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A bstract: Introducing automation in manufacturing can lead to increasing efficiency in the assembly process,
reducing Lean production waste, and enhancing operator ergonomics. The purpose of combining automation and Lean
is to bridge the gap between digital transformation and human-centric automation, ensuring technological evolution
together with the operator's well-being while driving industrial optimization, innovation, and efficiency. According to
the review, synergy is required; however, challenges remain in effectively aligning automation with Lean principles.
This paper aims to analyze the possibilities for integrating automation and Lean management according to literature,
exploring similarities and the implementation practices to achieve sustainable and competitive manufacturing.

Key words: Lean; automation; manufacturing; Industry 5.0

HUHTEI'PALINJA HA LEAN-ITIPUHHUIIUTE U ABTOMATHU3ALUJATA
3A IUTT'UTAJIHA TPAHC®OPMAILINJA BO ITPOU3BOJCTBOTO

A mcrTpak 1 BoBenyBamero aBToMaTH3anuja BO IPOU3BOACTBOTO MOXKE Jia JIOBEAE /IO 3rojeMyBame Ha
e(uKacHOCTa BO TIPOLIECOT HA CKIIOMYBambe, HaManyBamwe Ha Lean-3aryoute u nopo0pyBame Ha eproHoMHjaTa Ha orie-
paropor. Llenrta Ha KOMOMHHpamkETO Ha aBTOMaru3alujata W Lean e ma ce MpeMOCTH ja30T MoMery AMTHTAIHATA
TpaHchOpMaIija U aBTOMATH3allijaTa OpUCHTHPaHa KOH YOBEKOT, 00e30eIyBajKkn eBOJYIHja Ha TPOU3BOAHUOT CHC-
TEM 3aeHO co Oiarococrojdara Ha ONMEPaTOPOT, a HaeJTHO MOTTUKHYBAjKH ONTHMHU3AINja, HHOBAIIMA U e()UKACHOCT.
Criopen mpernieior, motpedHa € CHHEPTrHja; cenak, OCTaHyBaaT MPEeIN3BUIM BO e(PHUKACHOTO YCOTJIACYBamke HA aBTO-
MaTu3anyjata co npuHiunuTe Ha Lean. OBoj Tpyn MMa 3a IieN Ja TH aHaJM3upa MOXKHOCTHTE 33 MHTETpHpame Ha
aBTOMaTH3alMjaTa U Lean cropen imteparypara, NCTPaXKyBajKu TH CIMYHOCTHTE M NMPAKTHKUTE 33 UMIUIEMEHTaIHja
3a J]a ce MOCTHI'HE OJIPJKIIMBO U KOHKYPEHTHO MPOM3BOJICTBO.

Kuayunu 36opoBu: Lean; aBromarn3zanuja; npoussozactso; uaycrpuja 5.0

1. INTRODUCTION

Lean manufacturing (LM) and automation rep-
resent two complementary yet sometimes conflict-
ing approaches to improving production efficiency.
LM aims to eliminate waste, enhance flexibility,
and empower workers by focusing on continuous

improvement and value-driven processes [1]. On
the other hand, automation integrates technology to
streamline operations, reduce human error, and im-
prove overall performance. While lean automation
offers significant advantages — such as minimizing
process inefficiencies and optimizing workflow — it
also presents challenges, including high implemen-
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tation costs, reduced process flexibility, and in-
creased reliance on technology over human exper-
tise [2]. A balanced approach to digital technologies
and ultimately automation is essential to keep it
simple, cost-effective, and aligned with lean princi-
ples. Too much automation can make systems over-
ly complex, reduce operator engagement, and limit
flexibility in production. To ensure efficiency with-
out compromising lean benefits, automation should
be strategically planned.

