on Apple devices allows users to
unlock their devices using their face. Face recog-
nition is also used in security systems, for exam-
ple to identify passengers at airports [2, 7].

Object recognition systems can identify and cat-
egorise different objects in images. For example,
the YOLO (You Only Look Once) algorithm pro-
vides high-performance object recognition in re-
al-time applications such as security cameras and
industrial automation. In Amazon Go stores, ob-
ject recognition helps to power automated check-
out systems, where customers can simply pick
items from the shelves and the system automat-
ically invoices them [8]. Some popular software
solutions for computer vision [9]:

—-OpenCV is an open source machine learning
and computer vision library that contains over
2500 algorithms for various tasks such as face
recognition, object identification and tracking
moving objects;

—TensorFlow is an open-source machine learn-
ing framework widely used in computer vision
projects such as image classification and object
recognition;

—-YOLO is a high-performance object recognition
algorithm designed for real-time applications
and is widely used in security systems and in-
dustrial automation.

Action Planning is the process by which intelli-
gent systems can sense their environment, make
decisions and act. Robots are used in various
industries and in healthcare. Industrial robots
use action planning to optimise manufacturing
processes, for example in automotive manufac-
turing, where robots can sense the position of
parts, make decisions about assembly sequences
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and perform assembly operations with precision
[10]. Healthcare robots use action planning in
surgical procedures, such as the Da Vinci surgical
system, which can sense the patient's anatomical
structures, make decisions about the most opti-
mal cutting paths, and perform surgical interven-
tions with precision [11]. In logistics networks,
action planning helps optimize the delivery of
shipments, for example, drones can sense their
environment, make decisions about the most op-
timal routes, and deliver packages safely [12]. Ag-
ricultural robots use action planning to care for
plants, for example, robots can sense the condi-
tion of plants, make decisions about the amount
of nutrients and water needed, and perform care
operations with precision [13].

Artificial intelligence is currently being applied
in many areas. The aim is to harness the benefits
of AI to improve quality of life, increase problem
solving efficiency and support innovation. Here
are some areas where Al has been used (Figure 1).

This research aims to explore and investigate
the potential of artificial intelligence to support
CNC technology. The adaptation of Al to some
area of CNC technology involves several steps and
aspects. The idea of adaptation raises a number
of questions. Does AI have solutions that can pos-
itively impact CNC technology? Another big ques-
tion is whether there is an area of CNC technology
that can be supported by AI? The first step in this
long process is to examine the subjects of adapta-
tion and to identify the key areas and tasks for the
application of AL

2. CNC technology

The letters CNC stands for Computer Numerical
Control. Manufacturing equipment in which the
necessary movements are performed by motor(s)
(stepper, servo) without human intervention. The
operation of the motor or motors is controlled
by a computer, which is called control of the ma-
chine tool.

CNC technology is used in the field of machin-
ing, in manufacturing processes such as turning,
milling, drilling, grinding, where the material re-
moval process is controlled by a computer using
programming codes. The computer numerical
control machine is the mainstay of modern man-
ufacturing, dating back to the 1940s when the
first NC machines appeared.

After the Second World War, the Cold War pe-
riod focused on the importance of arms produc-
tion, which called for an increase in the efficiency
and productivity of production. In the late 1940s,
in 1949, John T. Parsons, an early pioneer in com-
puter science, developed the first concept of nu-
merical control while working on an Air Force
research project at the Massachusetts Institute of
Technology (MIT).

At MIT's Laboratory of Servomechanisms, an ex-
perimental milling machine was built that could
be used to produce helicopter blades and stiffer
shells for aircraft using motorised shafts. In the
1940s and 1950s, early Numerical Control ma-
chines still used a punched tape to input instruc-
tions, a common tool for telecommunications and

Fig. 1. Areas of use of AL

Fig. 2. The first NC milling machine (Cincinnati Mi-
lacron Hydrotel).
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data storage at the time. This technology was later
replaced by analogue computing.

In 1952, Richard Kegg, in collaboration with MIT,
created the first NC milling machine (Figure 2),
which became known as the Cincinnati Milacron
Hydrotel. At this time, NC technology was limited
primarily to machining centers.

The 1960s and 1970s saw the emergence of digital
technologies, which significantly automated and
made manufacturing processes more efficient.

In the 1970s, the use of Computer Aided Design
(CAD) and Computer Aided Manufacturing (CAM)
brought great advances in CNC machining.

Since the 1990s, CAD and CAM systems have be-
come an integral part of CNC technology, enabling
even more precise and flexible manufacturing
solutions [14].

3. The CNC technology and the AI

The development of machine tools and the as-
sociated CNC technology is unique. The result of
this evolution is faster, more accurate and relia-
ble part production. Machines with 5-8-10 axes
(e.g. turning centre, machining centre) available
today enable increasingly complex part produc-
tion. The current state of CNC technology shows
significant advances in intelligent manufacturing
systems, especially in the context of Industry 4.0.

Digital twin technology in the CNC industry is
based on the creation of exact digital replicas
of physical entities such as machine tools, tools,
workpieces and manufacturing processes that are
synchronised with their physical counterparts
through real-time data link. The combination of
10T devices, advanced sensors, data analysis algo-
rithms and simulation tools enables continuous
data collection, analysis and real-time monitoring
of system health.

The sensors record real-time data on the state of
physical systems, such as temperature, pressure
or vibration, which is transmitted to central data
processing systems via computer networks such
as WiFi or industrial Ethernet. Here, cloud com-
puting ensures secure data storage and process-
ing, providing real-time insight into the operation
of systems.

Digital twins not only monitor the current state,
but can also simulate the behaviour of systems.
They can use physics-based simulations to visual-
ise possible changes in processes, such as a ma-
chine malfunction or component wear. Artificial
intelligence (AI) and data analysis algorithms can
detect anomalies, predict failures and suggest

maintenance or optimisation actions. The most
striking feature of the digital twin is its two-way
communication: this technology not only receives
data, but also provides feedback, for example
with automatic system adjustments or deci-
sion-support suggestions. This reduces downtime
due to failures while increasing the operational
efficiency of the assets.

Using Augmented Reality (AR), digital twins of-
fer visual interfaces that make it easier to quick-
ly identify and deal with errors. For example, a
maintenance engineer can monitor the current
status of machines with AR glasses. Cyber secu-
rity, such as data encryption and access control,
ensures data protection and authenticity.

The technological innovations of the digital
twins will bring new levels of efficiency, sustain-
ability and resilience to industrial operations,
contributing to the objectives of Industry 4.0 and
reducing environmental impacts [15].

Artificial intelligence is used in many areas of
CNC technology, typically to optimise and in-
crease the efficiency of manufacturing processes.
Some solutions for the application of Al:

— Tool wear prediction;

— Machining parameter optimisation;

— Predictive maintenance;

— Surface quality prediction;

- Toolpath optimisation.

Tool wear prediction: Al helps predict tool wear
in CNC machines, which can increase tool life and
improve machining efficiency.

Machining parameter optimisation: Al systems
optimise machining parameters such as cutting
speed and depth of cut to improve surface quality
and reduce energy consumption.

Predictive maintenance: MI enables predictive
maintenance of CNC machines, which helps to
anticipate machine service needs and minimise
downtime.

Surface quality prediction: AI techniques, in
particular machine learning and deep learning
models, can predict the surface quality of ma-
chined parts, which can improve the accuracy
and reliability of manufacturing processes.

Toolpath optimisation: Al algorithms can opti-
mise toolpaths, reducing programming time and
minimising tool positioning errors. For example,
Autodesk Fusion 360 CAM software uses Al to in-
crease the efficiency of CNC programming [4].
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4. Conclusions

CNC technology is one of the fastest growing
players in the industry. Its most active expansion
has been in the field of component manufactur-
ing (turning, milling, drilling, grinding) and con-
tinues today. The use of manually operated ma-
chining centres is now limited to special cases and
has been replaced by CNC-controlled production
machines. One reason for this is the incredibly
rapid change in computer technology. With the
advent of artificial intelligence (AI), we can dele-
gate tasks to Al that can make the manufacturing
process more efficient, more accurate, safer and
improve maintenance planning.

An examination of the current relationship be-
tween AI and CNC confirmed the importance of
research supporting the collaboration between
AT and CNC technology. The involvement of arti-
ficial intelligence to support CNC programming is
a key element in Al-related research. In addition
to existing roles, new potential applications can
be formulated to further enhance manufacturing
efficiency at any stage of the production process.
Al, as a technological assistant, can suggest sev-
eral alternatives for the manufacturing process
of a product and can also enable the creation of
flexible part machining codes at the manual CNC
programming level.

This research aims to apply artificial intelli-
gence in the field of CNC technology in secondary
and university education. The aim of using Al
solutions is to increase the quality and efficiency
of education, in a way that the application of new
technology does not involve extra work and is as
safe as possible. The integration of Al in educa-
tion is a long and complex process, the first task
of which will be to identify the characteristics of
the related fields (AI, education, CNC) and their
adaptation and interaction effects. To do this, I
will carry out a SWOT analysis for the three do-
mains. Then, I will treat the three areas as a sin-
gle entity according to my research objective and
investigate their viability through another SWOT
analysis. Depending on the results obtained, I will
identify the strategically important tasks.

In the context of Al, it is necessary to examine
what technologies and applications are current-
ly available, where and in what form AI is used
in CNC technology and education. In its current
form, is it suitable for the task at hand and to what
extent can it solve it? The potential for developing
the AI system should be explored. The running
environment, software solution, operating princi-

ple and learning methodology of the Al should be
defined. It is important to explore how available
Al systems (e.g. ChatGPT, Gemini, Copilot, etc.) can
be integrated into an existing, well-functioning
user environment, such as Moodle.

Overall, the involvement of Al in supporting CNC
programming is a key element in Al-related re-
search. In addition to existing roles, new potential
uses can be formulated to further enhance manu-
facturing efficiency at any stage of the production
process. As a process assistant, Al can suggest sev-
eral alternatives for the manufacturing process of
a product and can also enable the generation and
control of flexible part machining program code.
This calls for the formulation and research of the
role of Al in education and the educational meth-
ods related to the development of AL
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Abstract

Tapered components play numerous roles in the devices we use daily and those that surround us, sometimes
performing special or even indispensable functions. The aim of this paper is to design and implement a mea-
suring device suitable for determining the taper and taper angle of pin-type tapered components. The basic
concept of the measuring instrument is inspired by the sine ruler, while effective measurement is ensured
by the displacement of a digital gauge along two perpendicular axes. The data processing is performed by
an Arduino microcontroller, which displays the results on an LCD screen. We measured a workpiece with a
known taper. The measurement accuracy was verified using hypothesis testing.

Keywords: rate of taper, taper angle, sine block.

1. Introduction

In modern manufacturing, precision is essen-
tial. Parts must be within certain dimensions,
known as tolerances, which are specified by the
designer and recorded in the technical documen-
tation. During the manufacturing process, the
dimensions of the parts are regularly checked to
ensure the required quality. For quality control,
universal measuring (e.g., calipers) and/or spe-
cialized inspection tools (e.g., gauges) are used.

Tapered parts play a huge role in our daily lives
and require special attention and precision in
both manufacturing and quality control. This pa-
per deals only with the latter, quality control.

Tapered parts are characterized by their taper,
as defined by the international standard ISO
3040-2016. As shown in Figure 1, , the taper is
the ratio of the difference between two different
diameters measured on a length parallel to the ta-
per axis and the length dimension.

The taper is denoted by C, which can be written
mathematically as:

1)

The degree of taper can be given as a ratio or in
percentage form, and the cone angle can also be
interpreted, which is recommended to be speci-
fied in degrees.

There are several methods and measuring devic-
es for measuring taper [3], which are discussed in
detail in [2]. The present paper is based on the
sine bar, which is an indirect measurement meth-
od. It is preferred for its accuracy and simplicity.
Figure 2 illustrates the arrangement of the meas-
uring device during measurement. The sine bar
is supplemented with gauge blocks and a dial in-
dicator.

The measured workpiece is placed on the sine
bar and raised with the help of gauge blocks until
it becomes parallel to the measurement base sur-
face. The parallelism can be checked with a dial
gauge. Knowing the distance between the two cyl-
inders of the sine bar and the height of the gauge
block, the cone angle of the part can be given by a
trigonometric relationship:

@)
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Fig. 1. Interpretation of taper according to ISO 3040-
2016. [1]

Fig. 2. The sine bar during measurement. [2]

Fig. 3. The 3D model of the designed equipment.

This paper presents the design and construction
of a measuring device that provides a fast and
simple measurement.

2. Overview of the planned system

The main consideration in designing the device
(Figure 3) is simplicity and accuracy while ensur-
ing a stable and rigid structure.

The whole system is located on a 15° slope. The
measured part is placed on the table marked in
white, the principle of the sine bar is embodied
in the mounting block on the table (Figure 3). The
effective measurement is done with the help of a
digital dial gauge, which taps the workpiece, thus
ensuring the principle of the sine bar (Figure 2).

Fig. 4. The construction of the equipment.

The device is divided into 7 units: 1 - the slope, 2
- the base plate and its components, 3 - the sliding
clutch unit, 4 - the workpiece fixing unit, 5 - the
double articulation unit, 6 - the gauge touch-se-
curing unit, 7 - the gauge positioning unit. The
device also includes an LCD display (Figure 4),
which allows the user to tell how many points to
taper the dial gauge, and the taper result is also
displayed here.

The movement of the device is controlled by 3
stepper motors, while the associated control and
transmission of the measured data is handled by
an Arduino Mega and an Arduino Nano. These
microcontrollers are located under the slope to
be properly protected. The rigidity is provided by
metal elements, which increases the accuracy of
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the system. The taper gauge can measure pieces
up to ®60 mm in diameter and 160 mm in length.

3. The functioning of the measuring
system

According to the purpose, the measuring de-
vice is used to determine the cone angle of the
external tapered rotating surfaces. To do this, the
workpiece is placed on the white marked table
(Figure 3), and the user can select from the menu
on the LCD display whether to measure at 4, 5, 6,
10 or 12 points. Before the measurement starts,
the probe of the dial gauge is moved to position
0 by the stepping motors. The stepping motor fix-
es the workpiece by the 4 - fixing unit and the 5
— double articulation unit until the sliding clutch
slides. At this point the effective measurement be-
gins, during which the units that move and posi-
tion the dial gauge are activated.

4. Evaluation of the results

4.1. A mérend6 munkadarab

The measured workpiece is a 3D printed part
with the following geometric characteristics (Fig-
urel):

D=30mm

d=10 mm

L=100 mm

a/2=5.711°

4.2. Determining taper with measuring
microscope

The semi-cone angle of the workpiece was meas-
ured with a microscope at the Sapientia Hungar-
ian University of Transylvania, Faculty of Techni-
cal and Human Sciences — Targu Mures.

The resulting semi-cone angle is 5.66°, deter-
mined by the direct method. The deviation of the
measurement result from the model-determined
cone angle value is negligible, 0.05°.

4.3. Determination of the taper with the
implemented measuring equipment

During the measurement with the measuring
device, the system stores the measured points,
from which it interpolates a line. The microcon-
troller calculates the line's axis using the method
of the least squares, which is in fact the semi-cone
angle of the measured part. From the menu, 4, 5,
6,10 and 12 measuring points were selected in or-
der and 3 measurements were taken with each of
them, summarized in Table 1.

Table 1. Summary of the results

AL 5 6 10 12
pts.
506 | 535 | 561 | 565 5.7
Re;‘;lts 514 | 533 5.6 566 | 571
503 | 532 5.6 5.64 5.7
AV‘;f;'ge 507 | 5.33 5.6 5.65 5.7
De‘;‘;t]m“ 022 | 011 | 007 | 009 | 007
a 0.05
e 4302653
t ~5.091 | —5.8418 |~2.69087 | —1.1501 |~0.16818
Decision H1 H1 HO HO HO

*the standard deviation values are rounded

To verify the results of the system, we also used
a hypothesis test. It was checked that the devia-
tion of the measurement results from the expect-
ed value of 5.71° was negligible at the 0.05 level.
The null hypothesis: the average is equal to the
expected value; the counter hypothesis: the mean
is different from the expected value.

For this we use a t-test, the results of which are
also shown in Table 1.

The range of acceptance is (-4.3; 4.3). Based on
the actual t values, it can be concluded that the
average from 4 and 5 touches is significantly dif-
ferent from the expected value of 5.71°, thus the
counter hypothesis holds, while the average for
6, 10 and 12 touches does not differ significantly
from the expected value.

Figure 5 illustrates the averages of the measure-
ments.

A value of R?=0.69 indicates a strong relation-
ship between the averages and the number of
touches.

Fig. 5. The averages as a function of the number of
touches
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5. Conclusions

In conclusion, the designed and realized lab-
oratory equipment shows a close and directly
proportional relationship between the number
of touch points and the accuracy of measurement
(Figure 5).

Furthermore, a minimum of 6 probing opera-
tions is required to obtain a measurement result
with an acceptable accuracy at the specified level.

It should also be noted that at 12 touch points
the deviation becomes very small.
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Abstract

We consider the solution of weighted linear complementarity problems using interior-point algorithms,
where the search directions are determined by a specific kernel function. To achieve a more efficient im-
plementation, we modify the theoretically well-performing algorithm. The resulting methods are analyzed
using a code written in the Python programming language. We present numerical results for problems whose
solutions, based on previous theoretical findings, would require a very high number of iterations.

Keywords: interior-point algorithm, kernel function, weighted linear complementarity problem, search di-

rection, Newton’s method.

1. Introduction

The concept of the weighted linear complemen-
tarity problem (WLCP) was introduced by Potra
[1] in 2012. The WLCP can be defined as follows.
Find a pair of vectors (x, s) € R" x R" such that:

-Mx+s=gq
XS =w, 1)
Xx,s=>0,

where ge R" is a given vector, w=>0 is a given
weight vector, and Me R™™" is a given matrix.
The WLCP is actually an extension of the linear
complementarity problem (LCP), since the special
case where all components of the weight vector
are zero results in an LCP. The application areas
of the WLCP are broad. In particular, the linear
complementarity problem arises in the study of
mechanical interactions, such as obstacle prob-
lems or structural design problems [2]. Moreover,
the WLCP is useful in systems where variables or
conditions have varying degrees of importance. It
is frequently applied in economic modeling, for
example in the case of Fisher’s market equilibri-
um problem [1].

To ensure the solvability of the problem de-
scribed in system (1), the matrix M must satisfy

certain conditions. We analyze a variant of these
conditions in which the matrix M satisfies the
P*(x) property. A matrix M is called a P*(k)-matrix
if there exists a nonnegative real number k such
that the following inequality holds for all vectors
xeR™
(1+4K) Y
where

ier, XM +X5c
I={1,2,..,n},

I ={iel: x,(Mx); = 0} and

I_={iel: x;,(Mx), < 0}.

To solve this problem, we use an interior-point
algorithm. Before proceeding, we introduce some
notations. Let R, denote the set of nonnegative
real n-dimensional vectors, and [RI}r + the set of
positive ones. We define F as the set of feasible
solutions, and F° as the set of strictly feasible
pairs:

F={xs) eRL xR : -Mx+s=q},

0:={(x,s) e R}, xR, : -Mx +s=q}.

Furthermore, for a given (x%, s°) € F°, we define
the weighted central path, which depends on a
parameter t € [0,1]. For this purpose, we introduce
the following notation:

w(t)=1-w + tx°s°. )

x;(Mx), = 0,
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If we replace the weight vector in system (1)
with the expression of w(t) given above, we obtain
a solvable system that determines the weighted
central path:

~Mx+s=gq,
xs = w(t), 3)
Xx,s = 0.

If M is a P*(k)-matrix and F°+ @, then the previ-
ously defined parameterized system of equations
has a unique solution (x(t), s(t)) for each param-
eter te[0,1]. The set of these solutions gives the
weighted central path assigned to the problem.

If we apply Newton's method to the system of
equations (3), we get the following system:

—M Ax + As =0,

SAX + xAs = w(t)—xs, “4)

from which the search directions can be deter-
mined.

Next, we introduce the variance vector v = %,
which can be used to define a proximity measure
to the weighted central path.

To solve the problem, we will use the method of
kernel-based interior-point algorithms. A func-
tion ¥ is called a kernel function if it satisfies the
following conditions:

Y: R,,» R, is twice continuously differentiable,
Y1) =¢'1)=0and ¢ "(t) > 0 for all ¢ > 0. For a giv-
en kernel function, the associated barrier function
¥: R?, - R, can be defined as follows:

P) =Y ¥).

The system of search directions can be specified
using kernel functions:

—MAx + As =0,
SAX + xAs = —w(t)vV P(v). (5)
It can be shown that using the logarithmic ker-

nel function Y(©)= t22_ 1_ log(t) in system (5)
yields the original system of equations (4), which
is obtained by applying Newton’s method. In what
follows, we use the kernel function

2-1 41— —
Y= : 3 L_t-ly, compute the search

directions. A detailed theoretical analysis of this
kernel function is provided in the paper of Chi,
Wang, and Lesaja [3].

2. Theoretical algorithm

We present the theoretical algorithm introduced
in [3] and then discuss the modifications made for
the implementation. Some steps of the algorithm
are given by separate functions. To determine the

search directions, we substitute the kernel func-
tion ¥ into the expression on the right-hand side
of the system (5), solve the resulting system and
return the computed directions. This is done with
the following function:

function searchDirection(x, s, t)
begin
Solve the system of equations (5).
return (Ax, As);
end.

To perform the full-Newton step, we add the
search directions to the current iterates:

function fullNewtonStep (x, s, Ax, AS)
begin

return (x, s) + (Ax, As);
end.

The parameter defining the weighted central
path is updated using the following function:

function updateUsingTheta (¢, 6)
begin

return (1-0)¢;
end.

Based on these functions, the theoretical algo-
rithm is presented as follows.

Algorithm 1. (Chi, Wang és Lesaja [3])

Assume that for the pair of vectors (x% s° €f°
we have x°s% > w.

Let &> 0 be the accuracy parameter.

Let 6= be the barrier update parameter,
where

y = min(w), B =[x%s% — w|.
Let T > 0 be the threshold parameter.
Let t° = 1, such that § (X, s% % < T, where

x=x%s=5%t=1t9;

while || xs—w| >¢e do

begin
(Ax, As) = searchDirection (X, s, t);
(x, s) = fullNewtonStep (x, s, Ax, As);
t = updateUsingTheta (t, 0);

end.

To implement it efficiently, we made several
modifications to Algorithm 1.
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3. Modified algorithm

Since it is possible during the steps of the algo-
rithm to reach an infeasible point, we introduce
the residual vector

U —Mx+s—q.

Instead of system (5) we determine the search di-
rections using the following modified system:

—M AX + As = Ty

SAX + xXAs = —w(t) vV P(v). (6)

The function assigned to system (6) is the follow-
ing:
function modifiedSearchDirection(x, s, t)
begin
r, = —Mx+s—gq;
Solve the system of equations (6).
return (Ax, As);
end.

Instead of moving to the next point with a
full-Newton step, we calculate the maximum
step-size to the boundary in a variable a, and then
reduce it by a factor pe (0, 1):

function NewtonStep (x, s, Ax, As, p)
begin

return (x, s) + p a(Ax, As);
end.

We implemented two methods to reduce the
parameter t. The first is the same as the version
given in the theoretical algorithm, which uses 6
to reduce the value of t:

function updateParameter(t, 0, x, s, {)
begin

return updateUsingTheta (t, 0);
end.

The second variant updates the parameter t us-
ing the method introduced in [4] applying a scal-
ing factor ¢e(0,1]:

function updateParameter(t, 0, x, s, {)

begin

return updateUsingZeta (X, s, {);

end

function updateUsingZeta (x, s, {)

begin

return 5
end.

Assuming that x°s°=w, we obtain that the de-
nominator of the above expression cannot be 0.
The modified algorithm is presented below.

Algorithm 2. Suppose that for the pair of vec-
tors (x%, s%) € F % we have x°s°> w, x0s%= w.

Let € > 0 be the accuracy parameter. Further-
more, let 0€ (0, 1), and € (0, 1] be the update pa-
rameters.

Let p€ (0, 1) be the scaling parameter of the step.

t0=1,x=x%s=5%t=1t%
while ||xs-w|>e do
begin
(Ax,As) = modifiedSearchDirection(x, s, t);
(x, s) = NewtonStep (x, s, Ax, As, p);
t = updateParameter(t, 9, X, s, {);

end.

We present several numerical results obtained
using the above algorithm.

4. Numerical results

The algorithm presented above was implement-
ed in the Python programming language, using
the NumPy library for linear algebra operations.
Each time we executed the program we used the
matrix proposed by Csizmadia [5]:

For this matrix, it was proven in [6] that for
n>4 we have k = 2278—0.25. This matrix plays a
significant role in the study of P*(x)-WLCP, as the
value of k increases exponentially with the prob-
lem size. We also assumed that ¢ = [0, 1, ..., n—1]".
Furthermore, we used the initial values x°=s%=e,
where e is the n-dimensional all-one vector. Note
that in this case, the condition (xs% € F°holds.

To satisfy the inequality x°s® > w, the values of
the weight vector w were chosen as randomly
generated positive real numbers less than one.
Since we analyzed the algorithm from several
perspectives, the elements of w were generated
under different constraints. Furthermore, we
used the values e=10-%, p=0.9. As for the param-
eter 0, we also investigated values greater than
the theoretically determined value , from
the following set:

0e{ , 107, 1075, 104, 10-3, 0.01, 0.02, ..., 0.1,

0.2, ..., 0.9}.

We found that, in general, increasing 6 still
yields correct results, and the algorithm converg-
es to the solution more quickly. To illustrate this,
we consider the number of iterations and CPU
times (in seconds) obtained for the Csizmadia ma-
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trix of the size 4 x4. We used a computer with an
Intel Core i5-1035G1 processor and 8 GB of RAM,
under the Windows 10 operating system, in a Py-
thon 3.11.6 environment for the tests (Table 1).

The following table presents the minimum num-
ber of iterations obtained for different values of 8
as a function of the dimension. It can be observed
that the minimum number of iterations increases
linearly with the dimension. In the last row we
indicated from which value of 6 we get this min-
imum number of iterations. It can be concluded
that in case of higher dimensions, the number of
iterations cannot always be reduced by increas-
ing the value of 6 (Table 2).

Further results were obtained with the imple-
mentation in which the parameter t is reduced
using a scalar {. With this method, we achieved
similar results in terms of the number of itera-
tions of Algorithm 2 (Figure 1).

In case of n=10, {=0.1, Figure 2 is intended to
show how the categorization of the weight vector
into different intervals affects the values of s in
the solution. It is known that if the weight vector
is zero, then we get back in the vector s the in-
creasing natural numbers represented by the vec-
tor q. When the values of w fall into an interval
close to zero, the values of s approximate those
of gq. If we select an interval for the values of the
weight vector, the elements of which are farther
from zero, then the values of s will also shift ac-
cordingly.

Table 1. The number of iterations obtained for diffe-
rent values of 6.

() Iteration CPU

0.1 139 0.0156
0.01 1445 0.0625
1073 14498 0.7031
104 145029 6.8281
105 1450342 107.3906
1076 14503470 1035.1250
=3.86-1077 37573477 3006.2031

Table 2. Minimum iteration number as a function of the
dimension, where D denotes the dimension,
and I the minimum number of iterations.

D |20 |30 |40 |50 |100 |200 |300 |400 |500
I |18 |22 |26 |29 |48 |84 |121 |158 |195
® |07 |06 |05 |05 |03 |02 (0.2 |0.2 |0.09

This trend is also observed in the case of Xx,
where the elements of this vector converge to
zero as the values of the weight vector are chosen
closer to zero (Figure 3).

5. Conclusions

We modified the kernel function-based interi-
or-point algorithm published by Chi, Wang, and
Lesaja [3] to efficiently solve the P*(x)-WLCP. We
investigated two variants to reduce the parame-
ter that determines the weighted central path. We
presented various numerical results using the Py-
thon code we developed.

Fig. 1. Number of iterations of the algorithm as a
function of the parameter (.

Fig. 2. Values of the vector s as a function of the weight
vector.

Fig. 3. Values of the vector x as a function of the weight
vector.
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Abstract

The paper presents the comparative exergetic analysis of different heat pump designs from an energy con-
sumption point of view. Heat pumps are usually classified according to the environment from which they
extract heat in order to help the consumer in choosing a heat pump type, based on the available heat sources.
From the construction point of view, a wide variety of heat pumps have appeared as a result of the various
heat sources to be considered, and the refrigerants used. Also, due to the desire to improve their operation,
various constructive variants have been developed. Considering that all heat pumps use electricity to oper-
ate, their energy consumption for producing the same thermal effect should be a criterion for their choice,

along with economic aspects.

Keywords: heat pump, exergy analysis, power demand.

1. Introduction

A heat pump is a heat engine designed to extract
heat from a lower temperature environment and
transfer it to a higher temperature environment.
It is used to manage thermal energy, whereby
energy rejected in the cooling process and waste
heat can be used for heating and hot water pro-
duction, and ambient heat can be used likewise.

Heat pump technology is a relatively old tech-
nology, in fact the energy crisis of the 1970s gave
a boost to research in this field.

Today, the EU and the UN have developed com-
mon goals for a sustainable future, and one of
these goals is affordable and clean energy. In light
of this directive, heat pump technology is experi-
encing a new renaissance, with more and more
heat pumps being installed.

With heat pump heating playing a central role
in the European Union's green energy transition,
more and more companies are installing heat
pumps, resulting in different companies adopting
unique design solutions.

The aim of this paper is to highlight the different
aspects of heat pump operation in terms of exer-
gy efficiency and energy consumption.

2. Classification of heat pumps

Heat pumps are usually classified according to
the environment from which they extract heat,
helping the consumer to choose a particular type
of heat pump based on the heat source available
[1-8].

According to most sources of information, the
main types of heat pumps are:

- Geothermal heat pumps;

— Air-to-water heat pumps;

— Air-to-air heat pumps;

— Water-to-water heat pumps.

Consequently, they are classified according to
the heat source, which is understandable since
the target audience is the user.

However, heat pumps can also be classified ac-
cording to the design of the system:

—Monovalent systems, which operate without

auxiliary heating, are implemented by drilling
geothermal boreholes, installing a flat plate
collector, and are built to use thermal and oth-
er waste heat, groundwater heat.;

—Bivalent systems, which operate with auxiliary

heating and are built using air, surface water
heat.
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From a structural point of view, a very wide
range of heat pumps have been developed due to
the different heat sources that have been consid-
ered for exploitation and the refrigerants used.
In addition, the desire to improve their operation
has also led to the emergence of different design
variants.

The classification of heat pumps by process and
type of operation [9-11] serves the purpose of
this paper much better, and can be summarized
as follows:

A. Heat pumps with vapour compression cycle:

A.1. Compression heat pumps:

— Rotary piston;

- Rotary compressor;

— Turbocompressor.

A.2. Absorption heat pumps:

- Indirectly heated;

— Directly heated;

— Adsorption heat pump;

— Resorption heat pump;

— Ejector heat pumps.

B. Gas Compression Heat Pumps:

— Heat pumps using air as refrigerant;

— Stirling cycle heat pumps;

— Vortex tube heat pumps;

— Vuilleumier cycle heat pumps.

C. Thermoelectric effect heat pumps.

Among the above-mentioned types of heat
pumps, one type from each major class will be
analyzed: vapour compression cycle, gas cycle
and thermoelectric effect heat pumps.

3. Design and cycles of heat pumps
3.1. The vapour compression heat pumps

Vapour compression heat pumps are perhaps
the most widely used type of heat pump. The first
of these types uses R12 (ammonia) refrigerant
and this refrigerant is still widely used in large
refrigeration systems. The Freon family of com-
pounds, the commercial name for halogenated
hydrocarbons with excellent properties, is widely
used in the refrigeration industry. Freon's chlo-
rine content is highly ozone depleting and CFC
refrigerants have been replaced by newer, less
polluting refrigerants, hydrochlorofluorocarbons
(HCECs).

Water vapour is a type of refrigerant that is
completely neutral from an environmental point
of view, so, in the following, we will present va-
pour compression heat pumps using ammonia
and water as refrigerants.

3.1.1. The vapour compression heat pump us-
ing ammonia refrigerant

Heat pumps suitable for exploiting low ther-
mal energy sources are the vapour-compression,
water-to-water system [10, 11] heat pumps. This
type of heat pump (Figures 1 and 2) is suitable
for extracting waste heat from water at tempera-
tures below 40 °C and deliver domestic hot water
at temperatures up to 50-80 °C.

A mathematical model of such a heat pump was
developed in [12] so the thermal characteristics
of the heat pump will be calculated based on that
model.

3.1.2. Vapour compression heat pump using
water as refrigerant

Figure 3 shows a vapour compression heat
pump operating with water as refrigerant, while
the cycle diagram is shown in Figure 4.

3.2. Gas compression heat pump

The basic design of a gas compression heat
pump is similar to that of a vapour compression
heat pump, as shown in Figure 5, while its cycle
is shown in Figure 6.

From a thermodynamic point of view, the va-
pour compression heat pump (Figure 3) operates
according to the Carnot cycle modified for practi-
cal applications.

In the expander, isentropic expansion is re-
placed by an isentropic process in the expansion
valve, while in the compressor, isentropic com-
pression occurs, resulting in a temperature Tc
higher than the condensation temperature (Fi-
gure 4) [10, 11].

The theoretical cycle of a gas compression heat
pump (Figure 3) is a Joule cycle [10, 11], in which
expansion and compression are achieved by
means of turbomachinery.

While the operation of the vapour compression
heat pump has been described in several articles
due to their widespread use, the gas compression
heat pump is not used as often and therefore the
literature on it is scarcer.

The basic characteristic of a gas compression
heat pump is the compression ratio [10, 11]:

1)

where p, is the outlet pressure, p, is the inlet pres-
sure of the turbocompressor, in bar.

The characteristic parameter of heat pumps is
the COP (coefficient of performance), which for
gas compression heat pumps can be expressed by
the following formula [10, 11]:
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Heat sink
(delivered heat)
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Condenser

Expansion
Valve

Compressor
Mechanical
work

v 1

Evaporator

Heat source
(surface water, pond.
geothermal, cte.)

Fig. 1. The vapour compression heat pump using am-  Fig. 4. Cycle of the vapour compression heat pump

monia refrigerant.

using water refrigerant.

Fig. 2. Cycle of the vapour compression heat pump

using ammonia refrigerant.

Fig. 5. Gas compression heat pump.

Fig. 3. The vapour compression heat pump using wa-  Fig. 6. Cycle of the gas compression heat pump cycle.

ter refrigerant.
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@)

where k is the adiabatic coefficient.

Another parameter to compare heat pumps is
the exergy efficiency, which can be calculated us-
ing the following equation [10, 11]:

3)

where [, - is the specific minimum work of the
ideal Carnot cycle in kJ-kg™, while [ is the specific
work of the actual cycle in kJ-kg?.

Based on the actual cycle of the gas compression
heat pump (Figure 6) [10, 11] calculations can be
performed to determine characteristic parame-
ters that can be compared with the corresponding
characteristics of the heat pumps analyzed.

3.3. Thermoelectric heat pump

Figure 7 shows a schematic of a thermoelectric
heat pump while Figure 8 presents a schematic of
a thermoelectric element [10, 11].

7. abra. Termoelektromos hészivattyu

8. abra. Termoelektromos elem

These devices are based on the thermoelectric
phenomenon, namely the Seebeck, Peltier and
Thomson effects. The phenomenon in which a
temperature difference between two different
electrical conductors or semiconductors produc-
es a voltage difference between the two materials
is known as Seebeck.

When heat is applied to one of two conductors
or semiconductors, the heated electrons flow to-
wards the colder one.

The inverse of the Seebeck effect is called the
Peltier effect; an electric current flowing through
a junction between two materials releases or
absorbs heat at the junction in unit time to com-
pensate for the difference in chemical potential
between the two materials.

The Thomson effect is the heat evolution or ab-
sorption when an electric current passes through
a circuit of a single material with a temperature
difference along its length.

This heat transfer relies on the common heat
generation associated with the electrical resist-
ance to currents in conductors. Note that the
Thomson and Peltier effects refer to reversible
processes. The Thomson effect is usually ignored
in the design of thermoelectric systems.

The mathematical model of a thermoelectric
heat pump is fundamentally different from the
models of heat pumps presented above and will
be described in more detail below.

For a thermoelectric heat pump, based on the
schematic drawing of the thermoelectric element
shown in Figure 8 the heat flux through the cold
point of the element can be calculated using the
following equation [10]:

, (W) “)
where:

a is the total Seebeck coefficient V-K1-ben;

R is the total electrical resistance in Q;

A is the total conductivity of the thermoelectric

element in W-K™.

The equations to calculate these elements are:

, (V/K) (5)
where a, , — Seebeck coefficient of the A and B

componehts of the thermoelectric element in
V-K.

(%) (6)

where:
P, Py — resistance of the thermoelectric element
components A and Bin Q-m;
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l,, I;-length of the thermoelectric element com-
ponents A and B in m;
A, A, - surface area of the thermoelectric ele-
ment components A and B in m?.

Finally:
(W/K) (7)

where A,, A; - thermal conductivity of the com-
ponents of the thermoelectric element A and B in
W-m 1K

To compute the thermal characteristics of the
thermoelectric system, the heat exiting the hot
spot of the thermoelectric element must be calcu-
lated, starting with the energy balance equation
[10]:

(€))
where: P, - electrical power required for opera-
tion, in W, Q, — heat flux through the cold spot of
the element, in W.

Maximum cooling efficiency of the system:

)

The maximum efficiency of a heat pump, also
known as the coefficient of performance (COP):

(10)

Exergetic efficiency of cooling:

(11)

In which m is a parameter that can be calculat-
ed:

, (12)

where Z is the efficiency of the thermoelectric ele-
ment, calculated by the following equation:

s (13)

while the value @, is given by equation:
a4
The exergy efficiency of a thermoelectric heat

pump can be calculated as follows:

(15)

4. Thermal characteristics of heat
pumps

Heat pump heating is at the heart of the Europe-
an Union's green energy transition, so it is most-
ly used in households for heating and hot water.
Heat pumps that can be used to harness low heat
energy sources are the vapour-compressed, wa-
ter-to-water system [10, 11]. This type of heat
pump is capable of harnessing waste heat from
water at temperatures below 40°C to heat domes-
tic hot water to 50-80°C.

The heat pumps described above use electrici-
ty to operate. The compressor (Figure 1), and the
turbo compressor (Figure 3 and 5) are driven by
an electric motor, while the thermoelectric heat
pump as the name implies is driven by electricity
directly and is therefore fundamentally different
from other heat pumps.

As shown in Figures 2, 4. and 6 the implementa-
tion of the heat pump's thermodynamic cycle (va-
pour compression, gas compression, etc.) and the
type of refrigerant used strongly influences the
design solutions employed. Heat pump designs
are very diverse, and if multi-stage solutions
were to be analyzed, the design solutions would
be even more diverse and time-consuming to list.

The thermal characteristics of the heat pumps
are calculated using the following initial data:
the required heat input Q, to cover the demand
of a household Q; = 28 KW; T, = 65 °C — domestic
hot water temperature; T, - ambient temperature
(heat source). The heat source temperature is se-
lected depending on the fact that the heat pump
with water vapour cooling medium cannot be
operated at a lower heat source temperature, i.e.
T, =30, 35, 40 °C.

For the vapour compression heat pump, some
more data are needed: AT, = 5 °C - temperature
difference for condenser heat transfer (heat
transport); AT, = 5 °C - temperature difference
for evaporator heat transfer; T, = 10 °C - temper-
ature difference for sub-cooling; the refrigerant
used is R717 (ammonia).

For the vapour compression heat pump us-
ing R717 (ammonia) refrigerant, the results are
shown in Table 1, while the results for the heat
pump using water refrigerant are shown in Ta-
ble2. Also, for the gas compression heat pump,
the temperature difference for the condenser
heat transfer (heat transfer) and the temperature
difference for the evaporator heat transfer is set
to AT, =AT,=5"°C.
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The results obtained from the gas compression
heat pump calculations are shown in Table 3.

The thermal characteristics of the thermoelec-
tric heat pump were calculated considering the
same heat source temperatures, temperature ris-
es and the required 28 kW of heat dissipation.

In addition, the semiconductor materials used
for the construction of the thermoelectric ele-
ments, in this case tellurium (A) and bismuth (B),
must be selected.

Table 1. Thermal characteristics of the vapour comp-
ression heat pump (R717 refrigerant)

The physical characteristics of the materials for
bismuth are: diameter d =7 mm,lengthl=3.2mm,
Seebeck coefficient a=—0.21-10"3V-K-1, electrical
conductivity p = 1075 Q-m; thermal conductivity
A=1.45 W-m~1-K-1. And the physical character-
istics of tellurium are: length 1=3.2 mm, See-
beck coefficient a=0.23-10"3, V-K1, electrical
conductivity p=10~5 Q-m; thermal conductivity
A=1.45W-m~1-K-1, while the dielectric strength is
determined by calculations. For the thermoelec-
tric heat pump, the results are plotted in Table 4.

Table 3. Thermal characteristics of the gas compres-
sion heat pump

Thermal characteristic Value Thermal characteristic Value
Heat source temperature, Heat source temperature,
30 35 35
Ta [°C] Ta [°C] 30 35 40
Actual power, P, [KW] 5.24 4.54 4.54 Actual power, P, [KW] 18.99 | 18.47 | 18.06
Specific internal energy Specific work required to
absorbed as heat, 996.29 | 999.80 | 999.80 operate the actual cycle, 87.53 | 90.58 | 93.62
9, [Kkg™] L [kkg]
Delivered specific heat, Specific heat absorbed in the
q, [KJ-kg 1] 119823 1170.64 | 1170.64 | | ayaporator, 4499 | 50.01 | 55.04
4, [KI'kg™]
Ideal COP u. 9.66 11.27 11.27
) The specific heat delivered by
Theoretical COP u 593 | 685 | 685 the condenser, 129.02 | 136.97 | 144.91
Actual COP y, 534 | 617 | 6.7 q; (K] kg-1]
Exergy efficiency, , [%] | 61.41 | 60.79 | 60.79 Specific work of the ideal
Carnot cycle, 13.36 | 12.16 | 10.72
lminC [k].kg_ll
Table 2. Thermal characteristics of the vapour comp- | 1deal COP u, 9.657 | 11.27 | 13.52
ression heat pump using water refrigerant Theoretical COP 1.54 | 1.58 | 1.61
Thermal characteristic Value Actual COP g, 147 | 151 | 155
Hea}’t source temperature, 30 35 40 Exe;“gy efficiency 15.90 | 13.98 | 11.93
T, [°C] 1 [%]
}\J/[lnl[IIT(l‘l/lvl’]n required power, 302 | 2.84 | 2.65
it Table 4. Thermal characteristics of the thermoe-
Compressor power, P, [KW] 486 | 4.86 | 4.86 lectrical heat pump
Pump power , P, (kW] 0.11 | 006 | 004 Thermal characteristic Value
Total P, . [kW] 7.99 | 7.76 | 7.55
Lot Heat source temperature, 30 35 40
Exergy loss due to the irre- T, [°C]
versibility of the compression | 15.82 | 15.82 | 15.82 lectrical ired
rocess, 71 [%] Electrical power require
P » Tire for operation, 13.61 | 11.96 | 10.22
‘}i)e(e;gy[(l)/g]ss in the throttle val- 397 | 7.83 | 11.60 P, [kW]
2 il Energy extracted as heat
Exergy loss due to irreversi- from a heat source, 14.39 | 16.04 | 17.78
bility of heat transfer in the 18.02 | 18.02 | 18.02 Q, [kw]
0,
condenser, 1y, [%] Ideal COP . 9.66 | 1127 | 13.53
Maximum COP u, 9.26 | 9.87 | 10.56 Actual COP g1, 2.06 234 274
Actual COP u 5.07 | 513 | 5.15 .
‘ Exergy efficiency 2130 | 20.80 | 20.20
Exergy efficiency n,, [%] 62.20 | 58.33 | 54.56 Ny [%] : : :
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5. Conclusions

Based on the data presented above, the follow-
ing conclusions can be drawn.

In line with the values reported in the literature,
the variation of the thermal characteristics of
heat pumps with respect to the heat source tem-
perature is as follows:

—the effective coefficient of performance, (COP)
u, increases with increasing heat source tem-
perature;

—the exergy efficiency n, decreases with in-
creasing heat source temperature;

—the electrical power required for operation, P,
decreases with increasing heat source temper-
ature.

The exergy efficiency n, decreases with increas-
ing heat source temperature, by 1.1% for the
thermoelectric heat pump, by 3.97% for the gas
compression heat pump, by 7.64% for the water
vapour refrigerant heat pump and by 2.16% for
the vapour compression ammonia refrigerant
heat pump.

In order to compare the different types of heat
pumps in terms of electricity consumption, a suit-
able basis for comparison must be found.

A classical heating method is electric resistance
heating, which is a good basis for comparison be-
cause electric resistance heating has a conversion
efficiency of 100% in the sense that all the electri-
cal energy input is converted into heat [13, 14],
and at the same time the exergy factor of electri-
cal energy is 1 [15]. The exergy factor as defined
in the literature [15] ] is the ratio between exergy
and energy, usually a number between 0 and 1.

Figure 9 shows the variation of the actual co-
efficient of performance (COP) y, as a function
of heat source temperature. As can be seen, the
effective coefficient of performance (COP) u, in-
creases with increasing heat source temperature
and from this point of view, the order of efficien-
cy is as follows: the vapour-compressed ammonia
refrigerant heat pump, the vapour-compressed
water vapour refrigerant heat pump, the ther-
moelectric heat pump and, lastly, the gas-com-
pressed heat pump. Since all electrical energy is
converted into heat, the resistance power factor
is set to 1, so all heat pumps perform better than
resistance heating in this respect.

Figure 10 presents the variation of the exergy
efficiency n, as a function of the heat source tem-
perature, where it can be seen that the efficiency
decreases as the heat source temperature increas-
es and, from this point of view, the order of effi-

ciency is as follows: the vapour-compressed am-
monia refrigerant heat pump, the vapour-com-
pressed water vapour refrigerant heat pump ,
the thermoelectric heat pump and the gas-com-
pressed heat pump in last place, from this point
of view the resistance heating performs best since
the electric current is essentially pure exergy.
Figure 11 shows the variation of electrical pow-
er required for operation, Pe as a function of heat

Fig. 9. Actual coefficient of performance, COP

Fig. 10. Exergy efficiency.

Fig. 11. Power required for operation.
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source temperature, where it can be seen that
the power decreases as the heat source temper-
ature increases and, from this point of view, the
order of efficiency is as follows: the vapour-com-
pressed ammonia refrigerant heat pump, the va-
pour-compressed water vapour refrigerant heat
pump, the thermoelectric heat pump and the
gas-compressed heat pump in last place, from
this point of view the resistance heating performs
the worst because the exergy factor of the electric
current is 1.

Summarizing, the choice of a heat pump for a
particular application is more complex than one
might think at first glance, and their classifica-
tion by heat source can only be a starting point in
choosing the right heat pump.

The performance required to operate should be
an important criterion, as this will affect the op-
erating costs in the long run, but other economic
aspects, such as the initial investment, should not
be neglected, as they all affect whether the invest-
ment will ever pay off.
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Abstract

The topic of the article is the modification of a mechanical arm press and its installation on the production
line. After discussing the necessity of the development, the design process of a key component — the timer
locking mechanism - is elaborated. This is followed by an overview of the press mounting and installation
requirements, and the solutions as well as the key components of the equipment, such as the toothed part
and the locking mechanism. Detailed assembly models are created, and load tests are performed on the com-
ponents and surfaces supporting the press using both traditional calculations and finite element methods to
verify that the designed structure can withstand mechanical loads without significant deformation. Finally,
a development opportunity is presented that allows for the automation of not only the timer-brake press but

also any other flanging press.

Keywords: press automation, finite element analysis, manufacturing optimization.

1. The project overview

The VW Touareg 536 model is a luxury "Premi-
um SUV" category sport utility vehicle manufac-
tured by Volkswagen. The assembly of the upper
leather-covered plastic part of the off-road vehi-
cle's gear shifter (in German, Oberteil, meaning
upper part) (Figure 1).

The project was initiated due to a customer
complaint indicating adhesion issues on the fi-
nal product. To identify the root causes, labora-
tory tests were conducted in the facility, which
revealed three main sources of error: incorrect
fastening, poor manual edge crimping, and insuf-
ficient fixation time.

During the manufacturing process, a pre-cut
leather piece sprayed with adhesive is applied to
the injection-molded plastic component, and the
edges held in a fixed position for a sufficient peri-
od to allow the adhesive to set properly (Figure 2).

The solution to the task required the coordina-
tion of the edge tools provided by the German
parent company with an appropriate mechanical
arm press. To achieve this, an adapter had to be

Fig. 1. Touareg 536 transmission [1]

Fig. 2. ,Touareg 536 Oberteil” final product


https://doi.org/10.33895/mtk-2025.22.07
https://doi.org/10.33894/mtk-2025.22.07

Fehér D., Ravai-Nagy S., Szigeti F. — Miiszaki Tudomdnyos Kézlemények 22. (2025) 41

designed for the upper tool, as well as a timing
brake mechanism to prevent premature release
of the press, thereby reducing scrap production.
Since parts are also manufactured for right-hand
drive vehicles, the installation of two separate
presses was necessary. The company places high
importance on space utilization, which is why
the presses were mounted on a rotating support
plate, allowing integration with the existing con-
necting presses. The sizing, manufacturing tech-
nology development, and bearing design of the
support plate were also part of the project, ensur-
ing an efficient and ergonomic design.

2. Description and Function of Timer-
brake Presses

The task of the press is to secure the product for
the required duration, applying the necessary force,
and then re-flanging the product (Figure 3). To un-
derstand the operation, it is first necessary to intro-
duce the upper tool and the locking mechanism.
The operator places the product into the upper
mold, then pushes the lower tool into position on
a moving tray. After that, by pulling the lever, the
pressing operation is initiated, which is ensured by
the press head working against a spiral spring.

The locking mechanism is mounted on a shaft,
which rotates together with the press arm against
the force of the spiral spring (Figure 4). The
concept is based on the connection of a toothed
curved component and a locking unit, which
prevents the premature release of the press. The
operation of the system is supported by an induc-
tive sensor, which initiates a countdown after a
specified time. At the end of the countdown, a
pneumatic actuator releases the lock, allowing
the press to be disengaged.

A base plate was designed for the mounting of
the locking mechanism and the actuator, ensur-
ing proper positioning and providing enough
space for the toothed arc (Figure 5). The base
plate connects to the cast body of the press at
three attachment points, two of which are con-
nected to existing threaded holes, while the third
requires the creation of a new hole. During the
design of the structure, maintenance possibilities
were also considered, and a manual release lever
was incorporated, allowing the press to operate
even in the absence of compressed air.

The central element of the timer is the ‘ATme-
ga328’ microcontroller, which responds to the sig-
nal of an inductive sensor [3]. When the toothed
part passes in front of it, a 60-second countdown

3. dbra. Assembly model of the timer-brake press [2]

4. abra. The spiral spring and the shaft stub [2]

Fig. 5. The locking mechanism, the toothed arc and
the work cylinder in assembled condition [2]



42 Fehér D., Ravai-Nagy S., Szigeti F. — Miiszaki Tudomdnyos Kozlemények 22. (2025)

starts, which is displayed on a screen. After 5 sec-
onds, a LED changes from green to yellow, and
when the time runs out, it turns red, accompa-
nied by an audible signal to alert the operator. At
this point, the relay module switches 24V to the
electropneumatic valve, which puts pressure on
the work cylinder, thus releasing the mechanical
lock. After 2 seconds, a new signal is received, in-
dicating that the product should be removed from
the tool. If this is not done, the spiral spring slight-
ly lifts the press arm, but the guide pin prevents
the full opening. The microcontroller monitors
the return movement of the toothed component,
so the counter can only reset with the next down-
ward movement.

3. Installation of the press on the pro-
duction line

To install the press into the production line, a
rotating plate design is required, onto which two
presses and two fastener placement presses will
be mounted. During the design process, the loads,
material quality, and mounting points had to be
considered. Based on the model created with In-
ventor software, we determined the weight of the
presses and the location of the bearings, which is
essential for the finite element simulation (Fig-
ure 6).

When designing the plate, operator accessibility,
safe and simple geometry, and aesthetic appear-
ance were important considerations (Figure?7).
To secure the plate, a spring pin was used, which,
when inserted into a hole, prevents rotation. The
operator releases it, rotates it 180°, and then the
pin secures the plate again.

4. Results of the load tests

In the load testing performed using the finite el-
ement method, material quality is crucial as it de-
termines the load capacity and rigidity. The com-
pany primarily uses aluminum for the shoulder,
as it is lightweight, high-strength, and its natural
oxide layer provides corrosion protection. Addi-
tionally, it is easily machinable, which reduces
processing costs. The test showed four main re-
sults. The first is the reduced stress (Figure 8),
which shows the specific load at the location of
the highest stress. Its maximum value is 7,72 MPa,
which does not approach the critical limit [5].

The second is the equivalent deformation,
which shows the total deformation energy of the
material. Its value is 4.261-1075, a dimensionless
value, which is negligible (Figure 9) [5].

Fig. 6. The key dimensions of the bearing [4]

Fig. 7. The rotating plate with the press pressure sur-
faces [2]

Fig. 8. Illustration of the reduced stress [2]

Fig. 9. Value of the equivalent elastic deformation [2]
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The third is the examination of deflection, par-
ticularly at the two edges of the plate, where the
maximum value is 0.04098 mm, which is insignif-
icant (Figure 10) [5].

Finally, a small angular rotation of 0.01 degrees
was observed at the locations of the two timed
presses, which is also negligible. These results
confirm that the structure meets the design re-
quirements, is stable, and its performance is ad-
equate. The next step is to request a quote for the
bearings and develop the manufacturing technol-
ogy for the rotating plate and the base plate.

5. Computer-aided manufacturing de-
sign of the toothed component

The rough and finish machining of the compo-
nent, as well as the contour milling, were per-
formed using "Inventor CAM" software, while
the tooth formation was carried out with the
"Edgecam" program. The machining parameters
were determined with the help of the "Sandvik
Coroplus® Tool Guide". The preform is clamped
in a machine vice, and first, the roughing and fin-
ishing of side "A" are performed using a 50 mm
diameter "CoroMill® 390" face mill. After a 180°
rotation, side "B" is machined in the same manner
(Figure 11) [6].

Next, the shoulder is shaped using a 10 mm
Coro-Mill® Dura end mill, followed by machining
the groove, drilling the holes, and preparing the
thread (Figure 12) [7].

For machining the outer contour, the workpiece
is secured in a fixture held by a chuck, and the
machining is carried out by fitting the STL mod-
el from the previous phase for continuity (Fig-
ure13).