The motivation for this paper comes from the
need to implement digital technologies for pro-
cessing automation, efficiency improvement, and
enhanced ergonomics within the Smart Learning
Factory — Skopje. These needs were identified dur-
ing the initiation of the TEAM 5.0 scientific re-
search project, led by the Faculty of Mechanical En-
gineering — Skopje, and supported by Ss. Cyril and
Methodius University in Skopje and the Smart
Learning Factory — Skopje. This paper builds on
these efforts by exploring the relationship between
Lean principles and automation to optimize manu-
facturing processes. The introduction should briefly
place the study in a broad context and define the
purpose of the work and its significance. In the first
part of the paper, Lean Automation concept will be
reviewed through several relevant papers. In the
second part, Automation in manufacturing as a sub-
ject will be covered to establish a connection with
the mentioned project where an improvement is
needed in the assembly process, preferably done
with a Pick-by-Light (PbL) system on the existing
manual workstation. The third part includes discus-
sion on the relationship between Lean and Automa-
tion providing synergy between the familiar Lean
principles and main automation & control benefits.

2. LEAN AUTOMATION

In [3] authors discuss the synergy between LM
and automation, emphasizing that Lean principles
are a prerequisite for successful automation. The
study highlights that while automation alone in-
creases productivity from 27% to 61%, incorporat-
ing Lean tools such as inline quality control (IQC)
before automation raises productivity further to
74%. This indicates that optimizing processes with
Lean principles before automation maximizes effi-
ciency, making automation more effective. The
findings reinforce that digitalization and Industry
4.0 require Lean foundations to ensure smart, flexi-
ble, and responsive manufacturing. This is also dis-
cussed in [4], where the author highlights the posi-

tive correlation between 14.0 and Lean while noting
the challenge of digital waste, urging its integration
into value stream mapping. Limited to Swedish
SMEs and select Lean practices, the study calls for
further research on digital waste in areas like sup-
plier development, employee digital engagement,
and smart maintenance beyond Sweden. In [5] the
authors explore the relationship between LM and
Automation, focusing on the importance of finding
the right balance between them to enhance manu-
facturing competitiveness. As industries face rising
labor costs and a competitive market, automation is
increasingly adopted to improve efficiency. How-
ever, without careful integration, automation may
not align with Lean principles, leading to inefficien-
cies. The study highlights key factors for successful
Lean automation, including a holistic approach,
strategic planning, flexible solutions, ergonomics,
waste reduction, and process simplification. It con-
cludes that fully automated systems are not always
necessary or feasible; instead, Lean tools can guide
manufacturers toward simpler, cost-effective auto-
mation options. Sources [6] and [7] consistently
show that combining Lean practices with Industry
4.0 technologies results in higher operational per-
formance than applying either approach alone. Lean
supports companies in adopting digital tools more
effectively, while 14.0 technologies (such as IoT,
Al, and cyber-physical systems) help address chal-
lenges like product customization and process com-
plexity. Papers [8] and [9] acknowledge the fact that
Industry 4.0 offers many new opportunities for au-
tomation of the traditional manufacturing processes
and offers Lean-related solutions including technol-
ogies such as Automatically Guided Vehicles
(AGVs), [oT, 5G and CPS.

A very important point is made in [10], where
the authors explore the application of Lean Manage-
ment principles beyond manufacturing, particularly
in the banking and financial services sector, where
automation and digitalization dominate. While this
is not a priority for this paper, an interesting conclu-
sion emerges — "Lean first, then Automate".

Finally, an integration of Lean Automation
(LA), Lean Production (LP) and Industry 4.0 tech-
nologies is presented in [11]. Authors empirically
test the link between LA and operational perfor-
mance using data from over 200 firms. The findings
reveal two key LA components: one focused on op-
erational stability and supplier efficiency, and an-
other on streamlining processes for improved deliv-
ery. The study confirms a positive correlation be-
tween LA and performance improvements, empha-
sizing the need for structured integration strategies.

Mech. Eng. — Sci. J., 43 (2), 75-82 (2025)



Integration of Lean principles and automation for digital transformation in manufacturing 77

Table 1
Overview of the literature review on Lean automation
Ref. Main points

3] Lean as a prerequisite for automation, showing that IQC boosts productivity from 27% to 74%. Industry 4.0 relies on Lean
to ensure smart, flexible manufacturing.
Industry 4.0's impact on Lean automation is examined, emphasizing digital tech adoption in SMEs, digital waste issues, and

(4] : :
the need for further research on automation strategies.