Finally, the workpiece is secured in a dividing
fixture for the machining of the teeth (Figure 14),
using a 10 mm diameter, 45° chamfering carbide
mill (Figure 15).

6. Press development proposal

Analysis of the production data revealed that
the press is efficient, but there is room for further
optimization. The operators’ workload varies,
which increases the cycle time. With automation,
non-productive time can be reduced: based on
the development, the pneumatic cylinders would
perform the pressing with a two-button start,
while the operator could focus on other tasks.
During the cycle of the modified press, three
work cylinders would handle the movement of
the tools, a timer would control the process, and
a lamp would signal the completion at the end of

43

Fig. 10. Lehajlds vizsgdlata [2]

Fig. 11. Fitting the semi-finished part to the workpie-
ce[1]

Fig. 12. Shaping of features [2]

Fig. 13. The device clamped in the chuck with the
workpiece [2]
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Fig. 14. Machining of the teeth [8]

Fig. 15. Toolpath for machining the teeth [8]
Fig. 17. Sequential process diagram [2]

Fig. 16. A complete working cycle of the press [3]

the cycle (Figure 16). The automation requires 3
pneumatic work cylinders, 3 5/2 bistable valves,
and a PLC.

During the modification, the press locking mech-
anism and arms are removed. The system uses se-
quential control, where the progression is condi-
tional. The control process is built using a sequen-
tial process diagram that includes the operators
and the steps. This is essentially a graphical rep-
resentation that allows the control of automation
systems to be documented and programmed in a
logical, understandable way (Figure 17) [9].

Figure 18 provides an insight into the PLC pro-
gram describing the process, for which a ladder
diagram was created. The inputs are labeled as 'X'
and the outputs as 'Y' [9]. Fig. 18. Ladder diagram [2]
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7. Conclusion

The load tests conducted using the finite element
method during the project confirmed the stability
and compliance of the designed structure. During
the pressinstallation, attention was given to space
utilization, operator accessibility, and safety. Dur-
ing the development, the possibility of automat-
ing the press was also considered, aiming to re-
duce non-productive time and ease the workload
of operators. The transformation with pneumat-
ic cylinders and a PLC would enable automated
operation, thus accelerating the manufacturing
processes. Thanks to automation, production effi-
ciency would increase, while manufacturing costs
would decrease. This development is expected to
be implemented as production volumes increase.
The press with a timer brake ensured the proper
product quality, and previous complaints related
to delamination were eliminated. The application
of the new system reduced scrap production, and
with the regulation of the manufacturing process-
es as described in the article and the commission-
ing of the timer brake press, customer satisfaction
improved.
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Abstract

Nowadays, people who take a cruise don't realize that they are putting both the environment and human
health at risk significantly more than if they had chosen to travel by any other means. The large quantities of
fuel burned during the voyage pollute the atmosphere and thus endanger health, and the (hazardous) waste
and sewage of all kinds that are generated on board every day cannot be left on board. A ship carrying about
3000 passengers produces on average about 80 m3 of waste water per day! Newer ships are often capable of
carrying a minimum of 8,000 passengers, so the amount of waste water they produce is obviously higher. Just
look at these huge floating cities of 10-12 stories. The amount of waste generated on board, being far greater,
must be managed in an environmentally friendly way in accordance with ever stricter standards. These fac-
tors justify that companies in the industry are constantly working to develop new technologies and solutions,

not only with the building of new ships, but also the modernization of older ones.

Keywords: sewage sludge, waste recovery, MARPOL Convention, modular system.

1. Waste management options

Waste hierarchy is a priority order established
by the European Union giving the options for
managing waste, from the most favourable to
the least favourable. The waste hierarchy system
helps to establish a priority order between waste
management activities, based on which - with
certain exceptions — the best solution is preven-
tion. However, if this is not possible in certain cir-
cumstances, then reuse and recycling should be
applied to as much waste as possible, and only as
a last resort should waste be incinerated or land-
filled [1].

It focuses first on prevention and reuse, giving
products a “second chance”. This is followed by
recycling and composting, and waste incinera-
tion, which can generate electricity. Landfilling
is the most harmful solution for the environment
and our health, but it is also the cheapest [2]. Re-
covery therefore means the use of waste in a way
that results in the exchange of raw materials and
resources. In this way, waste becomes a market-

able, economically advantageous secondary raw
material or energy carrier that has a positive so-
cial perception and thus contributes significant-
ly to achieving environmental protection goals.
There are two main types of recovery, material
recovery and energy recovery. The recovery, re-
cycling and regeneration of components should
be considered, among other things, as recovery
in their material. In international practice, com-
ponents suitable for energy production are called
RDF (Refuse-Derived Fuel) or SRF (Solid Recov-
ered Fuels), i.e. fuel derived from waste or alter-
native fuel.

2. The MARPOL Convention

The MARPOL 1973/1978 Convention (Interna-
tional Convention for the Prevention of Pollution
from Ships) aims to protect the marine environ-
ment and prevent pollution from ships. The
convention, which is mandatory for all seagoing
ships of over 500 GT engaged in international
trade, addresses the following potential hazards
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and sources of pollution. From our point of view,

the provisions of Annex IV are the most impor-

tant, so we will elaborate on this.

AnnexI: Oil pollution prevention regulations

Annex II: Regulations for the prevention of pol-
lution caused by toxic substances in
bulk liquid form

Annex III: Requirements for the prevention of
pollution caused by packaged danger-
ous goods transported by sea

Annex IV: Regulations for the prevention of pol-
lution by sewage from ships

Annex V: Regulations for the prevention of pol-
lution caused by household and other
wastes generated on board ships

Annex VI: Regulations for the prevention of air
pollution from ships

2.1. Annex IV.

Wastewater:

a) drainage and other waste from any type of toi-
let, urinal and toilet cistern;

b) drainage from medical premises (pharmacy,
patient bay, etc.) through washbasins, washba-
sins and tumuli located in such premises;

c) discharge from places containing live animals;
or

d) other wastewater, if mixed with the above-
mentioned sewers.

Application
The provisions of this Annex shall apply to:

a) i. new ships of 200 gross tonnage or more;

ii. new ships of less than 200 gross tonnage
and certified to carry more than 10 per-
sons;

iii. new ships which do not have a measured
gross tonnage and are certified to carry
more than 10 persons;
existing ships of 200 gross tonnage and
above, 10 years after the entry into force
of this Annex;

ii. new ships of less than 200 gross tonnage
and certified to carry more than 10 per-
sons;

iii. new ships which do not have a measured
gross tonnage and are certified to carry
more than 10 persons.

b) i.

3. Thermal drying

Drying is basically the phenomenon of remov-
ing liquid from a solid by evaporation. Mechan-
ical methods of separating liquid and solid are
not considered drying. The principles and phe-

nomena of drying processes are generally inde-
pendent of the type of energy used. A significant
part of the energy consumption during drying is
for the evaporation of liquid water (2258 kJ/kg at
101.3 kPa). The solid may contain water in differ-
ent forms, such as free moisture or bound form,
which directly affects the drying rate [3].

The dewatering option is called thermal drying
when an external supplemental energy source
allows the waste to be heated. Thermal drying re-
quires the input of significant amounts of thermal
energy to the wet solids to evaporate the water
and to heat the solids and remaining water. Grav-
ity convection or forced air convection drying ov-
ens can provide greater uniformity, temperature
control, and rapid drying capability. Oven drying
can result in an efficient dehydration process and
short drying times, with maximum temperatures
of 250-350 °C. [4]

The dewatering option is called thermal drying
when an external auxiliary energy source allows
the waste to be heated. The drying process is usu-
ally used to evaporate the water from the residual
solids in the wastewater. In addition to the dry-
er, the drying system usually consists of material
handling and storage equipment, heat generation
and transfer equipment, air handling and distri-
bution equipment, emission control equipment,
and auxiliary systems. These equipment systems
can take many forms. In direct heat dryers, hot
air/gas flows through a vessel and comes into di-
rect contact with wet solid particles. The contact
between the hot air and the cold wet concentrate
allows the transfer of thermal energy, which
causes the temperature of the wet material being
dried to increase and the water to evaporate. The
hot air/gas can be produced by almost any heat
source, but is most often produced by a gas or oil-
fired furnace. Examples of direct drying equip-
ment include rotary drum dryers (Figurel). [5,
6,71

In this type of system, the heat is supplied
through a fuel-burning furnace that is fed directly
into the dryer drum. The dried material is sepa-
rated from the hot exhaust gas, screened and pro-
cessed, and then either returned to the dryer or
to storage silos. The exhaust air/gas is cooled and
a portion is returned to the dryer. The remaining
air/gas is treated in air pollution control equip-
ment and then discharged to the atmosphere.
The recirculation of the dryer exhaust gas serves
three important functions. First, it increases the
overall thermal efficiency of the drying system,
second, it minimizes the volume of exhaust gas
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Fig. 1. Schematic diagram of a rotary drum dryer [8]

that requires air pollution control, and third, it
provides a safety role by limiting the oxygen con-
centration in the system, which reduces the risk
of explosions. Air pollution control processes for
tumble dryers typically consist of additional par-
ticulate removal followed by regenerative ther-
mal oxidation to eliminate odors and volatile or-
ganic compounds. [5, 9, 10]

Direct drying systems vary considerably in the
type of equipment used to process wet and dried
biosolids. Even the rotary drum systems shown in
Figure 1 vary considerably in the general layout
and equipment used. Another type of direct dry-
er, which is increasingly used in the United States
and Europe, is the belt dryer. This is usually a
lower temperature system than the rotary drum
system. The heat supply is usually a fuel-burning
furnace, but unlike the rotary drum system, the
system exchanges heat with a heat transfer fluid,
hot water, or flue gas in an air heat exchanger,
rather than the furnace being directly immersed
in the drying chamber. [7]

4. The principle of modular design

In the current international competitive ship-
building market, success is based on offering both
competitive prices and short delivery times. This
has led to a focus on cost reduction in terms of
steel structure, machinery and manufacturing
process optimization. However, as the oppor-
tunities for further development of steel struc-
ture manufacturing and assembly techniques
are diminishing, the shipbuilding industry has

Fig. 2. Schematic diagram of the frame structure.

explored other options to reduce lead times and
costs. Recently, modularization has become an
incslireasingly popular method for reducing
manufacturing costs.[11]

Modularity is an approach that divides a system
into smaller parts, called modules, that can be in-
dependently created and assembled to create a
final product. Modular manufacturing is widely
used in the automotive, aerospace, and other in-
dustries, with proven time and cost savings. [11]
The characteristics of modular manufacturing,
such as the use of assembly lines, high levels of
prefabrication, and outsourcing, allow for sig-
nificant improvements in quality while reduc-
ing costs and production lead times. In our case,
modularity means that the equipment we de-
signed and built fits into 2 containers (Figure 2).
The lower unit, Frame I, is an extended-height 20
HC container (H:6060 x SZ:2440 x M:2900 mm),
while the upper unit, Frame II, is a 20' HC con-
tainer with increased height (H:6060 x SZ:2440 x
M:2600 mm). The unit is the same size as a stand-
ard height 20'DC (L:6060 x W:2440 x H:2600mm)
sea container. The units can be lifted using corner
elements designed and manufactured to the same
design as the factory.

5. Implementation process of the dry-
ing equipment
Our equipment is a drying device composed of
several parts, which has a Pre-dryer part and a
Main Dryer part. The former's task is to preheat
and pre-dry the material to be treated by apply-
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ing it in a thin layer (~80% moisture content). The
latter's task is to dry the material to the desired
<=20% moisture content. Pre-drying takes place in
thin layers applied to the surface of heated cylin-
drical drums with a combined feeding and crush-
ing, with a total pre-drying surface of approx. 5.7
m2. Main drying takes place in the heated frame
with two parallel shafts, heated double-walled in-
dividual leaf augers, with a total main dryer heat-
ed surface of approx. 25 m2. The capacity of the
device is 800 - 1000 kg/h, and its maximum energy
requirement is 110 kW/h. According to previous
shipboard experience, by treating this (so-called)
“sticky phase” in such a way that, thanks to the
structural design, it continuously shears the
clumping material and shreds it while transport-
ing it.

The frame elements are transported separately,
with the necessary mechanical and electrical dis-
assembly and assembly work. In the vertical di-
rection, the upper frame is loaded with its entire
weight on the lower one, no other fastening con-
nections (e.g. screw connections) have been cre-
ated. This is sufficient when installed on land, but
additional fastening elements may be required
when placed on a ship. Sidewall and roof frame
elements with sandwich panel inserts have been
manufactured for both frame components, which
can be assembled with screw connections and are
equipped with their own small lifting lugs to facil-
itate their movement.

The sandwich panel inserts ensure the preserva-
tion of the structure during transport. The upper
frame container can be completely paneled dur-
ing operation, if the internal operating tempera-
ture allows this. In the case of the lower container,
the long side panels (at least on one side) and the
distant short side panels should be removed dur-
ing operation. In the case of outdoor placement
(if necessary), rain shield plates according to the
picture below have been designed for the frame
structures on one of the long sides. A frame ele-
ment with a passenger door has been used on the
shorter side of the lower container according to
Figure 3. Access to the frame structure is ensured
even with panels installed through this. The up-
per Frame Structure II. unit can be accessed using
the access ladder placed inside the door.

We planned to test the pre-dryer first, so the pro-
duction of the related components began in par-
allel with the container frame structures. These
were: the silo, the tank with a unique mixer, the
shredder-feeder, the filling-preparer, the pre-dry-
ing drum, the knife material separator and the oil

tanks. In the meantime, the control and the de-
sign of the weak and strong current systems were
carried out. The tests of the pre-drying unit were
carried out while the electrical and control sys-
tem was already in operation (Figure 4).
Everything was designed so that after the
pre-drying tests, the dryer could be “slid” into
place by lifting the individual components. The
installation of the pre-drying tests and the neces-
sary units was ensured by making a “mold” of the
main dryer that held the elements designed for
the main dryer. The production of the main dry-
er took place in parallel with the pre-drying tests,
where several difficulties had to be addressed:

- Since both screws were designed to be heat-
ed from the inside, the deformation caused by
welding had to be minimized during the pro-
duction of the screw blades.

— Due to the unidirectional rotation of the two
pulleys, we faced additional alignment chal-
lenges

- On the first try, both pulleys were made ac-
cording to the drawing, but we found that they
did not "turn in each other", so one of the pul-
leys had to be re-manufactured to match the
other, made according to the drawing.

— The co-rotation of the gears that turn the
pulleys had to be fine-tuned along with their
control, which was only possible after many
attempts.

Fig. 3. .The frame element of the pedestrian door.
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Fig. 4. Schematic diagram of the control system (detail).

After solving these problems, the production
was followed by the mechanical assembly phase,
which was implemented as an installation in the
frame structure unit, in order to ensure optimal
space utilization. In the meantime, the testing of
the equipment continued, the commissioning, the
licensing process was started, and the documen-
tation for obtaining utility model protection was
prepared. Test protocols (notes/records) were
prepared for the testing steps, in which the func-
tion tests to be performed and tested, as well as
mechanical, mechanical and electrical operation
tests were precisely defined. The tests ended with
good results, the equipment was installed, and its
operation has been flawless ever since. The as-
sembled equipment is shown in Figure 5.

6. Conclusions

The drying process is usually used to evaporate
water from the residual solids in the wastewater.
In addition to the dryer, the drying system usually
consists of material handling and storage equip-
ment, heat generation and transfer equipment,
air handling and distribution equipment, emis-
sion reduction equipment and auxiliary systems.
These equipment systems can take many forms,
one of which is the drying equipment designed

and manufactured by us, which operates on the
Oasis of the Seas ship. Our equipment is a drying
equipment composed of several parts, which has
a so-called Pre-dryer part and a so-called Main
dryer part. The task of the former is to preheat
and pre-dry the material to be treated by apply-
ing it in a thin layer (~ 80% moisture content). The
task of the latter is to dry the material to the de-
sired ~ 20% moisture content.

Fig. 5. The assembled equipment
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Abstract

In this research, synthetic bathing water was created treated by coagulation and mechanical filtration.
The waters were qualified before and after treatment, so that the effectiveness of the treatment could be
calculated. The greywater produced during the treatment was circulated in a hydroponic tower next to a
tapwater control tower. The watercress grown was analyzed in the towers and their results were compared.
The results show that the greywater treatment was effective and the watercresses were comfortable in the
synthetic bathing water tower without nutrient solution. They grew larger than their counterparts grown in
tapwater, and their average moisture content was also higher. Additionally, the spectrophotometric deter-
mination of indole-3-carbinol content was investigated in the plants. However, the obtained spectra were
noisy, and the absorbance values were too small for reliable evaluation. Our further aim is to improve the
determination of active ingredient using other methods (e.g. solid phase extraction).

Keywords: greywater, watercress, hydropony, indole-3-carbinol.

1. Introduction

Nowadays, the treatment and reuse of greywa-
ter from households is becoming increasingly
common, as water is a limited resource. The re-
use of greywater allows for a reduction in house-
hold water use, which contributes to reducing
water consumption, and therefore it is important
to raise awareness of the importance of reusing
greywater in households. In addition, it is essen-
tial to protect our health, to which the consump-
tion of medicinal herbs makes a major contribu-
tion. Watercress is a highly nutritious plant that
has a number of beneficial effects on the human
body, and indole-3-carbinol, which is thought to
have cancer-preventive effects, is also found in it.
With the right results, the sustainability of medic-
inal plant supply to the pharmaceutical and food
industries can be enhanced through the cultiva-
tion of watercress in hydroponic towers.

2. Alternative water source: greywater

In households, two types of wastewater are dis-
tinguished based on quality criteria. These are
blackwater and greywater. Blackwater is the
more polluted fraction of wastewater, which is
produced during the flushing of toilets and there-
fore contains contaminants that pose a serious
health risk. Greywater (GW) is the less contam-
inated fraction of wastewater, which does not
contain the blackwater from toilet flushing. It
includes used water from bathroom activities,
washing dishes and laundry. Greywater can be
further subdivided into light and dark greywa-
ter fractions based on the degree of contamina-
tion. For many water-using activities, such as
the self-irrigation of medicinal plants, greywa-
ter treatment is necessary, otherwise the plants
would take up undesirable pollutants that would
enter the food chain. In our research, synthetic
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bathing water was treated, which was based on
tap water, using coagulation/flocculation chem-
ical methods and mechanical filtration through
sand [1, 2].

3. Hydroponic cultivation of watercress

Watercress (Nasturtium officinale) is a highly
nutritious plant of the cruciferous family (Bras-
sicaceae) that has many beneficial effects on the
human body. It is full of vitamins and minerals
such as vitamin C, vitamin A, vitamin K, as well
as folic acid, calcium and iron. It also has antioxi-
dants such as beta-carotene, lutein and quercetin.
Furthermore, it is rich in a compound called glu-
cosinolate, which is converted into indole-3-car-
binol when plant cells are broken down (e.g. by
chopping or chewing) [3].

By growing watercress in a treated greywa-
ter-based hydroponic system, the supply of me-
dicinal plants can be made more sustainable to
the pharmaceutical and food industries. By grow-
ing up to 600 plants on 7.5 m2 of land up to three
times faster and 30% more efficient than conven-
tional methods, and by recycling and reusing the
water circulating in the system, 90% less water
can be used up than conventional outdoor culti-
vation [4].

4. Material and methods

Based on the previous research results of the
Department of Environmental Engineering [2],
], a synthetic bathwater based on tap water was
created, and this greywater fraction was treated
by coagulation with ferric chloride (FeCl,) (Fig-
ure 1) and mechanical filtration through sand.

The greywater produced during the treatment
was circulated in the hydroponic tower, which
was assessed before and after treatment to calcu-
late the effectiveness of the treatment. A tap wa-
ter control tower was also operated for a better
comparison. The irrigation water entering and
leaving the towers was also assessed to monitor
changes in water quality. Among the water quali-
ty parameters, pH, specific conductivity (EC), zeta
potential (ZP), turbidity (TURB), biochemical ox-
ygen demand (BOD,), chemical oxygen demand
(COD), and total organic carbon (TOC) were inves-
tigated.

For pH measurement, a SenTix 41 combined
PH electrode was used, for specific electrical con-
ductivity (EC) and zeta potential (ZP), a Zetasizer
Nano Z device, for turbidity (TURB), a Turb 555-IR
turbidity meter, for biochemical oxygen demand
(BOD,), OxiTop IS 12 devices, for chemical oxygen
demand (COD), a NANOCOLOR Linus spectropho-
tometer, and for total organic carbon (TOC), a
Shimadzu TOC-VCPN device were applied. Plants
were pre-grown for 12 days and placed in hyd-
robaskets with rockwool cubes in Rotower hy-
droponic tubes, distributed by Green Drops Farm
Ltd. as shown in Figure 2.

The watercresses spent 20 days in the hydropon-
ic system. Each day, pH and EC parameters were
measured in both towers. Different plants have
different ideal pH requirements, but the optimal
range varies between 6.5 and 7.5. The optimal
level was maintained by the addition of 24.5%
phosphoric acid. Water evaporated or consumed
by the plants was replenished every 3 days (tap
water was taken from the main water supply and
treated greywater was prepared and treated in

Fig. 1. Coagulation-flocculation chemical treatment.

Fig. 2. Watercress in the hydroponic system.
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advance and stored in a refrigerator). During the
analysis of the watercresses, the average plant
length, the maximum root length and the mois-
ture content of the bushes in both towers were
measured, and the average chlorophyll-a, chloro-
phyll-b and total carotenoid concentrations were
also measured with a Nanocolor Vis spectropho-
tometer. The concentration of the active ingredi-
ent indole-3-carbinol (I3C) in the water sample
was determined by UV/VIS spectrophotometry.
The concentration of I3C was measured using an
Agilent Cary 60 photometer and ethyl acetate and
ultrapure water were used as solvents.

5. Results and conclusions

In this chapter, the results of the water and
plant qualification and I3C determination studies
are presented together with their evaluation.

5.1. Water quality parameters

As part of our research, synthetic bathwater was
prepared and treated four times. Untreated grey-
water was assessed to evaluate the effectiveness
of the treatment. In addition to using tap water as
irrigation water in one of the hydroponic towers,
it also served as the base for the synthetic greywa-
ter, so each time, tap water samples were taken
and assessed, along with untreated and treated
greywater. The quality parameters of the water
types are presented, averaged and supplemented
with standard deviations, using tables.

In Table 1 it can be observed that tap water has
the lowest average pH (7.67+0,1), which is basi-
cally higher than the typically neutral (7) value of
tap water. This indicates that the tap water used
in our study is slightly more alkaline. For the
treatment of greywater, turbidity (TURB), BOD;,
and COD results were evaluated according to Reg-

Table 1. Summary table of results for water types

ulation (EU) 2020/741 of the European Parliament
and of the Council on minimum requirements for
the reuse of water [5], and Directive 91/271/EEC
on urban wastewater treatment [6] respectively.
Measurement of TURB is important in greywater
treatment, as high turbidity affects filtration and
disinfection processes, as well as reducing the
aesthetic quality of the water. According to EU
Directive 2020/741 [5] TURB should not exceed 5
NTU. The treated greywater had an average TURB
value of 0.824+0.78 NTU, which is below the EU
2020/741 turbidity limit. The aim of greywater
treatment is to minimize the amount of organic
matter. According to EU Directive 2020/741 [5]
the permitted value of BOD, for agricultural irri-
gation is < 10 mg/l. The average BOD, value of the
greywater treated was 4.13+3.64 mg/l which does
not exceed this limit. The reduction of COD levels
is a key factor in the treatment of greywater. The
COD limit value under Directive 91/271/EEC [6] is
125 mg/l. The average value of the synthetic bath-
water treated during the research was 14.1+4.5
mg/l, thus, this requirement was fulfilled with the
applied treatment. Overall, the treated greywa-
ter fulfilled the TURB, BOD, and COD limits, and
no significant differences were found compared
to the drinking water, thus the treatment proce-
dure can be considered effective. By comparing
the parameters of untreated and treated synthet-
ic bathing water, treatment efficiencies were also
calculated, as shown in Table 2.

Based on the results of treatment efficiency, it
can be said that the amount of pollutants was re-
duced by the treatment process. The treatment of
greywater was mainly aimed at reducing TURB,
BOD,, COD and TOC, which was achieved by hav-
ing a treatment efficiency of more than 90% for
these parameters.

Table 2. The treatment efficiency of the water quality

Jert measu | Tapwater| TRrented| Trened,
rement
pH - 7.67+0.1 8.18+0.1 8.06+0.1
EC uS/cm 7.67+38 917+23 8514203
7P mV - -32.5741.70|-11.47+2.26
TURB NTU 0.2940.06 | 43.3+6.1 | 0.82+0.78
BOD, mg/l 1.3840.52 137461 4.13+3.64
KOD mg/l 8.83+0.72 | 515+170 14.1+4.5
TOC mg/l 2.74+0.27 57.745.4 | 3.86+0.94

parameters
Parameter Unit of Tregtement
measurement | efficiency (%)

PH - decreased
EC uS/cm 7,27

Zp mv 64,78
TURB NTU 98,11
BOD, mg/l 96,97
KOD mg/l 97,27
Toc mg/l 93,31
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5.2. Analysis of the irrigation water before
and after the hydroponic tower

Treated synthetic bathwater and tap water
(used as a control) entering the hydroponic tow-
er were certified. At the end of the trial period
the water quality parameters of the tower water
were measured again to monitor changes in wa-
ter quality. Since water was added several times,
the average of the water inputs was used as a ba-
sis.

In Table 3, it can be observed that the pH of the
tap water decreased, which can be explained by
the addition of phosphoric acid (which was added
to maintain the correct pH). Smaller amounts of
phosphoric acid were added, which did not cause
a drastic drop in pH, so it had to be used more
often to maintain the optimal pH. TURB also de-
creased, but BOD,, COD and TOC increased due to
plant activity.

Table 4 illustrates that the pH and ZP of the
treated greywater also decreased, which is also
due to the addition of phosphoric acid. More
phosphoric acid was added at the beginning of
the experiment than to the tap water, which re-
sulted in a much lower pH than the tap water
tower from the beginning of the experiment.
The lower pH also affects the specific conduct-
ance and the nutrient uptake of the plants. The
increase in EC is either due to the pH change or
to the accumulation of possible organic or inor-
ganic matter that the plants did not take up. The
TURB value also decreased here, and BOD,, COD
and TOC also increased, again due to the activity
of the plants. These suggest that the plants did not
take up any residual organic and inorganic mat-
ter from the synthetic bathwater. In conclusion,
the organic matter content (BOD,, COD and TOC)
of the tap water increased more than that of the
treated greywater at the end of the experiment.
However, turbidity was reduced more in the
treated synthetic bathwater than in the tap water.

5.3. Analysis of watercresses

During the hydroponic plant cultivation, a total
of 20 watercresses were analysed from each tow-
er. In the analysis of the watercresses, the aver-
age plant length of each bush in each tower was
measured using 3 parallel measurements and the
maximum root length was measured using a tape
measure. The results obtained were averaged
separately for the parameters of the plants grown
in the drinking water and in the treated greywa-
ter towers.