(5] The balance between Lean and automation for competitiveness is explored, highlighting strategic planning, waste reduction,
and Kaizen for cost-effective and efficient automation.

[6] Lean & Industry 4.0 integration, showing a strong correlation. Combining both boosts performance beyond individual
effects, making Lean key to digital transformation.

[7] Lean and Industry 4.0 enhance flexibility and efficiency in modern manufacturing. A structured model is suggested to align
Lean with digital transformation.

(8] An action plan for integrating Industry 4.0 in Lean is presented via design, integration, and continuous improvement. Al,
AGVs, and 5G help minimize waste and boost efficiency.

[9] Lean-Industry 4.0 synergy is discussed, using CPS and digital tools for automation. However, gaps exist in frameworks for

flexible, automated workstations in Lean environments.

Lean is applied to banking, introducing 'Lean first, then Automate,' ensuring process optimization before digitization. The
model solves sequencing issues in automation adoption.

Lean Automation (LA) as the integration of Lean Production (LP) and Industry 4.0 (14.0) technologies, showing a positive
impact on operational performance. It highlights the need for a structured approach to integrating these paradigms.

The papers summarized in Table 1 consistently
highlight that Lean principles serve as a foundation
for successful automation and digital transformation
in manufacturing. While automation and Industry
4.0 technologies enhance productivity and flexibil-
ity, their effectiveness is maximized when preceded
by Lean practices such as waste reduction, process
simplification, and quality control.

Another concept that is widely known in liter-
ature is the Automation pyramid which represents
the hierarchical structure of industrial automation
systems [12]. The control level (PLCs, DCS) auto-
mates processes, while the supervisory level
(SCADA) enables monitoring. The MES level opti-
mizes production, bridging automation with busi-
ness operations, and the enterprise level (ERP) han-
dles planning and resource management. With In-
dustry 4.0, this rigid hierarchy is evolving into a
more interconnected, data-driven system. Consider-
ing the evidence from Table 1, authors suggest mod-
ification of this pyramid (Figure 1) by adding a base
that is related to the Lean practices that are essential
for smoother implementation of the following lay-
ers. Continuous improvement along the pyramid
layers is also present to sustain the Lean aspects dur-
ing the work.

Maw. unoic. nayu. ciuc. 43 (2), 75-82 (2025)

Level 5
Level 4
Level 3 SCADA, HMI
Level 2 PLC, PID, DCS
Sensors, actuators and other
Level 1 n
devices
Level 0 Lean processes

Fig. 1. Modified automation pyramid

3. AUTOMATION IN MANUFACTURING

This part of the paper focuses on reviewing sci-
entific papers in the field of automation in manufac-
turing, especially in the assembly process. Nowa-
days, some product assembly processes still include
manual activities that contribute to the Lean waste
such as waiting, motion, over-processing, defects,
inventory, unused talent, and more [13]. Imple-
menting automation should replace the manual as-
sembly process. As required in Industry 5.0, human



78 A. Argilovski, R. Koleva, T. Velkovski, B. Jovanoski, D. Babunski

satisfaction and well-being must be in collaboration
with smart technologies and digital transformation
for maintaining a suitable working environment. In-
cluding automation in the digitalization of some
manual processes can raise the operator's productiv-
ity and self-esteem. Sometimes operators find pro-
cess automatization stressful due to losing their job
position or working with machines, following se-
quences, but it can help them increase their produc-
tivity or possibilities of doing more intelligent jobs.