Table 3. Tap water parameters before and after the
hydroponic tower

-
& g Tapwater
= o g
o | ©F
E o= Cch
S REE ange
% | P & Before After
o Q
E
pH - |7.674£0.11 | 6.8240.01 decreased
decreased by
EC uS/cm| 767438 580+11 24.49%
decreased by
TURB | NTU | 0.29+0.06 | 0.12+0.03 58.62%
increased by
BOD; | mg/l | 1.38£0.52 |  4+0 189 85%
increased by
KOD | mg/l |8.83+0.72 2240 149%
increased by
TOC |mg/l|2.7440.27 | 18.03+0.02 55800

Table 4. Treated greywater parameters before and
after the hydroponic tower

-
=
St
5 ""E Treated greywater
1) (=]
E | =8
£ = 5 Change
5 | P & Before After
A (%]
g
pH - |8.06+0.05| 6.7140.01 | decreased
increased by
EC  uS/cm| 8514203 | 1225+34 44.03%
decreased by
7P mV |-11.47+2.26| —5.43+2.64 52.66%
decreased by
MTURB | NTU | 0.824+0.78 | 0.154+0.03 81.71%
BOD increased by
OD; | mg/l | 4.1343.64 | 4.50+0.71 8.96%
144 increased by
KOD | mg/ t 1741 20.74%
increased by
TOC |mg/l| 3.86+0.94 | 6.50+0.06 40.62%

The average maximum root length of the wa-
tercresses grown in the tap water tower was
49+7 cm and that of the watercresses grown in
the cultivated greywater tower was 35+8 cm, as
illustrated in Figure 3. The difference in maxi-
mum root length is about 14 cm and the plants
grown in drinking water have the longer roots.

The average plant length was 19+3 cm for
the tap water plants and 1946 cm for the treat-
ed greywater plants, as illustrated in Figure 4.
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Fig. 3. Comparison of the average maximum root
length of the watercresses.

Fig. 4. Comparison of the average plant length of the
watercresses.

Fig. 5. Average moisture content of the watercresses.

Fig. 6. The average concentration of chlorophyll-a,
chlorophyll-b, and carotenoids in the waterc-
resses grown in tap water

Overall, there is no significant difference in plant
length. The wet and dry biomass weights of the
watercresses were measured to determine their
average moisture content, which is compared in
Figure 5.

In terms of average moisture content, it can be
said that there is not much difference between
the plants grown on tap water (90.94+0.02%) and
treated greywater (93.84+0.01%), but the aver-
age moisture content of the watercresses in the
treated synthetic water tower is slightly higher.
However, our measurements support the claims
in the literature [7], regarding the high moisture
content of watercress.

In order to determine the concentration of chlo-
rophyll-a, chlorophyll-b and total carotenoids,
pigments from the plants were firstly extracted
and then determined spectrophotometrically.
From these results, the concentrations of chloro-
phyll-a, chlorophyll-b and total carotenoids were
calculated and averaged. Figure 6 shows the av-
erage results of the watercresses grown on tap
water and Figure 7 shows the average results of
the watercresses grown on treated greywater.

The average chlorophyll-a concentration of the
tapwaterreared watercresswas 1.50+0.25 mg/gSP,
chlorophyll-b concentration 0.95+0.20 mg/gSP,
and carotenoids concentration 0.43+0.08 mg/gSP.

The plants grown in the treated greywater had
an average concentration of chlorophyll-a of
1.1840.20 mg/gSP, chlorophyll-b of 0.71+0.12 mg/
gSP and carotenoids of 0.324+0.60 mg/gSP. In com-
parison, the watercresses in the tap water hydro-
ponic tower had a slightly higher average concen-
tration of the pigments compared to the treated
greywater tower.

Fig. 7. The average concentration of chlorophyll-a,
chlorophyll-b, and carotenoids in the waterc-
resses grown in treated greywater.
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5.4. Results of the I3C active ingredient de-
termination analysis

As a preliminary experiment, the spectrum of
ethyl acetate in aqueous solution was firstly de-
termined. The absorbance of pure ethyl acetate
was too intense, so aqueous solutions were ana-
lysed. Using this series of experiments, the molar
spectrum () of ethyl acetate in aqueous medium
was determined in the wavelength range 190-290
nm, as illustrated in Figure 8.

The absorption maximum of ethyl acetate is be-
tween 200 nm and 210 nm, with low absorption
at longer wavelengths. To determine the molar
spectrum of I3C, I3C solid chemical was used. To
prepare the calibration series, solid I3C was dis-
solved in ethyl acetate and diluted with ultrapure
water. The molar spectrum of I3C between 225
and 300 nm is illustrated in Figure 9.

The calibration series showed that the absorp-
tion maximum of I3C was in the range of 250 nm
to 300 nm. At these wavelengths, the interfering
effect of ethyl acetate is negligible but can be cor-
rected if necessary. For the I3C determination of
watercress extracts, 0.5; 1; and 2 g of watercress
slurries were weighted and extracted with ethyl
acetate and diluted with ultrapure water. Repre-
sentative spectra are shown in Figure 10.

The following conclusions were drawn from the
spectra of extracts containing watercress pulp of
different masses. The absorbance systematically
increased with increasing volume of the extract
in the cuvette, but unfortunately the fine struc-
ture of I3C (Figure 9) is difficult to discern. The
measured spectra are noisy and the absorbances
are too low for reliable evaluation. An additional
method was also tried, but the same conclusions
were drawn as for the spectra of watercress ex-
tracts. Experiments for the quantification of 13C
are planned, both by further development of the
spectrophotometric method and by the inclusion
of other techniques. In the former case, increasing
the cuvette concentration (and thus the absorb-
ance) is a possible approach, but even then the
matrix effect can be a problem. As an alternative
method, for example, high-performance liquid
chromatography (HPLC) is an obvious choice. In
the coming period, we intend to further develop
the spectrophotometric method for the determi-
nation of I3C using solid phase extraction (SPE).

It is important to note that these data were gen-
erated using synthetic greywater treated without
nutrient solution during the cultivation of water-
cress in a hydroponic system.

Fig. 8. The spectrum of ethyl acetate.

Fig. 9. The spectrum of I3C ethyl acetate solution.

Fig. 10. The spectrum of the solution containing 1 g
of watercress paste.

6. Conclusions

The management of greywater in households
and the importance of its reuse were investigat-
ed, with a particular focus on the hydroponic
cultivation of watercress (Nasturtium offi-cinale),
which can make the supply of medicinal plants
more sustainable by recycling greywater. Grey-
water is a type of household wastewater that
does not contain black water (wastewater from
toilet flushing), the proper treatment of which is
a key to prevent plants from picking up unwant-
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ed contaminants. In this research, greywater was
treated by the coagulation/floculation chemical
method and mechanical filtration, and then ap-
plied to watercress cultivation in a hydroponic
system. The quality parameters of the tap water
and treated greywater were continuously meas-
ured and the results showed that the treatment
of the greywater was successful as it fulfilled the
water quality limits (turbidity, BOD,, COD) set by
the European Union [5, 6]. The growth and bio-
logical parameters of the watercresses were also
monitored. There was no significant difference
in plant length, root length and moisture content
between plants grown on tap water and treated
greywater, although tap water plants had slight-
ly higher concentrations of chlorophyll-a, chlo-
rophyll-b and carotenoids. The concentration of
the active substance indole-3-carbinol (I3C) was
determined by UV/VIS spectrometry. However,
the measured spectra are noisy and the absorb-
ances are too small for reliable evaluation. In
conclusion, the results of this study showed that
treated greywater can be effectively used to grow
watercress in hydroponic systems, thereby reduc-
ing water logging in a sustainable manner, while
not significantly affecting the quality parameters
of the plants.
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Abstract

The use of artificial intelligence (AI) in our time is becoming more and more extensive, so it is no question
that there is a need for new AI concepts. We have developed our research methodology to accommodate
new cognitive science theories, which we present through a concrete example: how Integrated Information
Theory (IIT) was born and what it is good for. IIT is one of the main theories of consciousness in cognitive
neuroscience and phenomenology. The main pillar of our methodology is the philosophy of science, which
puts IIT into context, examines its origin and usability. This serves the purpose of a framework to be able to
interpret ideas from the most diverse fields and to rank them according to their engineering applicability, so

that we can create new, useful Al toolkits from them.

Keywords: AL research, philosophy of science, IIT.

1. Introduction

In our study, using the philosophy of science
methodology, the AI researcher contextualizes
theories from the field of cognitive sciences and
only then begins working with them. This is neces-
sary because interdisciplinary work requires or-
der and a unified interpretation, which demands
a well-defined framework. Through this method,
the researcher becomes familiar with the theory
itself, its origin, its mathematical description, and
its applicability. We define the three main fields
that constitute the structure of the methodology:

a. Philosophy consists of systematic linguistic
and conceptual structures derived from our per-
ceptions of the world. The central questions of
philosophy are: What is nature? What is its ori-
gin? What is its foundation? Who are we? These
ideas manifest not only in our understanding
methods but also in our everyday lives.

B. Science as we define it, is a branching process
that, like philosophy, seeks to understand nature.
However, it grounds this understanding in sys-
tematic observation and experimentation.

This reveals that the overlap between the two
fields occurs during the creation of new scien-
tific theories, as in their earliest phase, devoid

of experiments, researchers must rely solely on
imagination. This connection, evident both logi-
cally and historicall [1], underscores that science
originates from philosophy.

y. Philosophy of Science is the branch of phi-
losophy concerned with scientific thinking and
methodology. Its primary aim is to systematically
guide and refine scientific research and methods,
while addressing the challenges of scientific rea-
soning and human bias. Examples of fields where
we deem this discipline critical include: atomic
physics, cosmology, biology, cognitive sciences, Al
research, psychology, ethics, and the humanities.
Conversely, we consider it less pivotal in areas
such as: applied sciences, technologies, industry,
and any domain where existing theories are ap-
plied unchanged.

2. Structure of the Methodology

The AI researcher must analyze and document
the discovered or newly devised theory across the
listed contexts, examining distinct aspects within
each. The contexts correspond to the subjects de-
fined by Greek letters (a, B, y):

I Historical Context (a, B)

II. Mathematical Description(a,p,y)
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III. Epistemological Context (j, y)

IV. Ontological Context (a, B, y)

V. Methodological Context (B, y)

VI.  Scientific Results ()

VII. AI Applicability ()

VIII. Axiological Context (a, y)

For each context, the theory must be scored on a
scale of 1-5, depending on its prominence in that
context. A score of 1 indicates no relevance, while
5 denotes maximal relevance.

Example: The Integrated Information Theory
(IIT) receives a score of 3 in the AI Applicabili-
ty context. This scoring Table 1 helps prioritize
which theories warrant deeper engagement. The
researcher must cite annotated sources in the
documentation to ensure usability for future pub-
lications.

At the conclusion of the methodology, the the-
ory’s general properties are recorded, and a
weighted composite score is calculated. The the-
ory’s Al applicability is then expressed as a per-
centage.

3. Methodology Example: IIT

We selected a representative theory that orig-
inated outside technical disciplines, exhibits
strong context I. and II. relevance, and serves as a
paradigmatic case for philosophical questions in
science.

—Name: Integrated Information Theory (IIT); [2]

—Field: Cognitive Neuroscience and Phenome-
nology;

—-Lead Author: Dr. Giulio Tononi (Neuroscien-
tist);

—Theory: The causally integrated information
within a network serves as a metric for deter-
mining its potential “consciousness”. Denoted
as @, it quantifies the extent to which a net-
work’s structure integrates causal information
in itself.

Table 1. Score table for IIT

Context Points
L 5
1L
III.
v
V.
VI
VIL

VIIL

B W s (P W u;

3.1. Historical Context (I.)

In this context, we examine the pre-theoretical
intellectual traditions or scientific procedures
that preceded the theory historically, as well as
its relationship to classical philosophical move-
ments. While this section can often be omitted, it
is recommended for theories with deep historical
roots. IIT scores 5 here, as it originates from a
longstanding philosophical problem: What is con-
sciousness? Why is it so difficult to explain? Dr.
Tononi provides a robust historical and literary
overview in his book Phi [3], where he explains
how thinkers like Galileo grappled with questions
of consciousness.

The "hard problem of consciousness" was fa-
mously articulated by philosopher David Chal-
mers in the modern era [4]: How do biological
mechanisms give rise to unified, qualitative
subjective experience? Why does red appear as
"red"? Why is consciousness so specific and qual-
itative?

From this problem IIT constructed its main axi-
oms. (Figure 1)

Fig. 1. The “hard problem of consciousness” [5]
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3.2. Mathematical Description (II.)

In this section, we study the formal mathemati-
cal description of the theory, including all axioms,
equations, and relationships that form its founda-
tion. Axioms are properties derived from gener-
al observations, postulates are theoretical state-
ments of derived regularities, and mathematical
expressions formalize these postulates. In this
context IIT scores 5 points.

3.2.1. Existence

Axiom: Consciousness exists; therefore, it must
possess causal power.

Postulate: The network must exhibit cause-ef-
fect power.

Mathematical Expression: Given a stochastic
network in a state x, with transition probability
matrix T, describing the probabilities of transi-
tions from x, to x,,,. From this we define the net-
work’s cause-effect repertoire:

Pcause (Xt—I |Xt)

Pejfect (Xt+1 |XI) (1)

3.2.2. Composition

Axiom: Consciousness is composed of distin-
guishable phenomenological elements (e.g.,
sounds, colors, sensations).

Postulate: The network must form a complex of
mechanisms (subsets of elements) that collective-
ly constrain the cause-effect repertoire.

Mathematical Expression:

For a fully connected 3-node network:

M={A, B, C, AB, AC, BC, ABC} )

where M is the set of mechanisms. A mechanism
qualifies as a complex if its calculated @ > 0.
(Mechanisms include bidirectional connections,
e.g. AB={AB, BA})

3.2.3. Information

Axiom: Every conscious experience is specific
and distinct from other possible conscious states.

Postulate: The network must exhibit a differen-
tiated causal structure (high informational diver-
gence from randomness).

Mathematical Expression:

EIcause = D (Pcause’ Pmax)

EIeffect=D(Peffect’ Pmax)

EI=min (EI ., Eleﬁect), 3)
where:

EI - cause information;

cause

EIeffect — effect information;
max max1murp entropy distribution;
EI - effective information;
D — distance metric (e.g., Earth Mover’s Dis-

tance or Kullback-Leibler Divergence)

3.2.4. Integration

Axiom: Consciousness is unified, not reducible
to independent parts.

Postulate: integrated information (®) represents
the irreducibility of information in a mechanism.

Mathematical term: bipartitions of the network:

{{A}, {B,C}}, {{B}, {A,C1), {{CL {A,B}}

©=miny, [D(Pyq, P

partitioned )] (4)’
where:
@ > 0, if the subsystem is irreducible;
P, .. — cause-effect repertoire of the network;
- cause-effect repertoire of the parti-
tioned network;

MIP — minimum information partition.

total

P partitioned

3.2.5. Exclusion

Axiom: Consciousness is a specific state in time
and space, excluding other states.

Postulate: The network’s major complex is the
one with maximal ®.

Mathematical Expression:

D, = arg max, ., {@(m)} (5)

3.3. Epistemological Context (IIL.)

This section evaluates how the theory expands
current knowledge and its explanatory power, a
critical criterion for applicability. In AI, we aim
to implement as many useful properties as pos-
sible to develop better problem-solving artificial
agents.

Natural Agent -
(Living Being)

Artificial Agent
(AD

Properties of natural agents are extrapolated
to artificial agents. Cognitive science studies the
cognitive properties of human beings. IIT quanti-
fies consciousness through the metric @. For this
section, the theory scores an average of 3 points.

3.4. Ontological Context (IV.)

This context examines the ontological frame-
work (e.g., electromagnetism, cells, atoms, or
unconventional paradigms) the theory uses in its
explanations.

IIT is ontologically independent, akin to Shan-
non’s information theory, meaning it applies to
any medium since it focuses on state dynamics
rather than the specific processes or elements
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constituting those states. For example, IIT can
model both neurons and logic gates. This onto-
logical independence is valuable for Al research,
as such theories can be adapted to technical do-
mains. IIT scores 1 point here.

3.5. Methodological Context (V.)

This section assesses the extent to which the the-
ory aligns with established scientific methodolo-
gies:

Deductive Method: 0. Background - 1. Theory
— 2. Prediction Method - 3. Testing the Pre-
diction (Measurement) - 4. Validate the Pre-
diction - 5. Accept/Reject the Theory

Inductive Method: 0. Background - 1. Observa-
tion (Measurement) - 2. Identify Patterns - 3.
Generalize - 3. Theory - 4. Validate the Theo-
ry - 5. Accept/Reject the Theory.

IIT follows a deductive methodology. While
it has demonstrated neuroscientific results, its
computational complexity (NP-hard) for large
networks necessitates approximations. Thus, it
scores 4 points in this context.

3.6. Scientific Results (VI.)

Here, we evaluate how well the theory is vali-
dated through observational and experimental
methods. A high score reflects robust explanatory
power for natural phenomena.

IIT scores 4 points in this context because it has
produced predictive results comparable to the
Global Workspace Theory of consciousness [6].
Additional achievements in brain research in-
clude. [7, 8] (Note: A score of 1 is assigned if no
experimental results exist. Findings within the
theory’s own field suffice for validation.)

3.7. AI Applicability (VIL.)

For the IIT theory, a public Python library
(pyphi) has been developed, freely available un-
der the condition that associated publications are
properly cited. [9] This library enables the cal-
culation of @ for arbitrary n-node stochastic net-
works. Figure 2 illustrates our example, in which
we compute @ for a network of logic gates.

Python code:

#The name of the nodes and it’s order:

node_labels = (‘OR’,;AND’,’XOR’ )
#Initial states vector [n]:

state = (1, 0, 0)
#Connectivity matrix [n * n]:

cm = np.array ([[0,1,1],

[1,0,1],
[1,1,01D
#Transition probability matrix [2”n * 2/n]:
tpm = np.array([[1,0,0,0,0,0,0,01],
[0,0,0,0,1,0,0,0],
[0,0,0,0,0,1,0,01,
[0,1,0,0,0,0,0,0]1,
[0,1,0,0,0,0,0,0]1,
[0,0,0,0,0,0,0,1],
[0,0,0,0,0,1,0,0],
[0,0,0,1,0,0,0,0]])
#Note:
cm connectivity entries can take binary values (0
or 1). In this example, the main diagonal is set to
0 because the network does not include nodes with
self-connections.
tpm is a matrix that encodes the probabilities of
transitioning from all possible states at t (row indi-
ces) to all possible state at t+1
#Generating the network:
net=pyphi.Network(tpm, cm, node_labels)
#Compute the major complex of the network:
mct=pyphi.compute.major_complex(net, state)
#Use @ of the major complex:
phi_maxt=mc.phi
#Pmaxt=1.916

Currently, we can state that IIT is useful for net-
work analysis to determine the degree of recur-
rence (feedback loops) in a network, as feedback
increases the & value. According to the model,
the more recurrent pathways a network has, the
more integrated it becomes. This property can
also be interpreted as dynamic memory, deter-
mined not only by the states of nodes but also by

Fig. 2. Example network (red “1”, white “0”).
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the network’s topology. While this is a network
analysis tool, we do not yet see direct utility for
Al, so we assign a neutral score of 3 for Al appli-
cability. Potential applications include using @ as
a training criterion for networks with variable
topologies or, in the future, as a metric for ethical
classification of Al systems. This context requires
further analysis, as we believe @ could also be ap-
plied to network optimization and sensor fusion
problems.

3.8. Axiological Context (VIIL.)

This section evaluates the theory’s relevance to
Al ethics. Al ethics is an increasingly critical issue,
making this context significant for many models.
According to the nonprofit Eleos AI [10] two main
risks threaten Al evolution:

—Overestimation (attributing human-like prop-

erties to Al);

—-Underestimation.

IIT scores 4 here, as its ® metric suggests even
logic gates could form a "conscious" Al. Howev-
er, we remain critical of this claim. While @ is
currently treated as a metric—not a definitive
measure—we acknowledge its potential role in
understanding consciousness. We intentionally
avoid defining consciousness or intelligence, as
these remain open questions in neuroscience.
For Al we aim to maintain flexibility to develop
new models. IIT posits consciousness as an inter-
nal process distinct from intelligence (an output

property.
3.9. Methodology Summary

At the end of the documentation, we record the
general properties of the IIT theory:

— Brain inspired AI? Yes;

— Traditional/Statistical AI? No;

— Top-down model? Only in method;

— Bottom-up model? No;

— Deductive or inductive? Inductive.

Using the context scores (Table 1) we calculate
a weighted composite score, prioritizing Al appli-
cability (VIL.) while heavily weighting mathemat-
ical rigor (II.) and scientific results (VL.). Contexts
III., IV., V,, and VIIL. contribute indirectly, while
I. (historical) is excluded. Context IV. is inverse-
ly weighted, as stronger ontological foundations
complicate interdisciplinary adaptation. This
weighting requires further refinement.

sum=1.*0+I1.*0.5 + II1.*0.25 - IV.*0.25 + V.*0.25 +
VL.*0.5 + VIL.*1 + VIIL.*0.1

Converted to a percentage using the rule of

three:

1T,

rating

=74%.

4. Conclusions

Our methodology is a starting point for deriving
practical Al tools from cognitive science theories.
While it requires refinement through application
to more theories, the goal is to enable analysis
of any theory or model, regardless of its cogni-
tive science origin. A repository of such analyses
would simplify designing new models by lever-
aging existing insights and identifying promising
applications for implementation.

The representative IIT theory discussed by the
methodology requires further analysis on our
part in terms of its applicability in AI, which will
be a separate task for us in the near future.
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Abstract

This article deals with the issue of repairing wooden structural elements with 3PHV60 type epoxy resin.
The primary objective of this paper is to model the effects of cracking. Finite element design software has
been used to study this issue and the results obtained have been compared with the results of previously
performed destructive tests. The results of the damaged specimens were compared with the results of the

resin-restored specimens.

Keywords: finite elemet modelling, structural timber, timber repair, epoxy resin, consolidation.

1. Introduction

Nowadays, the rehabilitation of buildings is
becoming increasingly important, but the resto-
ration of damaged structural elements of a build-
ing poses many challenges. Structural restoration
requires a responsible engineering approach,
including an economical and environmentally
conscious approach. One of the main principles
of an economic and environmental approach is
restoration/intervention according to the extent
of the damage.

The aim of this multi-stage research is to inves-
tigate the local restoration of locally damaged
timber structural elements with 3PHV60 type
epoxy resin. The main question of the research is
whether resin can increase the load-bearing ca-
pacity and stiffness of damaged timber structural
elements.

2. Initial situation

The first step of the research was to investigate
the mechanical properties of the 3PHV60 resin
for the restoration of wooden structural frames,
which is the subject of a previously published
article - Determination and comparison of the me-

chanical properties of epoxy resin type 3PHV60
with C24 structural graded softwood. [1] To inves-
tigate the mechanical properties of the 3PHV60
type epoxy resin used, studies based on fracture
tests were carried out. We have supplemented
our knowledge with information provided by
the manufacturer. After studying the mechani-
cal properties of the resin, the applicability of the
resin on wood was investigated. For more infor-
mation on this issue, see the study entitled Appli-
cation of 3PHV60 type epoxy resin for the repair of
timber structures. [2]

3. Presentation of the test specimens

The study investigates the effect of cracks in
the wooden structural members. To calculate the
shear stresses of the elements subjected to bend-
ing, Eurocode 5 uses a k_, coefficient (crack for
shear resistance) which takes into account the ef-
fect of cracking to calculate the effective section
width.

When determining the shear capacity, the ele-
ment width to be taken into account is calculat-
ed by the relation b .= k_h. For sawn and glued
laminated timber, the value of k. is 0.67. Based
on this value, weakening with a regular geome-
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try was applied to 1/3 of the tested cross-section
along the entire length of the specimen.

As a starting point, undamaged specimens were
tested. Afterwards, we continued with the testing
of unilaterally weakened specimens and finally
specimens repaired with resin. The results of the
tested cases were compared.

For the destructive tests and finite element mod-
els, the static model illustrated in Figures 2-4.
was used, taking into account the requirements
of the standard MSZ EN 408:2010+A1:2012 [3] .

During the destructive tests, the vertical dis-
placement was measured at midspan and the
force F at the moment of fracture. The study en-
titled A The Use of Epoxy Resin in the Repair of
Cracked Wooden Structural Elements [4] provides
a detailed demonstration of the results of the de-
structive tests.

4. Finite element modelling

After destructive tests, the experiments were
also modelled by finite element method using AN-
SYS 2024 R2 software, and the resulting force-dis-
placement diagrams were compared with those
obtained in non-destructive tests. For the nonlin-
ear calculation, the wooden specimen was con-
structed from SOLID45 type elements, assuming
a linearly elastic orthotropic material with a ma-
terial model that is hardening in tension and per-
fectly ductile in compression. The resin reinforce-
ment was modelled using SOLID185 element type
and assuming a linearly elastic isotropic material.

Assuming perfect working together between the
two materials, the displacements at the common
nodes of the different elements are linked so that
they are identical throughout the calculation. Ar-
ticulated supports were defined at one end of the
beam and roller supports at the other end. The
loads were placed on the beam at the third points
on 40x40 mm rigid load distribution plates with
small displacement controlled loads. The ele-
ments are composed of 5 mmx5 mmx5 mm finite
elements.

In the theoretical model, the elastic modu-
li, Poisson's ratios and limit stress values of the
materials were taken into account based on the
results of the destructive tests and data from the
literature. The parameters of the wood material
model are summarized in Table 1.

4.1. Intact wood specimens

The force-displacement diagrams obtained
from the destructive tests of the undamaged spec-
imens were constructed alongside the diagrams

Fig. 1. Cross section of the test specimens examined.

Fig. 2. Experimental configuration used for testing
intact wood specimens.

Fig. 3. Static model used for testing wooden speci-
mens cracked on one side.

Fig. 4. Static model used in the testing of resin-re-
stored wood specimens.



Marton P, Varga K. R., Koll6 G. — Miiszaki Tudomdnyos Kozlemények 22. (2025) 67

Table 1. Mechanical properties of wood used in finite
element models

Mechanical property Value
Young-modulus (x direction) 11000 N/mm?
Young-modulus (y direction) 649 N/mm?
Young-modulus (z direction) 1408 N/mm?
Poisson’s raio (xy direction) 0.462
Poisson’s ratio (Xy irdny) 0.255
Poisson’s ration (xz direction) 0.422
Shear modulus (xy) 1364 N/mm?
Shear modulus (yz) 110 N/mm?
Shear modulus (xz) 1320 N/mm?
Yield stress (tension, x direction) 50 N/mm?
longmodulus s eSS | 00 e
Yield stress (tension, y direction) 5 N/mm?
loungmodulus s US| 0mne
Yield stress (tension, z direction) 5 N/mm?
Jomngmotus ater ST 109 yime
Yield stress (compression, X direction) 30 N/mm?
toung modlus atr eldswess | oy
Yield stress (compression, y direction) 50 N/mm?
lomgmotuus eSS g e
Yield stress (compression, z direction) 50 N/mm?
toung modlus atryedswess | oy

obtained in the finite element model, so that
the correctness of the model could be checked
FigureS5 illustrates the destructive and finite el-
ement (ANSYS) force-displacement diagrams of
undamaged specimens. The dashed line indicates
the force-displacement function of the theoreti-
cal model. The vertical displacements measured
in the theoretical model at the moment of failure
are illustrated in Figure 6. Figure 7 shows the
evolution of the normal stresses and Figure 8 the
evolution of the shear stresses.

In the finite element model, the Young's mod-
ulus of the resin in all directions is 650 N/mm?
and the Poisson's ratio is 0.3.

In the destructive test, the average of F break-
ing forces was 5569 N and the average of vertical
displacements at mid-span was 28.26 mm. In the
theoretical model, the breaking force was 5106 N
and the vertical displacement at mid-span was
23.86 mm.

Fig. 5. Force-displacement diagram of undamaged
test specimens.

Fig. 6. Displacement diagram of undamaged speci-
mens in ANSYS finite element software.

Fig. 7. Normal stress diagram of undamaged speci-
mens in ANSYS finite element software.

Fig. 8. Shear stress diagram of undamaged specimens
in ANSYS finite element software
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4.2. Test specimens cracked on one side

After destructive testing, a finite element meth-
od was also used to investigate an element with
a simulated crack on one side of the element at
the neutral axis. Figure 9 shows the specimen
meshed with the finite element software. Figu-
re10. shows the force-displacement diagram of
the finite element model and the force-displace-
ment diagrams of the destructive test. Figure 11
shows the vertical displacements of the cracked
element in mm. Figure 12 shows the distribu-
tion of normal stresses of the cracked element in
N/mm?, Figure 13 shows the shear stresses of the
cracked element in N/mm?.

The force-displacement diagram of the element
modelled with the finite element software match-
es well with the diagrams of the fractured speci-
mens.

The average value of the breaking forces ob-
tained in the destructive tests was 5363 N and the
average value of the displacements measured at
midspan was 29.33 mm. The breaking force ob-
tained by the finite element method was 5018 N,
with a displacement of 23.43 mm.

Fig. 9. Finite element model of a specimen cracked on
one side.

Fig. 10. Force-displacement diagrams of test speci-
mens cracked on one side.

4.3. The resin-restored test specimens

Based on the geometry of the cracked speci-
mens, the resin-restored elements were prepared.
Figure 14 summarizes the force-displacement di-
agrams of the destructive tests and the theoreti-
cal model. The force-displacement function of the
finite element model is indicated by the dashed
line.

For the repaired specimens, the mean value of
the breaking forces obtained during the destruc-
tive tests was 5631 N and the mean value of the
vertical displacements at midspan was 26.76 mm.

Fig. 11. Vertical displacements of the cracked element.

Fig. 12. Distribution of the normal stresses of the
cracked element.

Fig. 13. Distribution of the shear stresses of the cracked
element

Fig. 14. The force-displacement diagram of the res-
in-restored test specimens.
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In the theoretical model, the mean value of the
breaking forces was 5065.64 N and the mean val-
ue of the vertical displacements at midspan was
23.86 mm. Figure 15 shows the vertical displace-
ments in mm of the resin-restored specimen.

Figure 16 illustrates the distribuiton of the nor-
mal stresses in N/mm? of the element restored
with epoxy resin. Figure 17 shows the distribu-
tion of the shear stresses in N/mm? of the resin-re-
stored element.

4.4. Comparison of cracked and resin-re-
paired cases

The effect of the resin was analysed by compar-
ing the normal and shear stress diagrams of the
sections in the finite element models. Cross sec-
tions were taken at midspan (3-3) and 120 mm
from the support (4-4). In the section 3-3 there is a
maximum normal stress point and in the section
4-4 a maximum shear stress point (Figures18-
27). The cross-sections where stress maxima are
found and local effects are not present were in-
vestigated. For the sections at the supports and
at the force inputs, the stress distribution is not
investigated at this time to avoid local effects.

Fig. 15. Vertical displacements of the resin-restored
element.

Fig. 16. Distribution of the normal stresses of the
resin-restored element.
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Fig. 18. Distribution of normal stresses in section 3-3
for the cracked element.

Fig. 19. Distribution of normal stresses in section 4-4
for the cracked element.

Fig. 17. Distribution of shear stresses in the resin-re-
stored element.

Fig. 20. Distribution of shear stresses in section 3-3
for the cracked element.
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Fig. 21. Distribution of shear stresses in section 3-3 Fig. 24. Distribution of shear stresses in section 4-4
for the resin-restored element. for the cracked element.

Fig. 22. Distribution of normal stresses in section 4-4  Fig. 25. Distribution of shear stresses in section 4-4
for the resin-restored element. for the resin-restored element.

Fig. 23. Distribution of shear stresses in section 3-3 Fig. 26. Distribution of shear stresses in section 4-4
for the resin-restored element. for the intact element.
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Fig. 27. Distribution of normal stresses in section 3-3
for the intact element.

5. Conclusions

The effect of cracking is not significant for the
distribution of normal stresses in either case. This
phenomenon can be explained by the position of
the crack in the cross section of the element (at
the neutral axis). For this reason, the fracture
forces do not differ greatly. Fracture occurs due
to the exceeding of the limit stress of the normal
stresses at this crack depth and position.

Cracking plays a key role in the development of
shear stresses. The crack is located at the maxi-
mum of the expected shear stress. Figure 18 illus-
trates the distribution of shear stresses of intact
specimens, where the shear stress XZ peaks at the
centre of the cross-section, as expected.

Figure 16 aillustrates the shear stress diagram
of the cracked specimen in cross section 4-4. In
the vicinity of the crack, a stress peak is observed
with a peak stress value of 8 N/mm?, which is
more than three times higher than the corre-
sponding point on the intact specimen.

In Figure 17 for the resin-restored specimen,
the application of resin has a positive effect on the
shear stress evolution. The stress peak is found
at the peak of the restored crack, but its value is
more than 2 times smaller than for the cracked

element. By using the epoxy resin, we realized to
reduce the stress peaks and to obtain values close
to the intact cross-section in terms of shear stress
evolution.

In the next steps of the research, we aim to in-
vestigate the effect of cracks on both sides of the
cross-section and their repair with resin. Subse-
quently, we also want to investigate cases where
the position of the weakening may influence the
evolution of the normal stress.
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Abstract

Lasers are now indispensable tools in industry, medicine, communications, and scientific research. Their
precision and efficiency have led to widespread adoption. However, their use demands significant caution,
as laser radiation poses a serious hazard to the human body, especially the eyes and skin. Due to this reason,
most laser sources are isolated from the environment (protective enclosure), however, there are applications
where the operator is in the same airspace as the equipment emitting hazardous radiation. In an industrial
environment, cutting, welding, and cleaning tasks can be performed with manual laser equipment. In this
case, not only does the laser radiation pose a potential risk, but also the smoke gases and aerosols generated
during the interaction between the laser light and the material, which can lead to respiratory diseases. To
ensure safe operation, the proper use of protective equipment — such as laser safety goggles and specialized
clothing - is crucial, along with meticulous workspace design and adherence to international standards. En-
suring radiation safety is not only essential for protecting individual health, but also a fundamental require-
ment for the sustainable and safe application of laser technology.

Keywords: laser beam, scattered radiation, wavelength, handheld laser source, photon-matter interaction.

1. Introduction High-power output can be achieved using gas
lasers, particularly CO, lasers with a gas mixture
of C, N, and He/H,0 vapour in a 1:1:8 ratio, as well
as solid-state lasers [2]. Initially, high-power laser
systems were primarily developed using CO, la-

Since the first laser-emitting device was devel-
oped by Theodore Maiman at the Hughes Re-
search Laboratory, California, in 1960, laser tech-
nologies have become indispensable in everyday
life [1]. This is due to the unique properties of
laser light: compared to conventional light sourc-
es, laser beams exhibit low divergence (minimal
beam spread), monochromaticity (single-wave-
length emission), and coherence, meaning they
maintain a constant frequency and phase in their
electromagnetic radiation (Figure 1.) [2, 3, 4].
The first two properties explain the widespread
application of lasers in metrology, medicine, and
the entertainment industry. However, in the field
of industrial material processing, the energy dis-
tribution on the irradiated surface and the ability
to achieve high power density are of paramount
importance [1]. Due to these characteristics, such
lasers are often referred to as high-power lasers,
as they are capable of delivering power outputs  Fig. 1. Schematic diagram of the differences between
in the kilowatt range [2, 3]. conventional and laser light sources.
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sers, but due to their complex design, operational
difficulties, and high maintenance costs, their use
has been declining, though they remain relevant
in certain applications [1]. In this type of setup,
the laser-active medium (which undergoes ex-
citation) is the CO, molecule, while the additional
gases or vapours are present to sustain a multi-
level energy system (Figure 2). Maintaining this
system is essential to achieving continuous wave
(CW) laser operation, which is indispensable for
cutting, surface treatment, and specific welding
applications. The emitted radiation has a wave-
length of 10,600 nm, which results from the vi-
brational energy transitions of the CO, molecule
[2, 31.

Over the past 30 years, the development of la-
ser technology has shifted towards solid-state la-
sers, particularly fiber-based excitation systems
[5, 6]. One of the key reasons for this transition
is that even the most robust rod lasers (an older
approach) cannot compete with the size and effi-
ciency of CO, laser excitation systems. Addition-
ally, solid-state lasers offer better operational ef-
ficiency and lower running costs [7], ], although
their maintenance may require specialised com-
ponents and tools [1]. Furthermore, the beam
properties of solid-state lasers significantly ex-
pand their range of applications [2, 3].

In these laser systems, the laser medium is an
optically transmissive material (crystal) that is
doped with laser-active elements. The most com-
mon medium is yttrium aluminium garnet (YAG,
Y,AL,0,,) doped with neodymium ions (Nd3*)
though other dopant such as ytterbium, erbium,
or holmium are also used [1, 2]. The wavelength
of the emitted laser beam depends on the dopant,

with neodymium-doped YAG lasers typically op-
erating at 1064 nm (Figure 2). Lasers emitting in
this near-infrared (NIR) region enable the pro-
cessing of materials such as aluminium (Al), cop-
per (Cu), and titanium (Ti), which would be chal-
lenging with CO, lasers [1, 2, 8].

As previously established, fiber laser technology
has seen the most significant growth [8, 9], pri-
marily due to its compact excitation system and
ease of beam delivery [1, 2]. Maximising these ad-
vantages has led to the development of hand-held
laser sources [5, 6, 8]. These devices are designed
for multiple functions (3-in-1: cutting, welding,
and surface cleaning), and upon purchase, they
come with interchangeable laser heads tailored
to each application. In many cases, a separate
wire feeder unit is also included, ensuring a con-
stant welding speed during filler-wire welding, as
the process depends on the wire feed rate. Anoth-
er factor driving the adoption of hand-held laser
sources is their easy integration with collabora-
tive robotic arms, which helps maintain a con-
sistent welding speed in autogenous (filler-free)
welding processes while improving reproduci-
bility (Figure 3). Additionally, CNC programming
enables the definition of a virtual workspace,
ensuring that the system prevents laser emission
outside the designated area [6].

Nowadays, fourth-generation hand-held laser
systems are in production, with manufacturing
primarily concentrated in the Middle East. These
systems are more cost-effective than CNC-con-
trolled industrial laser systems with fixed work-
spaces, with an approximate price of €10,000.
However, this cost reduction often comes at the
expense of compliance with stringent safety
standards, as many of these devices only partially
adhere to mandatory safety regulations such as
EN ISO 11553-2 and CE certification. Consequent-
ly, their operation necessitates careful consider-
ation of environmental controls and the imple-
mentation of appropriate personal protective
measures [5, 6].

Fig. 2. Wavelengths of radiation and schematic rep-
resentation of systems with 3 or 4 energy levels

Fig. 3. Hand-held laser sources (left) and their inte-
grated system with a cobot (right) [6]
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2. Laser Classification

Laser-emitting devices are classified according
to their hazard level based on the EN 60825-1
standard, with the 2014 edition currently in ef-
fect. The classification is determined by several
parameters, including laser power output (W,
mW), wavelength (nm, pm), exposure duration
(s), and emission mode (continuous wave or
pulsed operation) [8, 10]. There are four primary
laser classes, and within certain classes, addition-
al subcategories denoted by specific letters have
been established. The "M" designation originates
from the English word "magnification” and, in the
context of the standard, indicates that a device
originally classified as "harmless” may become
hazardous if an optical instrument is placed in
front of the source (Class 1M, Class 2M). The "R"
designation stands for "reduced", meaning these
lasers pose a lower risk compared to standard
Class 3 lasers; however, they are still hazardous
upon direct exposure (Class 3R). The "B" designa-
tion remains from an earlier version of the stand-
ard (Class 3B) and has no specific meaning in the
current classification (in the 1994 version, Class
3A corresponded to the current Class 3R, while
Class 3B remained unchanged) [11, 12, 13].

Class 1 lasers are enclosed systems and pose
no risk to human health (e.g., CD players). Class
1M lasers operate at wavelengths between 302.5
and 400 nm, and while they are safe for the na-
ked eye, they can be hazardous when viewed
through optical instruments (e.g., laser pointers).
Class 2 lasers (400-700 nm, max. 1 mW) rely on
the blink reflex to prevent eye damage during
brief exposure (e.g., laser pointers). Class 2M la-
sers share the same characteristics but can be
harmful if viewed through optical devices (e.g.,
marking lasers). Class 3R lasers have an output
power between 1-5 mW (400-700 nm). They are
not hazardous for short exposure, but prolonged
exposure can damage the eye. Warning signs (Fig-
ure4) and protective eyewear are recommended
(e.g., laser cutters). Class 3B lasers (5-500 mW)
pose a risk of eye damage even from scattered
radiation, making protective eyewear mandatory
(e.g., industrial and medical lasers). Class 4 lasers
present a severe risk of eye and skin injuries, as
well as a fire hazard. Protective equipment and
strict safety measures are required (e.g., industri-
al material processing lasers) [10, 11, 13].

Laser machine manufacturers ensure that their
products comply with the strictest safety regula-
tions. Therefore, they strive to classify their com-

Fig. 4. Indications of warnings and obligations (ac-
cording to ISO 7010).

mercially available equipment within Class 1, en-
suring that under normal operating conditions,
these devices pose no risk to users [1, 10, 12]. It
is important to note that if the safety enclosure
of a device initially classified in a higher hazard
category is removed (e.g., during maintenance),
its actual laser classification increases, thereby
posing a significant safety risk to personnel in the
vicinity [5, 10].

3. Biological Damages and Protection

This article aims to familiarise readers with the
effects of scattered laser radiation on biological
tissues. The most vulnerable organs are the eye
and the skin. In all cases, accredited protective
equipment must be provided in compliance with
relevant laws and regulations [14].

The eye is the most sensitive organ in the human
body concerning radiation exposure, making it
imperative to ensure adequate protective meas-
ures during laser operations [4, 5, 10]. Figure 5
illustrates the eye's response to different types of
radiation exposure.

It can be observed that the infrared radiation
(10,600 nm) emitted by CO, lasers is absorbed by
the cornea, potentially altering its structure and
the composition of the eyewater. However, under
short-term exposure, these effects remain revers-
ible [1, 12]. In the near-infrared (NIR) range, the
situation is less favourable: characteristic wave-
lengths in this spectrum can penetrate through
the lens structure, focusing the radiation onto the
retina, which can result in localised coagulation
[3, 4, 11]. To mitigate these hazards, specialised
protective eyewear has been developed, featuring
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Fig. 5. Schematic diagram of the reaction of the hu-
man eye to different radiations.

lenses with different refractive indices depend-
ing on the specific wavelength to be filtered. The
most well-known standard for such protective
products is EN 207:2020, which imposes stringent
requirements, whereas its American counterpart
(ANSI Z136.1) focuses solely on defining optical
density values [4, 5, 6].

Optical Density (OD) indicates the effectiveness
of protection against laser radiation, which is de-
termined through various tests before protective
eyewear is released to the market. The OD value
represents the logarithmic measure of radiation
attenuation, expressed as:

, 1)

where M, is the power of the incident beam (W),
and M, is the power of the transmitted beam (W)
[1, 4, 12]. The higher the OD value, the more effec-
tive the protection; however, increased OD also
correlates with higher costs, making it essential
to determine the minimum required protection
level [12]. The relationship between OD and the
Maximum Permissible Exposure (MPE; J/m?) is
given by the following equation:

, @)

where E is the degree of exposure (J/m?). To select
the appropriate protective eyewear, it is essential
to consider the operating parameters of the la-
ser system, including wavelength, power (P; W),
beam diameter (4; mm?) and operating mode [4,

Fig. 6. Illustrates the significant differences in the
effects of various laser types.

12]. The EN 207:2020 standard provides a classi-
fication table that helps determine the minimum
safety rating required for protective eyewear to
ensure safe usage. The technical documentation
of laser safety glasses includes transmittance
and optical density (OD) values for specific wave-
lengths, which should be carefully reviewed
when selecting the appropriate protective equip-
ment [5, 6, 12]. To maximise protection, shield-
type eyewear should be chosen to protect the fa-
cial skin and prevent laser radiation from reach-
ing the eyes from any angle [5, 8, 9]. The marking
system for protective eyewear is illustrated in
Figure 6 [15].

Laser safety glasses can have lenses made of
glass or polycarbonate. Glass lenses offer excel-
lentlight transmission properties, providing high-
er visible light transmission (VLT); however, they
tend to be more expensive, heavier, and more
fragile. In contrast, polycarbonate lenses are
more cost-effective, lighter, and impact-resistant,
but they allow less visible light to pass through
[4]. For ergonomic considerations, the VLT value
is recommended to exceed 35% [4, 5, 8].

Laser safety lenses are coated with thin layers
to enhance their filtering performance. One of
the most commonly used coating techniques is
electron beam evaporation, where the coating
material (SiO,, HfO,) is vaporised in a vacuum to
form thin films on optical surfaces. This method
is often complemented by ion-assisted deposition
(IAD), which utilises an ion beam to densify the
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coating, reducing its porosity and enhancing la-
ser resistance. Ion beam sputtering (IBS) offers
additional advantages by producing extremely
dense and low-scatter coatings (Al,O,, Ta,0,), im-
proving laser safety glasses' durability and optical
performance. Proper material selection is crucial,
as optical coatings must shield against laser ra-
diation and maintain optimal light transmission
and visual comfort. Multilayer dielectric (MLD)
coatings, which combine SiO, and HfO, enable
protective lenses for solid-state lasers to achieve
high optical density with minimal light loss. The
thickness of each layer and the refractive index
of the materials require precise engineering to
ensure that the final coating effectively reduces
hazardous reflections and maximises protection
[4, 12].

The human skin provides natural protection
against environmental influences, but it is less
effective against artificial radiation. Laser radia-
tion at different wavelengths penetrates the skin
to varying depths, leading to distinct damage
mechanisms [4, 10, 11]. Figure 7 illustrates the
significant differences in the effects of various
laser types.

The CO, laser (10.6 pm wavelength) radiation
penetrates only the uppermost layer of the skin,
where it induces damage through thermal con-
duction. This can lead to tissue overheating and
coagulation [12]. In contrast, solid-state lasers,
which operate at an order of magnitude shorter
wavelength, penetrate deeper into the skin, caus-

ing damage through the evaporation of water
within the tissues and the over-excitation of hae-
moglobin (Fe2?* and Fe3* ions) in the blood, leading
to "blood cell explosion" [4, 9, 11]. This phenom-
enon can contribute to the formation of blood
clots, which, in critical areas such as the capillar-
ies of the eye, may cause blockages [4, 12]. To pre-
vent skin injuries, the entire body must be cov-
ered with suitable protective clothing. The mate-
rial must be capable of absorbing laser radiation
without degrading [5, 9, 10]. For CO, lasers, con-
ventional cowhide welding apparel provides ade-
quate protection. However, for solid-state lasers,
specialised composite fabric is required, typically
incorporating stainless steel fibers (to reflect ra-
diation) woven with absorptive textiles [12, 16].
The entire human body must be shielded, which
is why jackets, pants, and gloves are also manu-
factured from such materials [8]. In all cases, it is
essential to verify that the protective equipment
provides adequate shielding for the specific laser
type and power level [4, 10].

4. Environmental solutions

The principle of ensuring that all laser sources
are classified within Class 1 reinforces the pre-
vention of the aforementioned injuries [1, 10, 12].
]. In industrial applications, high-power lasers are
typically controlled by CNC systems, which con-
fine the laser beam within a designated work-
space, allowing the system to be easily enclosed
and shielded from external exposure [2, 12].

Fig. 7. Depth of penetration of different radiations
into human skin [15]

Fig. 8. Recommended personal protective equipment
(internet)
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When hand-held laser sources are used, it is as-
sumed that they are manually operated, thereby
exposing the operator to significant scattered ra-
diation [5, 6, 9]. In traditional welding techniques,
workspaces are also segregated to prevent inju-
ries caused by UV radiation to individuals outside
the working area [3]. Such welding stations are
typically enclosed using curtains and screens [3,
10]. However, in my opinion, this level of shield-
ing is insufficient against NIR radiation, as these
barriers do not provide hermetic isolation. Nev-
ertheless, specialized welding screens and cur-
tains have been developed specifically to block
radiation within this wavelength range. Notably,
laser-active systems are available, which are in-
tegrated with the laser source and automatically
terminate photon emission upon direct radiation
exposure [5, 8, 17].

If the laser system is fully enclosed, individuals
outside the workspace are protected; however,
within the enclosure, various materials with dif-
ferent orientations, absorption coefficients, and
surface roughness can increase the level of scat-
tered radiation due to diffuse reflection [4, 5, 9].
To mitigate this effect, VANTA BLACK-type coat-
ings are commonly applied, but other solutions,
such as aluminium coatings or sandwich panel
structures, have also proven effective [3, 4, 12].
These latter approaches are widely used in the
construction of laser welding containers. A fully
enclosed welding station must feature at least one
observation window, allowing individuals out-
side the workspace to continuously monitor the
operator's health status and detect potential acci-
dents in a timely manner [4, 18]. When selecting
such windows, the same criteria applied to laser
safety eye-wear must be considered [12].

Fig. 9. Schematic diagram of a laser-active system
[17]

Access control is of critical importance in laser
work areas, necessitating the installation of clear
warning signs (hazard warnings and safety ob-
ligations, Figure 4) and entry control systems.
Measures such as interlocks or locked doors are
recommended to prevent unauthorised access
[4, 8, 18]. Other essential environmental factors
include proper lighting and ventilation. During
laser-based metal processing, excessive excita-
tion of the material can generate metal vapours
and other fumes, which pose serious respiratory
hazards [1, 4, 10]. To mitigate these risks, com-
plete workspace ventilation or localised exhaust
systems are recommended [16, 18]. The work-
space must be designed in compliance with safety
protocols, and beam paths should be arranged to
prevent accidental exposure. Furthermore, the
operation of high-power laser systems requires
the designation of a laser safety officer [4, 10, 18].

5. Conclusions

More users have turned to hand-held laser
sources in recent years due to their versatile
applications and low investment and operating
costs. Their compact size and flexible beam deliv-
ery make them easy to handle, and they can also
be integrated with collaborative robotic arms,
enhancing productivity and process automation
[2, 5, 6]. Despite their affordability and versatil-
ity, hand-held lasers present significant safety
challenges, as operators are directly exposed to
scattered laser radiation [4, 10, 11]. To ensure
adequate protection, the workspace must be en-
closed with appropriate materials, and LEAN
principles should be considered during its design
[1, 12, 16]. The safe use of hand-held lasers re-
quires not only appropriate personal protective
equipment—such as specialised eye-wear and
protective clothing—but also a well-structured
work environment. This includes access control,
hazard labelling, warning systems, and adequate
ventilation to remove generated fumes and va-
pours [4, 10, 18].
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Abstract

The current article presents some steel structural solutions implemented in archaeological and architectural
heritage protection applied in Romania using case studies. The paper summarizes also some of the engineer-
ing challenges of the project team during the design process.

Keywords: steel structure, design challenges, historical monument, ruin protection.

1. Introduction

The preservation of built heritage today increas-
ingly requires an interdisciplinary approach, in
which close collaboration between the fields of
architecture, archaeology, and engineering is es-
sential. In this context, steel structures offer mod-
ern solutions for the protection of buildings and
archaeological sites of historical value. The use of
steel structures makes it possible to create tempo-
rary or permanent reinforcements, to relieve ex-
isting building fabric with minimal intervention,
and to develop transparent yet durable coverings
and structural elements.

Such interventions, however, pose significant
engineering and heritage conservation challeng-
es, as contemporary structural solutions must be
harmonized with conservation principles and the
historical context of the site.

This article presents four case studies in which
steel structures were successfully applied during
both the design and execution phases.

2. Case Studies on the Protection of
Monuments and Archaeological
Ruins

In the course of unique projects, practical solu-
tions and decisions often emerge that are not
found in standard manuals or theoretical cur-
ricula. Case studies allow for the structured and
reflective dissemination of such experiences.

In complex fields such as the protection of built
heritage, case studies help to reveal how archi-
tecture, engineering, heritage conservation, and
archaeology can effectively collaborate.

Moreover, new materials, structural systems, or
design methods are often tested for the first time
in the context of one-of-a-kind projects.

2.1. Castrum in Turda

The first case study presents the architectural in-
tervention aimed at protecting the archaeological
remains of the Fifth Macedonica Roman Legion
fortress located in Turda, Romania (the ancient
Potaissa). It highlights the applied steel structural
solutions and the engineering challenges encoun-
tered during the design process. The project’s ob-
jective was to create a large-span covering struc-

Fig. 1. Castrum Turda in the Spotlight during the
Night of Museums. (Source: TurdaNews)
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ture along with a partially suspended steel walk-
way system, which both protects the uncovered
ruins from weathering effects and allows visitors
to directly observe the site without causing dam-
age.

The covering measures approximately 40.35
meters in width and 70.35 meters in length and
includes a suspended pedestrian system extend-
ing roughly 230 meters in four directions — two
longitudinal and two transverse — providing safe
visitor circulation.

Special attention was given to preserving the
historical context, applying minimally invasive
solutions (such as steel micro-piles drilled among
the ruins for the creation of smaller foundations),
and simultaneously ensuring structural stability
and visitor safety.

The study provides a detailed analysis of the
technical solutions employed by the project team,
as well as the complex challenges arising from
the integration of heritage conservation princi-
ples with contemporary engineering design. For
a comprehensive discussion and more detailed
description of this work, please refer to our previ-
ous publication [1].

The presented project also serves as an excellent
example highlighting the roles that a structural
engineer assumes within a given construction
project [2].

2.2. Bolyai street, no. 11

The second case study presents the rehabilita-
tion process of a historic building located in the
city center of Targu Mures, during which the
original Baroque-style roof structure was recon-
structed using a modern metal framework. The
study primarily focuses on the design of the roof
structure and the metal access staircase. The com-
plex, irregularly shaped roof with multiple planes
required careful dimensioning and detailing be-
fore being installed on the refurbished masonry
walls.

The main access staircase, made of steel plates
and featuring a special structural system, re-
quired advanced computational methods for
analysis and verification.

Our article [3] discusses the engineering chal-
lenges encountered during the design and execu-
tion phases, as well as their solutions: a survey
conducted using 3D scanning served as a refer-
ence system for the steel structure (Figure 2); dis-
crepancies between the masonry walls and the
steel structure had to be addressed; and the irreg-

ular geometry was configured taking into account
site-specific constraints.

The methods applied during the design and
construction phases of the project played a cru-
cial role in addressing the complex geometric
and structural challenges. Dimensioning and
detailing such a complex structure would have
been practically impossible without the use of ad-
vanced digital technologies. The precise survey of
the existing condition was conducted using laser
scanning technology, which provided high-reso-
lution data on the current geometric configura-
tion of the building, as well as deviations arising
during construction that significantly influenced
the structural design. The resulting three-dimen-
sional point cloud served as the basis for digital
modeling and detailed design.

During the project, a BIM (Building Information
Modeling) software environment was employed,
enabling effective collaboration among various
disciplines—such as structural engineers, archi-
tects, and mechanical engineers—within a shared

Fig. 2. Bolyai street 11 building 3D model.