In manufacturing, especially in Poka-Y oke-re-
lated solutions, the assembly process is led with the
pick-by-light (PbL) method to prevent the process
from making unexpected mistakes. It is considered
an effective method to ensure detection and preven-
tion while assembling. So, according to [14], 31
participants have been involved in assembly mate-
rial order picking using both pick-by-paper (PbP)
and PbL methods. In this paper operator’s situation
awareness (SA) has been measured through the Sit-
uation Awareness Global Assessment Technique
(SAGAT) methodology. According to the results
presented, no significant differences in SA levels
between the two methods have been noticed. This
finding suggests that PbL systems do not enhance or
reduce a worker’s ability to understand and respond
to their surroundings during order picking. Evaluat-
ing the operator’s physical stress while performing
tasks, the heart rate has been monitored. The results
represented that PbL led to increased physiological
strain, but reduced subjective workload compared to
PbP methods. Providing a smart manufacturing en-
vironment, in [15] is represented Poka-Y oke princi-
ples with PbL providing higher operational effi-
ciency with error minimization. This paper presents
an improved PbL configuration, combining hard-
ware and software to guide operators with visual
cues, boosting productivity, quality, and flexibility.
The system includes a control unit, visual indicators
(LEDs or displays), input devices (barcode readers,
optical sensors), and communication interfaces.
Sensors detect operator presence and item selection,
while barcode readers track inventory movement. A
central processing unit (CPU) processes signals,
manages PbL operations, and ensures seamless
communication with MES or ERP systems via
wired or wireless networks for real-time updates. To
enhancing product assembly assistance and avoid
errors during it, the authors in [16] developed a PbL
system based on computer vision technology. The
product was developed using an ESP-32 microcon-
troller, a USB camera with a computer vision algo-
rithm, LED indicators, TCP/IP communication pro-
tocol, and a router for data transfer. The camera is

used for object detection based on a machine learn-
ing (ML) or deep learning (DL) approach. A few
studies [7-21] reveal that PbL is a much more effec-
tive approach for efficient product assembly than al-
ternatives such as augmented reality (AR).

In [22], the authors proposed the system that
dynamically adjusts its automation level in response
to varying production demands and conditions,
providing flexibility and efficiency in manufactur-
ing processes. According to adaptive automation,
there is represented integration of cyber-physical
systems (CPS) and the Internet of Things (IoT) to
enable real-time monitoring and control of the pick-
ing sequences. This paper focuses more on the soft-
ware part, including advanced human-machine in-
terfaces (HMIs) to enable smooth operator interac-
tion and system adaptability. Also, the embedded
large network of CPS enables real-time data ex-
change between physical components and digital
control systems, while the [oT devices collect and
transmit the data from the actions in the picking sta-
tion. The author’s approach is more inclined to In-
dustry 4.0 by promoting interoperability, infor-
mation transparency, and decentralization of deci-
sion-making in assembly systems.

Despite PbL, PbP, pick-by-display (PbD),
pick-by-projection (PbD) [23] is a method that in-
troduces innovative prototype assistance designed
to enable the manual order-picking process by pro-
jecting visual cues directly onto storage locations,
guiding operators in real time. This approach uti-
lizes projection technology by displaying picking
information directly onto storage racks/shelves. The
setup involves projectors mounted in the picking
area to ensure clear and accurate visual guidance.
Further improvement of the system is implementing
sensors for the operator’s action detection and cor-
rect item selection confirmation. PbP according to
the authors, could be found as a promising tool that
provides efficiency and accuracy while picking se-
quences and could be a very inclusive method by
incorporating those with cognitive impairments.
Most of the papers focus on software development
instead of hardware improvement of the manufac-
turing system. In [24] is represented integration of
Advanced planning and scheduling (APS) software
in the traditional zero-defect manufacturing (ZDM)
architecture where the main point is to enhance pro-
duction efficiency and sustainability by reducing
costs, energy consumption, and material waste, im-
proving lead times and production planning. Ac-
cording to [25] is presented standard, semi-auto-
mated PbL Poka-Yoke working station where the