Fig. 3. Bolyai street 11 roof structure during const-
ruction.
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spatial model. This model contained all relevant
structural, geometric, and material characteris-
tics, and allowed for real-time coordination and
the prevention of potential clashes.

A challenge was posed by the detailing of struc-
tural elements with random orientations in the
absence of an accurate reference system. To solve
this issue, the project team developed a custom
coordinate system, to which the three-dimen-
sional connection points of the steel structural
elements were aligned. The position, orientation,
and shape of the elements were verified in multi-
ple stages using repeated laser scans, thereby en-
suring the accuracy of the final model and avoid-
ing manufacturing errors.

One of the key lessons of the methodology is
that the objectives of different disciplines can
sometimes reflect divergent or even conflicting
considerations. The success of the project largely
depended on open communication between the
parties involved, multidisciplinary collaboration,
and the development of compromise solutions.

2.3. Restoration of Sebesvar Castle

The third case study presents the design work
related to the opening of the medieval Sebesvar
castle ruins (known as Bologa in Romanian) to
visitors, including the measures required to en-
sure safety. Figure 4 shows the structural model
prepared by Gordias Engineering Office and the
current state of the bastion. During the works, the
castle area was cleared of overgrown vegetation,
the walls were repaired, landscaping works were
carried out, the wall crown was insulated with
turf bricks, access ramps were built, and the old
tower was made accessible from the inside with
the help of steel structural elements. The compa-

Fig. 4. Designed and executed staircase.

ny responsible for the restoration works partially
rebuilt the missing wall sections to such an extent
that if we suddenly went back a few hundred
years in time and an enemy army approached,
the castle in its current state would be ready to
withstand a siege [4].

The role of steel structures in making the medi-
eval Sebesvar castle ruins accessible to visitors is
crucial from several perspectives, especially con-
sidering the complex challenges of the heritage
environment. The following points summarize
why steel can be considered the ideal choice in
this project:

Reversibility and Minimal Intervention:
One of the fundamental principles of heritage
conservation is that interventions should be
reversible, meaning they should not cause irre-
versible changes to the original structure. Steel
structures fit well with this principle, as they can
be fixed point-wise with minimal intervention
area and can be easily removed if necessary.

—High Load-Bearing Capacity with Small
Cross-Section:

In the case of a ruined castle, load capacity is
limited—the centuries-old walls cannot bear
any arbitrary additional loads. Steel allows for
strong yet lightweight and slender structures
that do not overly burden the existing masonry.
—Structural Stability on Difficult Terrain:
Medieval castles were often built on steep, hard-
to-reach locations. Steel structures can be effec-
tively used to create temporary or permanent
bridges, stairs, and walkways that minimally
load the ground or ruins, while providing safe
circulation for visitors.

—Compatibility with Contemporary Interpreta-
tion:

Modern interventions often aim to visually dis-
tinguish themselves from the original structure.
The use of steel and its clean design language fit
well with contemporary architectural vocabu-
lary while not attempting to imitate the histor-
ical appearance—thus respecting the principle
of authenticity.

— Prefabrication and Rapid Assembly:

Due to the difficult-to-access locations, it is im-
portant that structures can be prefabricated and
quickly assembled on site. Steel structures per-
fectly meet this requirement: they can be man-
ufactured in factories and rapidly erected with
on-site work.
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In summary, although on-site welding was nec-
essary in this project, the fitting of the elements
was successfully executed in an aesthetically
pleasing manner, providing an enjoyable visual
experience for visitors (Figure 6).

2.4. St. Michael’s Church tower stairs

The fourth case study presents a summary of the
design work for the steel stairs intended to make
the tower of St. Michael’s Church in Cluj-Napoca
accessible to visitors. Figure 7 shows a visualiza-
tion created by the Gordias engineering office, an
intermediate phase of the construction work, and
the final state of the proposed staircase structure,
also reflecting the difficulties encountered during
execution due to the confined space and lack of
access to the working areas.

During the renovation of the tower, more severe
structural problems were revealed than in pre-
vious surveys. Due to the significant self-weight
resulting from the 19th-century Neo-Gothic
tower construction, a 20 cm settlement was ob-
served in the medieval wall sections, which was
measurable based on 3D scanning. These issues
also influenced the design and construction of

the new steel stair structure, as the components
had to perfectly adapt to the condition of the ex-
isting walls, their irregular planes, and the level
differences caused by the settlement. Due to the
confined spaces, the stair structure had to be de-
signed in elements that could be installed using
only manual two-person handling. The renova-
tion of the Saint Michael Church tower stairs and
the opening of the tower to visitors contributed to
strengthening the church’s cultural and religious
role, while ensuring the preservation of the mon-
ument and providing an enjoyable experience for
visitors. The renovation of Saint Michael Church
received the Europa Nostra Award (European
Heritage Award) in 2024 in the category of pres-
ervation and adaptive reuse.

3. Contemporary Structural Interven-
tions in Heritage Environments

The four case studies discussed — related to
built heritage elements from different historical
periods and with varying functions — showcase
common principles, design strategies, and engi-
neering responses. These cases aptly illustrate

Fig. 5. Sebesvdr castle before restauration.

Fig. 6. Sebesvdr castle after restauration.

Fig. 7. The structure of the designed and constructed
stairs (intermediate and final phases).



Nagy Zs., Kelemen A., Sanduly A. — Miiszaki Tudomdnyos Kézlemények 22. (2025) 83

how contemporary structural thinking meets the
ethos of heritage conservation in light of 21st-cen-
tury expectations. The projects at Castrum Turda
and the Sebesvar castle ruins primarily aimed at
the physical protection of historic structures and
making them accessible to tourists. In contrast,
the reconstruction of the St. Michael’s Church
tower stairs and the rebuilding of the Baroque
roof structure at Bolyai 11 focused on the func-
tional renewal of existing monuments — reshap-
ing the cultural experience and usability.

In all four projects, steel structures appear not
merely as a construction technique choice but as
a statement of intent: Through its slenderness and
strength, steel allows for minimal intervention in
the original structure. Its reversibility and dis-
tinctly contemporary appearance ensure a clear
differentiation between old and new — avoiding
architectural forgery. Thanks to its prefabrication
and ease of assembly, steel adapts well to hard-to-
reach or historically sensitive sites.

Digital surveying and design tools played a
decisive role: Laser scanning and point cloud-
based modelling enabled precise documentation
of displaced, deformed, or irregular geometries.
The use of BIM systems allowed coordination
across disciplines and accurate detailed design
of geometrically complex connections. In several
cases (e.g., St. Michael’s Church), hidden structur-
al damages uncovered during construction re-
quired ongoing revision of the planned solutions.
The detailing of connections between different
materials (e.g., stone and steel) and the fine-tun-
ing of structural load transfers demanded signifi-
cant engineering innovation.

4. Conclusions

The conclusions based on the examined case
studies can be summarized as follows:

4.1. Material Usage Considerations — Ad-
vantages of Steel Structures in Heritage
Environments

One of the greatest challenges in making the me-
dieval Sebesvar castle ruins accessible was how
to provide safety and usability that meet modern
standards in a way respectful to the historic struc-
ture. The use of steel structures proved justified
and advantageous in several respects:

—Reversibility: Steel structures allow for remov-
able, non-invasive solutions, thus preserving
the integrity of the monument and permitting
future modifications if needed.

—Low weight - high load capacity: Modern steel
profiles enable lightweight yet statically stable
constructions that do not overload the historic
masonry.

—Prefabrication and assembly: Steel elements
can be manufactured in controlled factory
conditions and quickly assembled on-site with
minimal work, especially beneficial in diffi-
cult-to-access ruin sites.

- Contemporary appearance: Steel is clearly dis-
tinguishable from the original stone and brick
materials, avoiding architectural forgery and
complying with the principle of anastylosis
(distinguishable restoration).

4.2. Contemporary Structural Solutions in
Heritage Conservation - The Role of
Steel Structures in the Sebesvar Castle
and Turda Castrum Projects

To ensure safe visitor circulation, steel structur-
al interventions were necessary in several loca-
tions throughout the projects. These primarily
served the following functions:

—Construction of access ramps and walkways to
various parts of the castle, designed so as not to
overload the existing ruins.

—Placement of viewpoints, railings, and comple-
mentary structures that enhance the visitor ex-
perience while fulfilling safety functions.

—Application of special fixing and connection
techniques enabling the coordinated integra-
tion of elements made from different materials
(e.g., stone and steel).

—Adaptation to terrain conditions: On sloped,
rocky terrain, the flexibility of steel structures al-
lowed for unique fittings and tailored solutions.
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Abstract

With the proliferation of computers, mechanical problems arising in mechanical engineering practice can
be effectively solved. Among the many numerical methods, the present article reports on the development
of the finite element method, its development directions, its application possibilities, the importance of er-
ror estimation, the requirements supported by the programs and the author'sexperiences, presenting some

numerical examples.
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1. Introduction

The science of mechanics has a history spanning
several centuries and continues to be important
today. Moreover, with the expansion of computa-
tional capabilities, it is possible to better describe
and model real-world conditions.

The way in which the mechanical model defined
by the engineer is solved significantly influences
the success and the validity of the result obtained.
This article draws attention to the 70-year histo-
ry of the finite element method, one of the most
significant approximate calculation methods, the
possibilities of approximation methods, the im-
portance of error estimation, and illustrates the
versatility of this calculation method through the
presentation of author’s own experiences and the
analysis of practical problems.

1.1. The beginning of mechanics

The movement of the planets has for a long time
fascinated mankind, what orbits they move in,
why we see them in different positions depending
on the season, etc.

Significant breakthroughs were achieved by the
findings of Nicolaus Copernicus (1473-1543) (the
Earth is not the center of the world), Johannes
Kepler (1571-1630) with the laws of planetary mo-
tion, and Galileo Galilei's (1561-1642) experiments
with free fall and movement on a slope, Isaac
Newton's (1643-1727) understanding of gravity,
the creation of the laws of motion, and Gottfried
Wilhelm Leibnitz's (1646-1716) creation of differ-

ential calculus, which provided the mathematical
basis for the scientific description of motion.

After these, many of the "giants" of the Early
New Age, such as Daniel Bernoulli (1700-1782),
Leonhard Euler (1707-1783), Jean Le Round
d'Alembert (1717-1783), Joseph-Louis Lagrange
(1736-1813), Johann Carl Friedrich Gauss (1777-
1855), Simeon-Denis Poisson (1781-1841), Claude
Louis Marie Henri Navier (1785-1836), Augustin
Louis Cauchy (1789-1857), Sir George Biddell Airy
(1801-1892), William Rowan Hamilton (1805-
1865), Gustav Robert Kirchhoff (1824-1887), and
Lord John William Strutt Rayleigh (1842-1919),
contributed significantly to the development of
what is called classical mechanics.

1.2. Mechanics from the 1900s

With the development of industry and the de-
sign of modern devices, the ability to perform re-
liable strength and dynamic calculations became
an important requirement. The exact solutions
developed for simpler shapes had to be replaced
by some approximate method. First, Walter Ritz
(1878-1909), then Boris Grigorievich Galerkin
(1871-1945) succeeded in treating the differential
equation system as an algebraic equation sys-
tem using the variational method. Eric Reissner
(1913-1996) approximated the stress field in addi-
tion to the displacement field, thus initiating the
research of what is called multi-field variational
principles.
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In the mechanics of solids, we operate with
the following basic quantities: displace-
ment field u=u(x, y, z t), strain tensor field
A=A, y, z, t), stress tensor field T=T(x, y, z, 1),
which represent 3+6+6=15 unknown scalar
fields at any point of the body. According to linear
theory, they can be defined as the geometric equa-
tion A=0.5(u°V+Vou) material law T=T(A(u))
and equation of motion T-V+b=pii (in the case
of time-independent V-T+b =0 equilibrium equa-
tion). These equations are supplemented by
the dynamic T-n=t, reS, and geometric res,
u=u,(x, ), z, )=uy(r, 1), boundary conditions,
furthermore, in the dynamic case, the following
initial conditions: u=u(x, y, z, t=0), u=u,(x y, z,
t=0). Here are given u,, t, u (t=0), lio(tz 0) is the
V nabla diff. operator, ,°” is the dyadic, ,” is the
sign of scalar multiplication, n is the surface nor-
mal vector, S, S, are the signs of the surface sub-
domains, r is the location vector. These quantities
are illustrated in Figures 1-3.

To determine the 15 unknown fields, a system of
partial differential equations can be derived for
the displacement field and the stress field. In gen-
eral, their exact solution is only given for a few
geometries and special boundary conditions.

It is known that in the case of special geome-
try, the three-dimensional 3D problem can be
reduced to 1D so-called rod, 2D plate or shell
problems. For rods, the Jacob Bernoulli and Ste-
phen P. Timoshenko (1878-1972) models were
widespread, while for plates, the Raymond Da-
vid Mindlin (1906-1987) model, which also takes
into account shear deformation, and for shells,
the Paul M. Naghdi (1924-1994) model. The clas-
sical plate and shell models are based on the
Gustav Robert Kirchhoff (1824-1887) principle
(the normal remains perpendicular to the curved
mid-surface during deformation).

These models have successfully solved many
problems in engineering practice, and their
teaching is still valid in today's higher technical
education.

In practical life, an important aspect of design
is the prediction of the essential properties of the
object to be designed before its implementation,
in order to achieve an optimal design. This also
requires reliable mechanical calculations, for
which a model must be prepared. Figure 4 shows
the possibility of taking various aspects into ac-
count.

In the following we outline the history of the
finite element method [1, 2, 3] related to the ap-
proximate solution.
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z Displacement

Fig. 1. Displacement vector.

Deformation

i _
A
PA=1 P'A'~1
APB angle= 90 A'P'B' angle is not 90

Fig. 2. Deformation detection on the accompanying
trider at point P.

Stress \
\

Fig. 3. The internal surface distributed load that en-
sures equilibrium is the stress.

2. Finite element method

The essence of the method can be easily ex-
plained through the example of a stretched rod
outlined in Figure 5. The rod is divided into ele-
ments, the points at the boundary of the elements
are called nodes. The displacement at these points
isu, i=1, .., 6. Let us approximate the displace-
ment within the elements with a linear function
(dashed line). Obviously, if we include more ele-
ments, the dashed linear function within the ele-
ments becomes closer to the actual one. Since the
solution is not known initially, its approximate
function can be obtained from the principle of
minimum potential energy, i.e. we will calculate
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the displacements at the nodes from an algebraic
Object to be designed system of equatlons. We feel that with more ele-
ments we will get a more accurate solution.
Since the length of the elements has been re-
duced, this approximate solution is called the
Material Degree of deformation: h-version Calcu,latlon' X .
load small, large Another solution method is also possible. We do
Shape, boundary Considering linked fields not increase the number of elements, but the de-
conditionss gree of the approximating polynomial within the
element. This was first proposed in the world in
e arna Szabd (currently an external mem-
Reduction to 1D, 2D ? 1973 by B Szabd ( tly t 1
ber of the Hungarian Academy of Sciences, pro-
- - fessor emeritus at Washington University in St.
Mechanical model: X X X .
1 differential equation system- Louis). At his suggestion, mathematicians began
system of inequalities to deal with this p-version approximation meth-
2. Integral system of equations od, examining the degree of convergence of the
and inequalities . ce s .
— solution. In the division techniques where the
T size of the elements in the vicinity of stress sin-
Exact Approximate solution: gularities is also reduced along with the increase
solution _ ) in degree, the procedure is called the hp-version
1. builds on differential .
equations calculation. The log value of the error of defor-
mation energies varies significantly in the log
2. uses energetic principles value of the total number of unknowns, accord-
If the approximation uses u}g to different fun(.:tlons, wk}lch is illustrated in
the local approximation we Flgure 6. The h-version technlque has the slowest
get the FEM convergence [1, 2, 3]. Therefore, it is worth using
programs suitable for p, hp version calculations
Fig. 4. Main aspects and direction of modeling. when solving specific problems.
A
p-extension
hp-
extension
log N
h-version
calculations
(p=2)
p=2,345678
p-version calculations
hp- version
calculations
Fig. 5. Displacement field approximation using the Fig. 6. Convergence of the solution.

finite element method.
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It has been proven [1] that the error can be
calculated in terms of where N is the
number of unknowns in the problem to be solved.

Since the energy of the exact solution in e is not
known, nor are the parameters k and A a mini-
mum of 3 calculations with different orders of ap-
proximation must be performed to estimate the
error.

Regarding the history of the development of the
method, we mention that the article written by
M.]J. Turner and his colleagues published in 1956
is considered to be the first, and then in 1960 the
name finite element became associated with the
name of R.W. Clough. Within a short time, sever-
al large program systems were developed (1964:
ASKA, 1969: SAP, NONSAP, 1969: MARC, ANSYS,
NASTRAN).

In 1967, the first book on the finite element meth-
od was published, written by O.C. Zienkiewicz
and Y.K. Cheung. Further software systems were
created: ABAQUS, ADINA in 1972, DYNA in 1976,
SYSTUS, COSAR, LSDYNA, PROBE, StressCheck,
RASNA, I-DEAS, COSMOS/M, FEAP, FLUENT, SYS-
WELD, ProCAST, and DEFORM in the 1980s.

On a theoretical level, the convergence of the p
version calculation was proven in 1981, and so
was the hp version in 1984. In 1991, hierarchical
modeling was formulated, in 2006, ASME stand-
ardized the conditions for the correct use of the
finite element program, and in 2012, the formu-
lation of the reliability of the calculation began.

Conditions formulated against finite element
programs:

Expectations of finite element programs:

—convenient description of geometry (using
one's own system program or relying on data
taken from another system).

—-wide range of elements (low and high-degree
elements).

—possibility of automatic element division.

—simple definition of constraints and other ex-
ternal effects.

—possibility of special modeling constraints (e.g.
substructure technology).

—wide range of material laws.

—possibility of using linear and nonlinear theo-
ries.

—wide range of loads.

—fast calculation (multiprocessor algorithm,
efficient equation system solvers: with direct
solver or iteration).

—error analysis.

—possibility of precision of the calculation.

Pdczelt I. - Miiszaki Tudomdnyos Kozlemények 22. (2025)

—combining and graphically illustrating the re-

sults.

In the early days, finite element program sys-
tems were installed on large central computers,
which were accessible via terminals. Starting in
the 80s, after the appearance of personal comput-
ers, the finite element method has become closer
to the user, and even the graphical possibilities
have made the method user-friendly. Considering
the importance of the topic, special courses were
organized in higher education institutions to in-
troduce the method and to access it directly by
means of computer rooms. Research has also in-
creased significantly, focusing on the creation of
new elements and procedures and their industri-
al dissemination. Several conferences have been
organized for those working with finite elements,
to build fruitful relationships.

Several programs were developed at our de-
partment to overcome the disadvantages of the
embargo at that time: among others, TESZGA was
developed for the calculation of shells and tanks,
AUTOBUSZVAZ for the calculation of bus frames
(also using the support of AUTOKUT), BANYAV-
AG for KBFI, LAPAT for GANZ-MAVAG, ROBOT
and SIK for VIDEOTON, ABRONCS 1, 2, 3 commis-
sioned by TAURUS, and FEM3D, a finite element
program system for solving strength and dynam-
ic problems of complex flexible structures.

It is worth comparing the shape functions of
rectangular elements used in the h-version cal-
culations operating with classical Lagrange shape
functions with the Legendre functions used for
p-version calculations, and also analyzing the
computational advantages and disadvantages
that can be deduced from these.

On the left side of Figure 7 the shape functions
applied to the first side of the element in the p ver-
sion can be seen, similarly, on the right side, the
h version element using Lagrange functions [3].

We see that with the p version, as p increases,
the top two figures belong to p=1 at p=2 a new
quadratic function enters, and then so does the
cubic function below in sub-Figure 7. So if the
approximation is p=2 only the functions belong-
ing to p=1 and p=2 work on the element, if p=3,
then new functions enter, without spoiling the
previous ones. This is no longer the case in the
h-version case outlined on the right. In the quad-
ratic approximation, in addition to the corner
points, the side midpoints appear, i.e., a total of
eight points, while in the cubic approximation,
we have another 1-1 on the sides, i.e., a total of
12 nodes, but the assumed shape functions are no
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Fig. 7. Shape functions for p and h version elements.

longer the same as the previous ones, since the La-
grange functions must be zero at the nodes except
for one point. This means that the stiffness matrix
calculated in the lower-order approximation will
no longer be usable, while in the p-version the
previous one will correspond to a part of the new
one. The requirement to perform a minimum of
3 calculations is very well programmable in the
p-version (see e.g. StressCheck program [4]).

Formally, after discretization

Mg+ Cq+Kq=f£ (1)
we obtain a differential equation, where M is the
mass, C is the damping matrix, K is the stiffness
matrix, fis the load vector, q is the nodal displace-
ment vector (unknown).

In the nonlinear (static) case, the equation for
the increments can be written as

K Aq=f, —f, . @)

Due to the location of the nodes, the above ma-
trices have a band structure. Reducing the band
width reduces the calculation time, which is why
sophisticated finite element software systems
also include band reduction procedures.

Automatic re-meshing strategies have also been
developed to reduce the errors that occur during
the calculation.

Fig. 8. Contact displacements and the initial gap g.

A separate class of nonlinear problems is the
clarification of the contact relations between bod-
ies. In this case, inequalities can be written for on
the contact surfaces [5]. So, a system of inequali-
ties must be solved!

To solve these, mathematical programming pro-
cedures or special iteration methods can be used
to create contact finite elements.

The gap between the bodies after deformation
in the relevant contact region: (see Figure 8):

d=uP -ulP+g res =s,us, (3)
If
d=0,p,=0 res, gap,

d=0p,=0reS, contact, “4)

but dp,_, res,

3. Examples
Here we present only two simpler tasks.

3.1. Contact of cylindrical bodies

Let us examine the contact problem of two cy-
lindrical bodies made of the same material. The
radius of the inner holes is r; = 20 mm, the outer
ones are r{¥ = 120 mm, r® = 140 mm, respective-
ly, while their heights are b = b® = b® = 100 mm
(Figure 9). The lower meridian of the upper cylin-
der B, is characterized by the following function:

g =0,0035(r—20)?, (5)
which also corresponds to the initial gap between

the bodies. The Young's modulus of the material
of the bodies is E=2-105MPa and the Poisson's ra-
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Fig. 9. KContact of two cylindrical bodies.

Fig. 10. Moving the nodes 3-3', 19-19".

Fig. 11. Modified 7 x 5 mesh, radius of the edge of the
contact arear,=70.37 mm.

Fig. 12. g, normal stress distribution.

tio is v=0,3. The vertical displacement of the up-
per edge of the body B, is given byt: w, = 0.15 mm.

The solution is modeled with finite elements
of degree p=8. The initial mesh is modified us-
ing the so-called positioning technique in such a
way that the node of the finite element coincides
with the boundary of the contact area [6]. This
allows us to achieve freedom from oscillation of
the stresses. In Figure 10, the end of the contact
region does not coincide with the right-hand ends
of elements 2 and 11, so the nodes 3 and 19 must
be moved. Figure 11 shows this for a 7x5 mesh,
and the distribution of the normal stress o, can be
seen in Figure 12.

For further refinement solution techniques, see
the paper under [7].

3.2. Roller rounding

We now examine a type of problem completely
different from those described above. The round-
ing of a cylindrical roller must be determined
in such a way that the pressure in the meridian
plane follows a course specified by us. This can
be achieved by partially controlling the contact
pressure [5, 8].

The basic idea of the method is clearly shown
in Figure 13.

We have a “roof” under which the pressure
must be located. Since the highest value occurs in
the meridian plane, here the pressure touches the
roof, and in other places it is below it. The course
of the pressure in the meridian plane can be pre-
scribed using spline (Hermite) functions.

The figure shows half of the roller. Depending
on the length of the constant section, we will get
pressures of different heights and slopes. The de-
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Fig. 13. Function prescribing partial pressure control.

signer has to decide which variant he considers
the best. For example, the fatigue limit specifica-
tion criterion for roller bearings can be decisive.

Figure 14 shows the change in radius obtained
from the solution of the optimization problem,
the pressure falling into the meridian, the pres-
sure rising high at the end obtained for the origi-
nal constant radius roller, and the pressure of the
optimal rounded roller, looking at a quarter of
the solution.

The control function ensures that the pressure
at the end of the roller and its derivative with re-
spect to s are also zero. When setting up the prob-
lem, the elastic bodies were taken into account by
means of the influence function obtained from
the Boussinesq solution for the elastic half-space
[5]. The number of surface elements taken is
10x40. The load is 8000 N, the roller radius is 3.5
mm, and the contact area tested is 0.2x7 mm.

4. The future of the finite element
method

It is a fact that while in the 1950s, measurement
represented 95% of linear stress analysis, in the
1970s it represented 50%, and in the 1990s it rep-
resented only 1%, compared to 99% computer
simulation. The possibilities of numerical me-
chanics are increasing in everyday practice, and
their practical benefits are clear.

We also experience that the domestic and inter-
national conferences organized focus on numeri-
cal research in many cases, presenting the diver-
sity of design engineering tasks. For example, at
the USACM (USA Congress on Computational Me-

Fig. 14. Result of the roller rounding.

chanics) held in San Francisco in 1997, 450 pres-
entations were given in 96 sections.

In Europe, ECCOMAS organizes similar confer-
ences every 4 years.

The large number of participants also indicates
the importance of the research, and the fact that
serious forces are at work, conquering newer and
newer areas in the field of mechanics.

The large number of journals dealing with finite
elements, and the quality of the books published
underline the importance of this scientific field,
its will to live, and the urgent need to educate the
next generation.

5. Conclusions

We can state that a new profession has emerged,
which deals with

—the analysis and optimization of mechanical
problems,

—the development of specialist software,

—the identification of models,

—the training and installation of computer sys-
tems,

—the development and teaching of mechanical
numerical methods.

In connection with all this, we can also state
that the role of mechanics is being valued and
strengthened, since

—more precise models can be built,

—the static and dynamic examinations of com-
plex systems (solid-body-liquid/gas systems,
intelligent structures containing piezoelectric
elements) become feasible possible.

—When designing new machines and structures,
and examining machine manufacturing pro-
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cesses, the problems to be solved have become
conveniently manageable with numerical
techniques based on the high-degree-of-free-
dom finite element/boundary element method
for simulating mechanical states.

—Error estimation and automatic refinement
of results are services expected and required
from the program.

—Complex design systems are available, to which
computer programs suitable for analyzing me-
chanical models can be easily connected.

—In the fierce market competition related to
the development of new products and tech-
nologies, modern strength, dynamics, and
multidisciplinary knowledge are of strategic
importance, which greatly increases the value
of engineers in possession of this knowledge.
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Abstract

The design and mechanical analysis of patient-specific dental prostheses play a crucial role in modern den-
tistry and biomechanical research. With the advancement of digital design and simulation tools, it has be-
come possible to create customized dental prostheses tailored to individual patients, ensuring not only ana-
tomical compatibility but also optimal mechanical stability.

In our study, we present the design and finite element analysis of a bridge-type dental prosthesis, which was
created based on the reconstruction of a real mandible. Our goal was to examine the behavior of the dental
prosthesis and mandible under load, with a particular focus on stress distribution and deformations.

Keywords: Tooth implants, NURBS modeling, Finite element analysis, von Mises stress distribution.

1. Reconstruction of the teeth and man-
dible

The aim of our research was to create a
high-quality, detailed geometric reconstruction
of the mandible and teeth based on CT images.
The resulting model provided the basis for fur-
ther biomechanical and strength studies, which
will help to design optimal prostheses and to bet-
ter understand the mechanical behaviour of the
tooth-mandible system.

The first step was to reconstruct the mandible.
For this purpose, CT images were segmented in
three main planes - axial, sagittal and cortical —
using 3D Slicer [1]. This process allowed for a
better separation of bony and soft tissues, which
facilitated a more accurate modeling [2]. The seg-
mented sections were then imported into the PTC
Creo 11 design software, where NURBS curves
were created during reconstruction and NURBS
surfaces were then spanned onto them. Particu-
lar attention was paid to the tangential contact
between the curves and to keep the number of
surfaces as small as possible, as overly complex
geometry may complicate subsequent simulation
studies [3]. After reconstruction of the mandible,
itsstructure was divided into twolayers: spongiosa

and cortical bone layers, to better model their dif-
ferent mechanical properties [4].

The next step was to reconstruct the teeth, fol-
lowing similar principles as for the mandible.
The teeth were individually reconstructed from
the CT images, initially as a solid structure. Our
primary goal in this phase was to accurately re-
construct the geometry of the teeth and to correct
errors and inaccuracies that may have occurred
in the original CT data. These included, for exam-
ple, undue cavities, minor topological irregulari-
ties or noisy surfaces [5]. In this initial phase, the
teeth were not yet stratified, as the focus was first
on accurately restoring their external shape.

The completed remodeled mandible is shown in
Figure 1.

The creation of a complete model provided the
opportunity to analyse the mechanical stress
capacity of the tooth-mandible system and the
behaviour of prostheses and implants under dif-
ferent loading conditions by subsequent biome-
chanical and strength studies. The reconstruc-
tion methods used ensured high resolution and
smooth topology of the model, which are essen-
tial for accurate simulation studies and medical
applications.
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2. Tooth implants design and modelling

2.1. High quality modelling of tooth implants

In our research, we aimed to create a pa-
tient-specific prosthesis that precisely matches
the original anatomical structure of the patient's
mandible and teeth, following precise modeling
of the mandible and teeth. The prosthesis is a
bridge-type restoration designed for two ground
teeth. The bridge is bonded to the ground teeth.
This solution is considered a fixed tooth implant,
which acts as a bridge to remedy the tooth defi-
ciency and provides the patient with a durable,
functionally load-bearing restoration.

The bridge designed for existing teeth is shown
in Figure 2.

The geometry of the bridge was created by ge-
ometrically offsetting the surfaces of the original
teeth, thus ensuring a proper fit of the prosthesis
on the surface of the extracted teeth [6].

The fit of the restoration on the ground teeth is
shown in Figure 3.

In the picture, the area marked in pink is the
spongiosa layer of the mandible, which forms
part of the supporting structure of the teeth, and
the two ground teeth on which the bridge rests.
These parts are connected to each other in a
bonded way to prevent displacement [7].

The geometry of the implant closely follows the
patient's individual anatomy to ensure proper fit
and stability. The structural design of the bridge is
such that the bite forces are properly distributed
over the cantilever teeth, minimising the risk of
overloading.

The bridge-type implant thus created provides
an opportunity for further mechanical analyses
that can help optimise the final design and facili-
tate preparation for clinical application.

2.2. Strength analysis of tooth implant

Following the design of a patient-specific bridge-
type implant, a strength analysis was performed
in PTC Creo 11 software using the integrated An-
sys simulation module. Our goal was to investi-
gate the mechanical behaviour and resistance of
the implant in a static loading environment.

The following boundary conditions and loads
were applied in the finite element analysis:
—Boundary conditions: the arthroplasty and

crown protrusion of the mandible were fixed
in order to investigate the loading behaviour
of the implant under realistic conditions, and,
in addition, since only the half of the mandible
was investigated in order to run the simula-

Fig. 1. Mandible modelled from CT images.

Fig. 2. The bridge type of implant

Fig. 3. The fit and connection of the implant to the
ground teeth.

tions faster, a symmetry condition was added
to the mandible where this mandible was cut,
so that displacement was only allowed along
the axis of the cut surface.

—Load: a static force of 100 N in the vertical di-
rection was applied to the bite surface of the
middle tooth of the bridge, corresponding to an
average bite force [8].

The applied boundary conditions and loads are

shown in Figure 4.
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During the modeling of the implant, care was
taken to define the bite surfaces as separate,
well-defined surfaces [9]. As shown in Figure 5
this allowed for accurate load assignment and
precise determination of the actual mechanical
stresses on the implant.

Before starting the strength analysis, the whole
model was meshed with finite element meshing
to ensure the accuracy of the numerical calcula-
tions [10]. This meshing is shown in Figure 6.

For meshing, a tetrahedral finite element mesh
was used, which is particularly suitable for accu-
rately mapping complex organic geometries such
as the shape of the mandible and the dentition
[11].

The tetrahedral mesh is an excellent fit for the
curved, complex shape of the mandible and tooth
implant, as tetrahedral elements fill the available
volume more efficiently than conventional hexa-
hedral elements. Another significant advantage is
that it can be generated automatically, requiring
less manual intervention, which makes it faster
and easier to apply to organic shaped models. In
addition, to achieve accurate stress distribution
results, it is possible to vary the element size to
create a denser mesh in critical areas, improving
the accuracy and reliability of the analysis. The
tetrahedral elements are able to handle more
complex boundary conditions and loading situa-
tions, which was a particularly important consid-
eration in the modeling of implant.

By constructing the meshing, we ensured that
the mandible, the implant and the fixed teeth
were represented at the appropriate resolution in
the finite element analysis, thus obtaining more
accurate and detailed results on their loading be-
haviour.

The first step in the finite element simulations
was to investigate the total deformation, which
shows the extent to which static loading causes
parts of the model to move from their original po-
sition. The results are shown in Figure 7, which
shows that the largest deformation was at the low-
er part of the mandible, at the mandible tip, where
the maximum displacement was 0.1706 mm.

This result suggests that the mandible under-
goes minimal elastic deformation under the ap-
plied 100 N bite load, which is a natural phenom-
enon. The greater displacement in the mandible
is explained by the fact that this area is furthest
from one of the fixed boundary conditions (man-
dibular arthroplasty and crown protrusion) and
therefore has a greater degree of freedom to
move [12].

Fig. 4. Loads and boundary conditions.

Fig. 5. Application of the load to the bite surface.

Fig. 6. Meshing on the mandible.

Fig. 7. Total deformation.
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As a next step in the finite element simulation,
a von Mises stress test was performed to analyse
the stress distribution in the implant and mandi-
ble material under static loading. The result of the
stress test is shown in Figure 8.

In the case of the mandible, the highest stress
was in the ramus region, where the maximum
value exceeded 10 MPa. This result is in agree-
ment with the fact that the ramus plays a key
role in the load transmission due to the mastica-
tory force, and therefore the greatest mechanical
stress is concentrated in this area [13].

In the case of implant, the highest stresses were
found on the bridge structure, which is located
between the two grinded teeth. Here, the princi-
pal stress reached 33.9 MPa, indicating that this
part of the implant is a highly stressed zone. This
value is also significant because the main loading
point of bridges is the middle part, where bend-
ing and shear stresses are generated due to the
bite force [13].

The maximum stresses on the bridge are shown
in Figure 9 and 10.

The results show that both the mandible and
the implant structure exhibit suitable mechanical
resistance, as the applied stresses are within the
expected range [14]. Further fine-optimization
of the implant geometry can help to reduce the
maximum stress values and to distribute the forc-
es more evenly.

3. Conclusions

The aim of our research was the design and
mechanical testing of a patient-specific implant
based on the geometric reconstruction of a real
mandible. The planned implant is a bridge-type
restoration that was fitted on two ground teeth.
The complete model was created and simulation
studies were performed in PTC Creo 11 software
using the Ansys finite element module.

As a first step in the simulation process, the en-
tire structure was fitted with a tetrahedral finite
element mesh, which is an excellent tool for trac-
ing the complex geometry more accurately. Sub-
sequently, mechanical analyses were carried out,
treating the mandibular arthroplasty and crown
protrusion as boundary conditions and the man-
dible cut surface as a symmetry condition, while
the loading of the implant was modelled by a
static force of 100 N in the vertical direction ap-
plied to the bite surface of the central tooth of the
bridge.

Fig. 8. Von Mises stress analysis.

Fig. 9. Maximum stress on the bridge, top view.

Fig. 10. Maximum stress on the bridge, bottom view.

The results showed that the maximum value of
the total deformation was 0.1706 mm, which oc-
curred at the lower part of the mandible. When
the stress distribution was examined, the highest
von Mises stress was developed in the ramus part
of the mandible, exceeding 10 MPa. In the case of
the implant, the most stressed zone was the cen-
tral part of the bridge, where the stress increased
to 33.9 MPa.
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Abstract

The disc harrow is the basic machine for shredding soil. It loosens, smooths and mixes the top layer of soil
during shredding. It also chops and incorporates weeds and stalk residues into the soil. In this paper, we will
explore the factors that influence the operation process of the disc harrow and apply them to the Bomet BTP
4x6 disc harrow. A body model of the Bomet BTP 4x6 disc harrow is prepared and the results of its operation
process are simulated in three different operating situations.

Keywords: disc harrow, computer simulation, operation process.

1. Introduction: Overview of the Disc
Harrow

The disc harrow is a widely used implement in
soil shredding and tillage operations. In addition
to shredding the soil, it also loosens, levels, and
partially mixes the upper soil layer, making it a
viable alternative to traditional ploughing in cer-
tain cases [1].

The main working elements of the disc harrow
(Figure 1) are the disc blades, which can feature
either smooth or cutout edges. These disc blades
are mounted on a common axle, separated by

Fig. 1. Construction of the Bomet BTP 4x6 Disc Harrow.

spacer sleeves to maintain consistent spacing.
A set of disc blades mounted on the same axle
forms a disc battery, which is attached to the
frame of the implement.

Based on the configuration of these disc batter-
ies, disc harrows can be categorized into V-shaped
or X-shaped configurations.

The disc harrow is considered a semi-active till-
age implement: during operation, the disc blades
rotate relative to the frame during the work
machine is towed. The axis of the disc battery is
typically set at an angle of attack y relative to the
direction of travel Figure 2.a. As the machine is
towed, the disc blades mounted on the axle ro-
tate and continuously cut into the soil Figure 2.h.
The soil clods are lifted along the inner surface of
the disc blades and subsequently fall back to the
ground. This process results in the fragmentation,
loosening, mixing, and slight turning of the soil.
The worked soil is also displaced laterally.

As a consequence of the disc harrow’s operation,
the bottom of the tilled soil is not uniform; a ridge
forms between the disc blades, which may even
be detectable at the surface (Figures 2.b, 2.c).

Requirements for the disc harrow's working
process:
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—The worked soil surface should be even, with
no untilled strips remaining [2];

—The furrow bottom should be as smooth as
possible, and the height of the formed ridge
should be minimized [2, 3];

—The disc blades should effectively chop and
incorporate crop residues and stubble into the
soil [4].

To meet these requirements, the second disc bat-
tery is offset relative to the first, so the rear disc
blades work between the areas already cultivated
by the front battery, Figure 2.

The disc blades mounted on the second battery
return the soil displaced to the sides.

Effective fragmentation is achieved by cut-
out-edge disc blades, typically mounted on the
front battery.

The working process of the machine is rapid,
making field observation and evaluation chal-
lenging.

To better understand the disc harrow’s opera-
tion, we aim to visualize the process through com-
puter simulation in this paper.

2. Computer Simulation of the Opera-
tion Process of the Disc Harrow

Methodology:

—A solid model of the Bomet BTP 4x6 disc har-
row, located at the machine yard of Sapientia
Hungarian University of Transylvania, Faculty
of Targu Mures, is created.

—The key factors that characterize the working
process of the disc harrow are identified.

—The working process is simulated using real
operational data.

—The relationships between the key characteris-
tics and the working process are analyzed.

2.1. Solid Model of the Bomet BTP 4x6 Disc
Harrow

The Bomet BTP 4x6 2,2m disc harrow is equipped
with four batteries Figure 1. These batteries are
arranged in an X-configuration, with each battery
consisting of six disc blades.

The diameter of the disc blades is ® 460 mm, and
the spacing between the blades is 172 mm. The
working width of the machine is 2200 mm, and its
total mass is 615 kg [5].

Figure 3 shows the solid model of two consec-
utive disc batteries, both depicted with smooth-
edged disc blades.

Fig. 2. Operation process of disc harrows: a — on the
soil surface; b — at the furrow bottom after the
first disc battery; c — along the furrow bottom
after the disc blades operating in staggered
alignment.

Fig. 3. Solid Model of the Disc Harrow Batteries.

2.2. Factors Characterizing the Operation
Process of the Disc Harrow

Figure 4 illustrates the cross-sectional profile of
the soil worked by two adjacent disc blades, along
with the corresponding geometrical parameters
of the blades.

The working process requirements of the disc
harrow, such as the absence of untilled strips,
uniformity of the furrow bottom, the cross- sec-
tion of the cultivated soil and the ridge height, can
be assessed based on these factors.



100

The relationship for the cultivated soil cross-sec-
tion S, is described in [3]:

, 6y

where: a is the working depth [mm]; ¢ is the
height of the unworked soil ridge [mm)]; y is the
attack angle of the disc battery [°]; ¢, is the the-
oretical central angle corresponding to the disc
blade ridge height [°].

The relationship for the theoretical central an-
gle corresponding to the ridge height on the disc
blade is given in [3]:

@)

The relationship between the ridge height and
the geometrical characteristics of the disc harrow
is given in [4]:

3
where: b is the distance between adjacent disc
blades working side by side [mm].

Based on the (1), (2), and (3) relationships, the
working process of the disc harrow is influenced
by:

—the working depth;

—the attack angle y of the disc blades.

2.3. Simulation of the Operation Process of
the Disc Batteries

The four batteries of the Bomet BTP 4x6 2,2m
disc harrow are symmetrically arranged, so the
simulation is performed only for two consecutive
disc batteries.
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The disc batteries of the Bomet BTP 4x6 2,2
m disc harrow can be set to attack angles of
y=12°/15°/17° [5].

The working depth of the disc blades depends on
the weight force applied to the blades, which can
be adjusted by adding supplementary weight. The
simulations are carried out for working depths of
a=60 mm, a=90 mm, and a=120 mm.

Three simulations were performed, based on
the data in Table 1. Nine isometric views were
prepared for illustration, six of which are shown
in the paper.

Table 1. Operational Parameters of the Simulations

Simulation y[] a [mm]
First 12 60
Second 15 90
Third 17 120

The computer simulations were performed us-
ing the continuous remeshing extraction meth-
od [6]. The removed soil is not returned to the
surface, allowing for the observation of the un-
worked ridge peaks and the furrow bottom. The
simulation can also be recorded as a moving im-
age.

During the simulations, the effects of the disc
battery 's attack angle and working depth on the
cross-section of the cultivated soil and the uni-
formity of the furrow bottom are observed.

The first simulation is shown in Figure 5.

In Figure 5 it is clearly visible that there are un-
worked areas and strips on the soil surface.

Fig. 4. Geometry and Kinematics of the Disc Blades.

Fig. 5. The First simulation, y=12°, a= 60 mm.
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The second simulation is shown in Figure 6.
This simulation was performed with a larger at-
tack angle and working depth, improving the soil
processing. There are no unworked strips on the
surface, but the furrow bottom is still quite une-
ven.

The third simulation is shown in Figure 7.

The third simulation was performed with the
largest attack angle and working depth. The ridge
height is smaller than the working depth, mean-
ing the formed ridge peaks are not visible on the
surface.

The results of the working process with the
three different angle settings and working depths
are illustrated in Figure 8.

The computer simulations clearly show that in-
creasing the attack angle of the disc battery and
the working depth results in a larger cultivated
soil cross-section, as expected from the (1) rela-
tionship.

A larger attack angle leads to a more uniform
formation of the furrow bottom.

Fig. 6. The Second simulation, y =15°, a=90 mm.

Fig. 7. The Third simulation, y=17°, a=120 mm.
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Fig. 8. Illustration of the Cross-Section of the Worked
Soil and the Ridge Peak Height:
a)y=12° a=60 mm; b)y =15°, a=90 mm;
c)y=17° a=120 mm

3. Conclusion

The simulation of the disc harrow’s working
process, implemented with real operational data,
clearly illustrates the phenomenon and confirms
that adding counterweights to the disc harrow or
increasing the attack angle of the disc batteries is
necessary to achieve a uniformly cultivated seed-
bed.
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Abstract

To test the load carrying capacity of lubricating oils, we designed a device based on a modelling model of a
tribological system in line contact. Under different loads and in contact with different materials, the wear
rate is monitored. We investigate at what force load and over what time the wear occurs. It is an important
tool in tribological laboratory practice because it can be used to determine the load capacity of a lubricating
oil under test conditions and to determine the maximum load at which no wear will occur.

Keywords: lubricating oil, wear mark, force, time.

1. Introduction

The most important role of lubricant is to re-
duce friction, which prevents wear on surfaces.

The use of lubricants according to their state of
aggregation [1]:

— liquid lubricants (lubricating oils);

— plastic lubricants (greases);

— solid lubricants (graphite, molybdenum disul-

phide, etc.);

— gaseous lubricants (air, any inert gas).

In technical practice, liquid lubricants, lubricat-
ing oils, are most commonly used.

The parameters describing the most important
properties of lubricants are [2]:

— viscosity, used to measure the fluid's ability to

flow;

— consistency: a measure of the stiffness of

grease;

- film-forming ability, a film of lubricant sepa-

rating moving parts.

Lubricants should ensure that the optimum lu-
brication condition is maintained for as long as
possible.

Causes of fatigue:

— internal changes in the lubricants;

— external contamination of lubricants;

- loss of efficiency of additives.

A kendolaj 0sszetétele alapolajbdl és a hozzaad-
ott adalékokbal all.

The composition of a lubricating oil consists of a
base oil and added additives.

The additives greatly alter the properties of the
lubricating oil, improving its wear, friction, oxi-
dation, foaming and corrosion properties.

Classification of lubricating oils:

— Vegetable and animal oils

— naphthenic and mixed base oils

— Synthetic lubricating oils, used in special cas-

es, mainly at temperatures above 90°C or at
very low temperatures. The most common
synthetic oils are ester, poly-alpha-olefin, sili-
cone and fluorinated oils and polyglycols.

2. Tribological studies

2.1. Design of equipment for testing the
load carrying capacity of lubricants

The tribological tests are designed as follows:
[3-7]

— to design a structure optimised for long life;

— design of an optimum structure in terms of
operation

—to determine the data needed to establish
maintenance and overhaul periods;

— monitoring the machine's operating condition;

- to simulate the wear of components by means
of model tests;


https://doi.org/10.33895/mtk-2025.22.17
https://doi.org/10.33894/mtk-2025.22.17

Popa- Miiller I, Lérincz N. — Miiszaki Tudomdnyos Kézlemények 22. (2025)

— determining the factors influencing the be-
haviour of the tribological system;

— selection of the pair of materials and lubri-
cants required for the construction and oper-
ation of a given friction structure;

— checking the quality of materials and lubri-
cants.

For our application, we used the slotted disc tri-

bological model, Figure 1.

One part of our system provides the rotary mo-
tion of the ring, while the other part is made up
of a mechanism that provides a gradual load on
the test piece.

The ring is locked at one end of the shaft and
rotates in line contact with the test piece. The ring
rotates at a constant speed of 800 [r/pm]. A lubri-
cant is applied to the lubricant reservoir below
the ring, forming a lubricating film between the
two contact surfaces.

At the other end is a belt pulley [1, 8], attached
by alatch, to which an electric motor is connected
by a belt drive. From the point of view of speed
adjustment and transmission, a belt drive is re-
quired [9]. During operation, the minimum load
at which the lubricant film breaks and fatigue
starts is determined by gradually increasing the
load, Figure 2.

The test impactor is loaded by a pair of force
arms. One of the two levers locks the impactor in
position, while the other lever presses the impac-
tor against the ring. The progressive loading pro-
vided by the force arms is achieved by weights of
different masses, Figure 3.

During operation, the minimum load at which
the lubricant film breaks and starts to crack is de-
termined by gradually increasing the load.

Both parts are fixed on a structure made of a
lock section welded together, Figure 4.

The implemented device can be observed in
Figure 5.

E _ test piece
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Fig. 3. Kinematics of the power arm of the equipment.

Fig. 4. Spatial model of equipment.

Fig. 1. Bloc-disc model.

Fig. 5. Completed equipment
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2.2. Subject of the study

The aim of the test is to study the load carrying
capacity of lubricating oil on different contact
surfaces. This is done by investigating the force
load and the time after which wear occurs.

To determine, under given test conditions, the
maximum load at which the burr does not yet ap-
pear.

The tests were carried out on specimens of Cu,
CuZn, C45 using a steel ring. T90 type oil was used
in the tests. This is a transmission oil used in low
speed industrial gears with a viscosity index of 90.

Properties of lubricating oil:

- kinematic viscosity 40°C, v=160mm? /s;

- kinematic viscosity 100°C, v=16.5-18 mm?/s;

— density 15°C, 0=0.91g/cm?.

Test procedure: the load is gradually increased
every minute until a crack appears on the test
specimen, indicated by a characteristic sound.

The wear marks on the surfaces of Cu, CuZn, C45
specimens are observed in Figure 6.

2.3. Measurement results

Table 1 shows the measurement results ob-
tained during the study.

The equipment allowed precise monitoring of
the wear process, while providing reproducible
and reliable data for a specific lubricating oil on
two different contacting materials.

The maximum load capacity of the lubricant is
the highest for steel-steel. Here, an average load
of 2350 grams and an average load time of 320 s
result in a wear width of 0.5 mm.

During lubrication, the wear marks for steel-
steel contact of the same materials occur at high-
er loads than for steel-red brass or steel-brass.

2.4. Data processing

Load force and load duration affect the size of
the indentation mark, Table 1.

For data processing, a variable including both
the load force and the load time was introduced.
The variable is the ratio of load force to load time,
F/t ratio, where: F is load force [N]; t is load time
[s].

As a function of the variable, the wear rate of
different materials Cu, CuZn, C45 in the presence
of the lubricant can be monitored.

The data are given in Table 2.

Figure 7 shows the measured wear widths as a
function of the F/t ratio.

The effect of the hardness of the material on the
wear width is shown in Figure 8. The correlation
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Fig. 6. Abrasions on the surfaces of Cu, CuZn, C45

test pieces.
Table 1. Measurement data values
Load Load Dura- | Wear
mass [g] |force [N]| tion, [s] | width
Steel| Cooper | 1000 80 240 1
1250 100 270 1.5
1250 100 270 1.5
average 1166.(6) | 93.(3) 260 1.(3)
Steel| Brass 500 40 120 1
500 40 180 1.75
500 40 180 1.75
average 500 40 160 1.5
Steel| Steel 2300 200 330 0.5
2250 180 300 0.5
2300 184 330 0.5
average 2283.(3) 188 320 0.5
Table 2. Data processing values
Load | Appearance Force/ Wear
HB force of wear time width
[N] sound t[s] [mm]
60 93.(3) 260 0.358974 1.33
95 40 160 0.25 1.50
250 188 520 0.5875 0.50

Fig. 7. Variable influence of load-time on wear width.
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Fig. 8. The effect of material hardness on wear width.

in his figure, R,=0.89, shows a strong relationship
between the hardness of Cu, CuZn, C45 materials
and the wear widths.

The regression line shows that the higher the
hardness of the materials the lower the wear
width.

3. Conclusions

It has been shown that the wear trace when
using a lubricant depends on the material of the
contact surfaces.
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The validation experiments carried out have
demonstrated that this tribological laboratory
apparatus is suitable for testing the load carrying
capacity of lubricants, supporting the selection
and optimisation of the appropriate lubricant for
different industrial applications.
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Abstract

This study evaluates the behavior of the steel flush end plate (FEP) beam-to-column external joint, presented
in reference [1]. The investigations involve both analytical and numerical approaches to assess the perfor-
mance of this typical connection. The analytical method, described in reference [2], represents the Com-
ponent Method and the numerical analyses involved two finite element method-based software, Consteel
and IDEA StatiCa. These two software tools adopt two distinct methodologies - one utilizing the Component
Method, while the other implements the Component-Based Finite Element Method. A comparative analysis of
the results was performed to evaluate the reliability of the analytical and numerical methods and to analyse
the differences between these procedures. The results of the investigations indicate that the end plate is the
weakest component of the examined connection. Therefore, a numerical parametric study was conducted to
analyse the influence of the end-plate thickness on the overall behavior of the steel flush end-plate beam-to-
column external joint.

Keywords: steel structures, flush end-plate (FEP) connections, component method, component-based finite
element method (CBFEM), semi-rigid joint.

was performed using Consteel and Idea StatiCa
software, which apply different methods: the
Component Method and Component-Based Finite
Element Method (CBFEM).

The specimens presented in [1] were designed

1. Introduction

Connections are critical components of steel or
composite structures, significantly influencing
their overall behaviour in terms of internal stress
distribution and deformations. This paper pre-

sents the results of a preliminary study on the be-
haviour of a beam-to-column external steel con-
nection, isolated from the tested specimens pre-
sented in reference [1]. Through analytical and
numerical methods, this study provides a com-
prehensive evaluation of how variations in end
plate thickness affect the initial stiffness and load
bearing capacity of the examined connection.
The analytical evaluation of the steel joints
with different end plate thicknesses was carried
out using the Component Method, in accordance
with the SR EN 1993-1-8:2005 [2] standard. Fur-
thermore, the numerical analysis of these joints

to represent typical flush end plate connections
within a structural frame with a span of 8.00 m.
One test was conducted on an internal joint (T1),
while two tests were performed on external joints
(T2, T3). In all three cases, the joints were made
of steel columns and composite beams with a 10
cm thick and one meter wide reinforced concrete
slab. The slab was connected to the steel beam
using a single row of 11 pcs. shear studs, weld-
ed to the upper flange of the beam and spaced at
10 cm intervals. The column sections consisted of
HEB240 profiles, while the beams were made of
IPE270 profiles. At the load point, located at the


https://doi.org/10.33895/mtk-2025.22.18 
https://doi.org/10.33894/mtk-2025.22.18

Siité A. B., Urszuly N., Lérincz B. A., Nagy Zs., Buru M. S. — Miiszaki Tudomdnyos Kézlemények 22. (2025)

free end of the IPE cantilever, 10 mm thick stiff-
ening plates were added.

The end plate, with a thickness of 10 mm, was
welded to the IPE270 beam and fastened to the
column with four M16 bolts. The HEB240 and
IPE270 profiles were fabricated from S275 steel
grade, while the bolts were of class 10.9.

The tested specimens are illustrated in Figure 1.
and the results obtained for the initial stiffness
(S]._im) and moment resistance (Mj'Rd) of the ex-
ternal composite connections are presented in
Table1.

2. Analytical Evaluation

The analytical investigation was conducted
using the Component Method, where each com-
ponent is identified as a spring with a nonlinear
force-deformation curve, as mentioned by J. Jas-
part [3]. Therefore, each component is considered
as a semi-rigid component. The method requires
the following steps:

—identifying the active components within the

joint;

—determining the stiffness and/or the capacity
of each individual component, including key
parameters such as initial stiffness, design
bending resistance and shear resistance;

—identifying the weakest component which de-
termines the final capacity of the joint.

Analytical results indicate that, in the case of the
examined flush end plate connection composed
entirely of steel parts, the end plate is the weakest
component of the joint. The results demonstrate
a significant increase in moment resistance and
initial stiffness as the thickness increases. How-
ever, beyond a thickness of 16 mm, this effect di-
minishes, as the column flange becomes the most
sensitive component.

Table 2 presents the analytically determined
initial stiffness (S, ;) and moment resistance (M;
ra) Of the assessed joint with varying end plate
thicknesses, showing the percentage differences
(Sjini' +) in initial stiffness between the joint with
a 10 mm thick end plate and those with greater
thicknesses.

3. Numerical Analysis

In reference[1], the weld size between the beam
and the end plate was not specified. Therefore, 3
mm weld was used throughout the evaluations to
match the end plate dimensions. Furthermore, it
should be noted that the mechanical properties
obtained through tensile testing of the steel com-
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Fig. 1. The T2 and T3 specimens, tested as part of the
experimental program [1]

Table 1. Results from reference [1] for the composite

joint
Connection| S]..im [KNm/rad] M; zq [KNm]
T2 13700 147.4
T3 15800 163.1

Table 2. Analytical results of the investigated joint

Connec- 8} ini M. ¢q S]._ini1°+
tion [KNm/rad] [kNm] (%)

A-plOmm |  10034.49 34.28 0
A-pl2mm |  11466.35 39.54 14.26
A-pldmm | 12312.10 45.77 22.70
A-plémm | 12796.50 52.94 27.53
A-plSmm |  13064.54 57.64 30.19
A-p20mm | 1320175 57.82 31.56

ponents were not provided in reference [1]. As a
result, the numerical analyses were conducted
using theoretical mechanical properties, specifi-
cally a yield strength of 275 N/mm2 and a Young’s
modulus of 210 GPa.

Consteel and Idea StatiCa software were used to
numerically evaluate the flush end plate external
joint. Consteel adopts the Component Method,
while Idea StatiCa utilizes the Component Based
Finite Element Method (CBFEM) for the evalua-
tion of steel connections.

As previously mentioned, the Component Meth-
od considers each joint component as a spring.
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In contrast, CBFEM integrates the advantages of
the Component Method and the Finite Element
Method by decomposing the joint into its indi-
vidual components. It then applies nonlinear
material analysis to evaluate each component in-
dependently, as well as the joint as a whole, con-
sidering component interactions that ultimately
determine the overall capacity of the joint, as de-
scribed by Lubomir Sabatka [4].

A numerical analysis was performed to com-
pare both methods and to validate the analytical
results. The results obtained from Consteel and
the analytical method showed strong agreement,
with differences in initial stiffness and moment
resistance remaining below 10%.

The finite element model of the examined flush
end plate connection is shown in Figure 2 and
the results of the analysis are presented in Ta-
ble 3 and 4. Additionally, a parametric study was
performed by increasing the thickness of the end
plate.

Table 3. Numerical results of the investigated joint in
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4. Discussions and Results

In the ArcelorMittal design guide [5] for mul-
ti-storey buildings, it is specified that flush end
plate connections with relatively thin end plates
(10 mm in S275 steel grade) are generally as-
sumed to be pinned. However, the developed nu-
merical models demonstrated that the investigat-
ed configuration exhibits semi-rigid behaviour.
Figures 3 and 4 illustrate the differences in bend-
ing moment distributions for a frame structure
with a span of 8 m. The first illustrates the effect
of the tested joint on the bending moment distri-
bution within the structure, while the second uses
pinned connection as a reference to compare the
effect of different joint types on the structural be-
haviour.

Furthermore, the analytical and numerical
evaluations provide valuable insights into how
the choice of calculation method can lead to vari-
ations in the results. For the examined joint, test-
ed in reference [1], featuring a 10 mm thick end

Table 4. Numerical results of the investigated joint in

Consteel Idea StatiCa
Connec- Connec-

P S; ini [KNm/rad] M; rq [KNm] tion S, ;i [KNm/rad] M; q [KNm]
NC-p10mm 9216.41 34 NI-p10mm 9319.441 31.022
NC-p12mm 10929.6 39.14 NI-p12mm 11359.719 38.301
NC-pl4mm 12026.5 45.22 NI-p14mm 11818.897 45.233
NC-pl6mm 12700.32 52.23 NI-pl6mm 12629.169 52.165
NC-p18mm 13102.63 52.07 NI-p18mm 13351.153 53.032
NC-p20mm 13333.14 52.07 NI-p20mm 13860.144 53.205

Fig. 2. Finite element model of the investigated joint.

Fig. 3. Bending moment diagram for the studied
joints.

Fig. 4. Bending moment diagram for pinned connecti-
ons.
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plate, the results show a high degree of similarity,
with differences below 10%. Both the analytical
evaluation and Consteel software utilize the Com-
ponent Method, leading to comparable moment
resistance and initial stiffness values. Although
Idea StatiCa employs CBFEM,, its results do not dif-
fer significantly from those obtained using Com-
ponent Method.

Based on the results of the analytical and nu-
merical analyses, it has been demonstrated that
the end plate is the weakest element of the ex-
amined connection. The results indicate a signif-
icant increase in moment resistance and initial
stiffness as the end plate thickness increases.
However, beyond a thickness of 16 mm this effect
becomes less pronounced, as the column flange
then becomes the most critical component of the
connection.

5. Conclusion

The evaluation of the connection was made us-
ing analytical and numerical methods, revealing
its semi-rigid behaviour and its ability to transfer
bending moments. The results indicate that the
Component Method and CBFEM procedure yield
comparable moment resistance and stiffness val-
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ues, with differences remaining within an accept-
able range for the examined joint.

Further aims of the study include an experimen-
tal program involving the testing of two types of
connections: joints connecting exclusively steel
parts and joints connecting steel columns and
composite beams.
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Abstract

The task of the project was the design and CFD simulation of a Toyota MR2 component. The design took into
account that the vehicle will be modified for racing purposes. Accordingly, a wing profile was chosen and a
3D CAD model of the profile was created. The wing was designed considering the aerodynamic characteris-
tics of the car, and the brackets to attach the wing to the vehicle were also made. During the testing process,

the optimum entry angle of the wing was found.

Keywords: electric race car, aerodynamics, rear wing, wing profile, CFD simulation.

1. Introduction

The University of Debrecen, Faculty of Technolo-
gy has launched new developments in the field of
trains for the automotive industry. Artificial intelli-
gence is becoming more and more prevalent in IT
and we have started to integrate it into the devel-
opment and teaching of the Vehicle Engineering
Laboratory. The lab has a number of older robot
units that are currently undergoing functional up-
grades so that they will be able to use AI [1].

A Digital-Twin model of the lab has been creat-
ed, so it is possible to perform measurements in
the virtual lab [2]. Furthermore, it is possible to
program virtual 3D robots without actually being
in the lab [3]. Measurements in the field of robot-
ics have also been performed in the lab, mainly in
the area of singularity measurements [4].

For vehicle navigation, we implemented AGV
trajectory planning using augmented reality tech-
niques [5].

Our goal is to develop an Industry 5.0 pattern
making system within the lab, where each robot
unit can make decisions in workflows based on AI
learning from its own dataset. Primarily in sort-
ing tasks and path planning [6].

As the region relies heavily on the automotive
industry, a number of simulation models have
been designed for forklift trucks [7]. The neces-
sary telemetric data were measured during our
previous competitions and analysed later [8].

In keeping with the spirit of the times, sustain-
ability is also a priority in our developments [9].
Innovation is a dominant feature of the engineer-
ing profession, which is also present in vehicle de-
velopment.

Aerodynamic elements are playing an increas-
ingly important role in motor racing, allowing cars
to become faster and achieve better lap times. Aer-
odynamic elements help to efficiently dissipate the
air around the car and create downforce, which
gives the car more grip, resulting in higher corner-
ing speeds, shorter braking distances and better
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acceleration. As well as downforce, these devices
also increase drag, so it is important to find the
most effective solution for the application, which
is the happy medium between downforce and
drag. The project aims to design the rear wing of a
Toyota MR2 electric race car.

2. Rear wing operation

The rear wings are an aerodynamic element on
the vehicle's undercarriage, designed to create
more grip and to make the vehicle more stable at
high speeds [11].

The wings work by using Bernoulli's principle
and Newton's 3™ law to form their lift. On the
convex surface of the wing, the Bernoulli princi-
ple causes the air to accelerate and its pressure
to decrease [12]. The higher pressure of the air
on the other side of the wing pushes the wing to-
wards the lower pressure, according to Newton's
3rd law [13].

The efficiency of the wing is influenced by five
characteristics: lift and drag coefficients, angle of
entry, aspect ratio and airfoil design [14]. These
characteristics should be chosen with the airfoil's
purpose in mind [15].

The wings mounted on motor vehicles work
"quasi" in the same way as the wings on aircraft,
the difference being that the rear wings of motor
vehicles are upside down so that their lift is in the
opposite direction. The force exerted by the wing
results in greater traction [16].

It is important to mention the wing tips, which
reduce the turbulence on the wing tips that is cre-
ated when the pressure differences are equalized
[17].

The drag of a car is calculated using the follow-
ing formula:

1)

Turbulence degrades wing efficiency, increasing
drag and reducing lift. End flaps minimize these
adverse effects, improving the aerodynamic per-
formance of the wing [18]. The lift force on a car
can be calculated using the following formula:

@)

3. Designing the rear wing

The vehicle in question, which is owned by the
University of Debrecen, Faculty of Engineering,
is a Toyota MR2. The official data available were
used for the study [19].
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The main design considerations for the wing
were determined according to the vehicle's aero-
dynamic sign-plates and the specific needs of sla-
lom racing. The basic criterion for sizing the wing
was that it should not exceed the width of the
car, which is 1700 mm. This is important because
elements protruding from the plane of the body-
work during obstacle avoidance on slalom tracks
could hinder maneuvering [20]. Accordingly, the
wing span was set at 1700 mm, while the length of
the wing profile was set at 300 mm.

A key consideration in the choice of aerodynam-
ic characteristics was to achieve adequate down-
force with relatively low drag. On slalom slopes,
where lower speeds are generally dominant,
higher downforce is of paramount importance
as it increases the grip of the vehicle. Minimizing
drag was a secondary consideration, but still an
advantage for such a high performance vehicle.

When designing the wing, attention was also
paid to ensuring adjustability. Slalom races are
held on different types of tracks, which have dif-
ferent aerodynamic requirements. The adjusta-
ble angle of entry allows the wing to always adapt
to the specific needs of the track, thus providing
optimum performance.

For the choice of the airfoil, a model with a
high forward pitch, a smooth lift and a relative-
ly low drag was chosen based on literature [21].
To design the airfoil, I used an airfoil generator
developed by the NACA (National Advisory Com-
mittee for Aeronautics) [22] This tool allowed the
accurate creation of the desired geometry profile,
which is the basis for the aerodynamic perfor-
mance of the wing.

The NACA generator was used to produce a
5-digit air foil that meets the requirements for
high lift. During the generation process, the lift
coefficient was set to 1.0, the maximum forward
deflection was set at 25% of the air foil length, and
the thickness was set to 6% of the chord length.
The resulting air foil profile was used as the basis
for the design and simulation processes, ensuring
optimal performance of the air foil [22]. The air
foil profile generator is shown in Figure 1.

Then, from the completed air foil, we designed
the 3D CAD model represented in Figure 2.

3.1. Wing rib design

An important aspect in the design of the wing
rib was the applicability of additive manufactur-
ing technology. To this end, the rib is 300 mm long,
6 mm thick and designed with a wall thickness of
4 mm, which provides sufficient stiffness to with-
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Fig. 1. NACA air foil generator [22]

Fig. 2. Air foil 3D CAD model

Fig. 3. Wing ribs

stand the forces applied. The internal stiffeners
are 1 mm thick, and there are 0,3 mm rounded
edges at the joints. Two 8 mm diameter holes al-
low easy and stable assembly of the wing frame
on aluminium rods. The design is light, rigid and
economical to manufacture (Figure 3).

In order to minimise the impact of turbulent air
currents on the wing's efficiency, the wing's end
plate is designed with a large surface area. 250 mil-
limetres high and 350 millimetres long, the lower
side is oriented upwards at an angle of 45 degrees
at 250 millimetres. It is 5 millimetres thick.

Various roundings are visible on the model (Fig-
ure 4), which are also responsible for improving
flow and reducing turbulence.

The purpose of the mounting brackets is to se-
cure the wing structure to the vehicle body in a
stable and secure manner, ensuring the correct
position and angle of the wing under the effects of
acceleration, braking and downforce. It is impor-
tant that the design and material of the brackets
guarantee the deformation resistance and aero-
dynamic performance of the structure. Solid Edge
[23] was used to design the cantilevers. The base
was designed to be 250 mm long, 80 mm wide and
10 mm thick. The attachment to the car boot lid is
provided by four holes with a diameter of 5 mm
located in the four corners of the base (Figure 5).

The wing can be attached to the wing brackets
by means of a modified wing rib, which also pro-
vides adjustability.

Fig. 4. Windshield

Fig. 5. Fixing bracket.
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3.2. Wing assembly

The assembly model was created using Solid
Edge Assembly.

On the base, the holes were drilled and the wing
brackets were attached to these holes.

The wing ribs were attached to the brackets and
fastened together with M5 screws selected from
the Solid Edge model book. The wing model was
then glued on and the elements joined.

We also made two types of wing models, one
without wing tips and one with wing tips, as
shown in Figure 6.

4. CFD simulation study

The models were placed into the CFD simulation
program Simscale [24] and the current-latency
simulations were performed. The program deter-
mined the direction and magnitude of the forc-
es acting on the model based on the given cur-
rent-phase values.

In the simulations, the flow velocity was set to
50 km/h, since our own experience has shown
that slalom races do not usually have a bend ca-
pable of achieving higher speeds.

Simulations were used to determine the most
suitable entry angle for the speed determined
(Figure 7).

The values obtained from the simulations were
sorted into a table and used to select the 10° angle
of entry (see Table 1).

With this setup, CFD simulations were carried
out on both the wing without an endplate and the
wing with an endplate.

4.1. Simulation of a wing without wingtip

The results of the CFD simulation show that the
assembled model achieves a downforce of 41-
42N, which is far below the values of the simple
wing model. This performance degradation is not
surprising, as the cantilevers significantly break
the flow under the wing and induce vortices.

Obviously, the drag of the assembled model is
higher than that of the simple wing model. 12-13N
is the drag of the complete model.

4.2. Simulation of the air foil wing

The simulation showed that the wing with end
plates produced a down-tension force of 52-53N.
The end flaps reduced the turbulence on the wing
tips, thus increasing the downforce. The drag
was also reduced compared to the wing mod-
el without wingtips, although not by much, but
improved in this aspect as well. It can be clearly
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Fig. 6. Assembly models without and with wingtip.

Fig. 7. CFD simulation of a wing model with 10° angle
of attack.

Table 1. CFD simulation values for wing profiles

Angle of Downforce Air resistance
entry
0° 17-20N 3-3.5N
5° 47-49N 4-4.5N
10° 72-73N 5-6.5N
15° 82-85N 14-16N

Table 2. Without wingtip and with wingtip

Wing-
Con_s1dera- wing-wing Wln.g-ﬁn Difference
tions without wing
wing-tip
Downforce 42N 53N 21%
Air resistance 13N 12N 8%

seen that, thanks to the air foil, lower and higher
pressure air cannot create turbulent airflow on
the wingtip.

The simulations showed significant differences
between the two wings, which are summarised in
Table 2. Based on the data, the wingtip solution
is more efficient and will be the best solution for
the race car.
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5. Conclusion

The aim of the project was to design and simula-
tion test a rear wing that could improve the driv-
ing dynamics of the Toyota MR2 for slalom racing.
The design of the wing was based on the literature
to determine the optimal wing profile and the ge-
ometric parameters required for the simulations.
In the analysis of the 3D model created with Solid
Edge software, we also investigated the effective-
ness of the wing tips in reducing tip vorticity, in-
creasing downforce and reducing drag. CFD sim-
ulations at 50 km/h showed that the configuration
with wing tips resulted in 21% higher downforce
and 8% lower drag than the version without tips.
These benefits significantly improve the vehicle's
cornering capabilities and acceleration, which is
a key priority in competition.

Since we also use DAQ data acquisition systems
in the Faculty of Engineering, Vehicle Manufac-
turing Laboratory [25], we will be able to com-
pare the data with future modifications to the
vehicle [26].
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Abstract

The project is investigating the production of a balancer shaft for the Zetor 10245 tractor, focusing on vibra-
tion reduction for in-line four-cylinder engines. Using 100Cr6 high-carbon bearing steel, advanced meg-ma-
chining techniques and finite element simulations were applied to optimize performance and life. Stress
analysis, toolpath optimization and precision machining on a DMG MORI NT 4250 DCG machine ensured
structural integrity and high-quality output. Surface roughness and performance measurements validated
the design, demonstrating the effective integration of material selection, machining and simulation to in-

crease engine reliability.

Keywords: balance shaft, 100Cré6 steel, finite element simulation, machining optimization.

1. Introduction

The Debrecen region is not only important for
the automotive industry, but also for agriculture.
That is why, in addition to the low-tech vehicles,
tractor-related developments and maintenance
are also important.

The balancer axle plays a critical role in reduc-
ing vibration in in-line four-cylinder engines by
counteracting first- and second-order forces. Us-
ing 100Cr6 high-carbon steel, advanced machin-
ing processes such as turning, milling and groov-
ing were applied to achieve accuracy and dura-
bility. Finite element simulations were carried
out to evaluate stress distribution, deformations
and performance under realistic conditions. This
integrated approach ensures the production of a
reliable component that increases the efficiency
and lifetime of the motor. The Zetor 10245 tractor
is shown in Figure 1.

1.1. Analysis of the balancing axis

Several wear patterns were evident at the bear-
ing location, including diameter reduction and
ovality due to the geometry of the shaft, and in-
dentations outside the bearing contact surfaces
probably occurred after the gear slipped, as the
shaft continued to rotate to maintain momentum

Fig. 1. Zetor 10245 at work in spring.


https://doi.org/10.33895/mtk-2025.22.20 
https://doi.org/10.33894/mtk-2025.22.20

Varga Cs., Szdnto A., Asztalos T. G., Dids Sz. S., Husi G. — Miiszaki Tudomdnyos K6zlemények 22. (2025)

from its mass. The shaft itself can be seen in Fig-
ure 2.

The various instances of wear all point in the
same direction, even when achieving materi-
al-side design life in bearing and shaft terms, so
the following case was inevitable [1, 2].

1.2. Material choice

The Sauter HO ultrasonic hardness tester was an
extremely valuable tool in this project to evaluate
the material hardness and surface roughness of
the balancer shaft. The measuring instrument
used is shown in Figure 3.

The results of the tests showed that it has almost
uniform hardness parameters on both sides, ex-
cept for the bearing surfaces of the component,
which exhibit extremely high strength and wear
resistance for longer shaft life. The hardness
measurement results are summarized in Table 1.

1.3. Selected material

For the balancer shaft, We chose 100Cr6, a steel
with excellent strength, toughness and wear re-
sistance, making it an optimal choice for sub-as-
semblies that are subjected to dynamic loads and
stresses during operation (Figure 4).

2. 3D model design

The following measurement tools were used in
the design:

—Digital caliper: for measuring the outside di-
ameter, length and distance between critical
surfaces of the shaft.

—Stirrup micrometer: used to measure the di-
ameter of the shaft, ensuring a fine tolerance
within the Mechani-Kai limits.

—Radius template set: with the help of this tool
the curves and the radius on the balancing
shaft were measured.

In the initial phase of the 3D modelling process,
2D sketches of the shaft were created in SolidEdge
[5]. ]. Using the data obtained from the measure-
ments, two-dimensional profiles were created for
the most important cross-sections, namely the
shaft diameter, the gear positions and the grooves
for the curved latch nest.

In addition to refining the 3D model, Fusion 360
was used to design and simulate the machining
process. The first step in the process is the set-up
of the stock, which involves defining the dimen-
sions of the cylindrical stock. A solid bar with a
diameter of 55mm and a length of 700mm was
used as the basis for the part, and the stock was
positioned for the machining operations.
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Fig. 2. Exploded view of the balancing unit. [3]

Fig. 3. The Sauter HO hardness tester.

Fig. 4. Chemical composition diagram of 100Cr6. [4]

Table 1. Results of the hardness measurement

1. 2. 3. 4. 5. 6. 7o
21.6 | 56.7 31.1 58.9 | 30.8 | 56.9 221
HRC | HRC | HRC | HRC | HRC | HRC | HRC
22.2 | 481 27.9 559 | 29.2 | 57.7 28.3
HRC | HRC | HRC | HRC | HRC | HRC | HRC
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3. Turning processes

During turning, each operation serves a specific
purpose in shaping and machining the workpiece
to meet the desired machining properties. In this
section, We discuss the characteristics and param-
eters of each operation, including homo-locating,
longitudinal turning roughing, longitudinal turn-
ing smoothing, external recess roughing, external
recess smoothing, drilling and profile finishing
[6]. The imported model is shown in Figure 5.

The tools used in the process, i.e. those recom-
mended by Sandvik Hungary Ltd., were carefully
selected to achieve the required accuracy, opti-
mum surface quality and efficient material re-
moval (Figure 6) [7].

To ensure that the end points of the shaft are
perfectly flat and accurately dimensioned, face
machining was used. During this turning process,
the tool is moved radially towards the centre line
at the workpiece end.

The values used for the frontal stiffening are
summarised in Table 2.

Longitudinal turning, or straight turning, is a
machining operation in which the cutting tool
moves in a direction parallel to the axis of the ro-
tating workpiece, thereby reducing the diameter
in the longitudinal direction. External grooving
is a turning operation in which the cutting tool
creates a groove or recess along the external di-
ameter of the cylindrical workpiece. In external
grooving, the tool is inserted directly into the
workpiece at the desired location and moves radi-
ally in the material to achieve the desired depth.
Chamfering, also important, is a turning opera-
tion used to separate the finished part from the
rest of the workpiece or bar stock (Figure 7).

In the parting operation, the cutting tool is in-
serted indirectly into the rotating workpiece until
it reaches the centre, effectively cutting through
the diameter and creating a separate sub-part.

The catch values are summarised in Table 3.

4. Turning processes

Each process has specific characteristics, appli-
cations and operating parameters that affect ef-
ficiency, accuracy and surface quality [10]. Mill-
ing operations are a type of operation in which
a flat-end milling cutter is used to create precise,
flat-bottomed pockets and other complex pro-
files on the workpiece. In the case of a balancing
spindle, for example, the pockets are machined
to achieve the desired mass distribution, which is
essential for vibration reduction and proper op-
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Fig. 5. Model designed in Fusion 360.

Fig. 6. DCKNR 2020K 12 turning lathe blade holder
and CNGM12041 2F-HGR 7125 blade. [8, 9]

Fig. 7. RF151.23-08-25 lathe insert holder and 25-4G
525 lathe insert. [12]

Table 2. Catches and their characteristics during

frontal lobing
Roughing | Smoothing
Number of passes 8 1
Cutting speed v, 145 m/min | 145 m/min
Speed feed per revolution f, | 0.177mm | 0.19 mm
Depth of grip a, 0.567 mm | 0.465 mm

Table 3. Catches and their characteristics during

external stabbings
Number of passes 1
Cutting speed v, 124 m/min
Speed feed per revolution f; | 0.2 mm
Maximum rotation speed 4000 rpm
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Table 4. Catches and their characteristics during

flat-end milling
Cutting speed v, 236 m/min
Feed per tooth f, 0.0901mm
Maximum grip depth 25 mm

Fig. 8. 930-B30-S-20-088 tool holder and 1P330-2000-
XA 1620 solid carbide shank grinder for medi-
um roughing. [14, 15]

eration [11]. The toolholder and the shank mill-
ing cutter can be seen in Figure 8.

The values for flat-end milling are summarised
in Table 4.

5. Generating the toolpath

We designed the toolpaths for the machining
process using the integrated CAM tools provided
by Fusion 360 [13] using the different tools we
found suitable during my research: depth of cut,
cutting speed, radial depth of cut, feed per tooth
(Figure 9).

For each section of the shaft, specific operations
were selected and the corresponding parameters
were set, such as main spindle speed, feed per
revolution (Figure 10).

A series of simulations were carried out to gain
insight into how each cutting tool interacts with
the material. Ansys was also used to perform the
simulations [16].

The simulations showed in real time the man-
ufacturing process from material removal to
the final shape of the finished balance shaft (Fi-
gurell).

6. Component handling method

When machining the balancer shaft, six-part
machining was critical to ensure accuracy and
efficiency. The use of primary and secondary
spindles ensured safe retention and through-feed
of the workpiece during the various machining
stages. The main spindle initially held the work-
piece, ensuring stability during operations such
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Fig. 9. Toolpath for the frontal machining process.

Fig. 10. Curved bolt grooving, milling process tool
path.

Fig. 11. Elastic tension intensity test result.
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as longitudinal turning, face turning and groov-
ing (Figure 12).

Once the primary operations were complete, the
spindle engaged to hold the opposite end of the
spindle, facilitating a smooth transfer of the part
without the need for manual repositioning.

7. Finite element simulation

We performed a comprehensive finite element
simulation to analyse the performance of the fly-
wheel shaft under different operating conditions.
The aim of the simulation was to create a realistic
model that accurately represents the physical be-
haviour of the balancer shaft when subjected to
different forces and conditions.

The simulation has highlighted the axial defor-
mation along the length of the shaft due to the
axle load and bearing forces. The axial deforma-
tion can cause the shaft to elongate slightly under
high loads, leading to possible displacement of
critical surfaces. Such deflections can lead to un-
even load distribution on bearings and coupling
components, which can result in increased wear
or even mechanical failure [4].

The radial deflection, i.e. the deflection when
the axle is subjected to bending stresses, has also
been understood, especially in areas subject to ge-
ometric deformation, such as grooves or reduced
cross-sections.

The application of elastic strain intensity anal-
ysis allowed the safe operating parameters of
100Cr6 to be determined, ensuring that the elastic
properties of the material are capable of accom-
modating the expected loading conditions of the
tensile field. The deformation values can be seen
in Figure 13.

The methods and technologies used in the de-
sign and manufacture of the balancer shaft have
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demonstrated that the combination of appropri-
ate material selection, precision machining and
simulation is key to producing reliable and dura-
ble components. The use of 100Cr6 material, the
state-of-the-art DMG MORI NT 4250 DCG machine
and optimised machining parameters contribut-
ed to the high quality of the final product. The
tests carried out, such as surface roughness and
hardness measurements, confirmed that the shaft
meets the stringent requirements of agricultural
machinery. This project provided an effective
solution to increase the reliability and lifetime of
the Zetor 10245 tractor.

9. Research infrastructure

The University of Debrecen, Faculty of Technol-
ogy has implemented a number of improvements
in the laboratories, which will be decisive in the
coming period. The established automotive lab
provides the opportunity to start new develop-
ments in the field of robotics [17]. The field of arti-
ficial intelligence is gaining significant ground in
the industry, therefore we started to complement
the basic robot functions in the automotive lab
based on our own dataset [18]. For the prelim-
inary teaching we used Digital-Twin techniques
in the lab [19]. The automotive engineering lab is
also significant for the Faculty of Engineering, as
the region is now mainly defined by the automo-
tive industry, so that optimizations [20] and ma-
chine learning solutions can open new innovative
avenues [21]. Simulations on vehicle dynamics
were also performed in the lab, on the topic of
electric motors [22], based on previous teleme-
try data [23]. DAQ data acquisition systems have
been used for these [24], which have also been
used in our aircraft development [25].

Fig. 12. Ansys 2024 R2 model created in student-li-
cence software.

Fig. 13. Result of the deformation marker test.
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