Mech. Eng. — Sci. J., 43 (2), 75-82 (2025)
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operator picks the item according to the light and
then activates the button to confirm that the item is
picked from the container. A display visualizes the
remaining number of parts in the container. Accord-
ing to the Lean principles, the assembly time for one
item is 15 minutes. Improving the PbL system with
additional hardware (sensors and other devices) and
software, implementing CPS or IoT, there is a pos-
sibility that assembly time could drop below 15
minutes in the meantime rising the operator’s satis-
faction at the workplace. Digitization and intercon-
nection of industrial processes through technologies
like IoT, CPS, and big data analytics are a baseline
of Industry 4.0 principles. It serves as the foundation
for developing more sophisticated automation solu-

tions in production and warehousing. Nowadays,
one of the important factors is not only having the
smartest manufacturing or assembly process but the
evolution towards human-centric collaboration is
the key factor leading to a smart, efficient, and suc-
cessful environment [26].

PLCs, as one of the crucial devices in the con-
trol systems, continue to play an important role in
industrial automation, but their functionalities are
evolving to meet new requirements such as making
the software more user-friendly and adaptable to
changing manufacturing needs. Such improvements
align with the human-centric focus of Industry 5.0
[27]. Table 2 summarizes these insights.

Table 2
Overview of the literature review on automation in manufacturing

Ref. Main points

[14] Comparison of PbL and PbP methods in assembly order picking. 31 participants were tested using
SAGAT methodology. No significant differences in SA were found. PbL increased physiological strain
but reduced subjective workload.

[15] PbL enhances operational efficiency and error minimization in Poka-Yoke systems. New PbL
architecture integrates hardware (sensors, controllers, barcode readers) and software for guiding
operators via visual cues. Data is transferred via MES/ERP for real-time updates.

[16] Development of a PbL system using computer vision with ESP-32 microcontroller, USB camera,

machine learning (ML)/deep learning (DL) for object detection, LED indicators, and TCP/IP
communication. More effective than AR-based solutions.

[17],[18],[19], [20], [21] Studies highlight that PbL is more efficient than AR for product assembly assistance, reducing cognitive

load and improving accuracy.

[22] [18]

Adaptive automation in PbL integrates Cyber-Physical Systems (CPS) and IoT for real-time monitoring

and flexible automation. Advanced Human-Machine Interfaces (HMI) improve user experience and

system adaptability.

[23] Pick-by-Projection (PbD) introduces a method where projectors display picking instructions on storage
locations, enhancing accuracy and accessibility. Future improvements include sensors for detecting

operator actions.

[24] Integration of Advanced Planning and Scheduling (APS) software into Zero-Defect Manufacturing
(ZDM). Focus on software improvements, reducing costs, energy consumption etc. Industrial Internet of

Things (IIoT) is used for data transfer.

[25] PbL Poka-Yoke workstation requires manual confirmation by pressing a button. Upgrading with
additional sensors and CPS/IoT could reduce assembly time while improving operator satisfaction. Lean
principles suggest reducing assembly time by 15 minutes.

[26] Industry 4.0 focuses on digitization, IoT, CPS, and big data analytics for smart manufacturing and
automation. However, Industry 5.0 shifts towards human-centric collaboration and sustainability.

[27] Programmable Logic Controllers (PLCs) remain crucial in automation but are evolving to be more user-
friendly and adaptable. This aligns with Industry 5.0 principles of human-centric design.

Maw. unoe. nayu. ciuc. 43 (2), 75-82 (2025)
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4. RELATION OF LEAN AND AUTOMATION

As a starting point for any Lean discussion are
always the Lean principles as set by Womack [1].
Table 3 summarizes the Lean principles and the
Automation & Control aspects that commonly C
these principles.

If we review the Toyota House of Lean, also
known as the House of Toyota Production System
(TPS) [28], it does not explicitly include automation
as one of its core pillars. However, automation is in-
directly incorporated through the concept of Jidoka
and continuous improvement.

One of the main pillars of the House of Lean is
Jidoka, which refers to "automation with a human
touch." It means that machines and processes are de-
signed to detect abnormalities and stop automati-
cally when a problem occurs. This concept is a form
of smart automation that ensures quality at the
source while allowing human intervention when
needed. In modern applications, Jidoka has evolved

Table 3

to include IoT, Al-driven quality control, and pre-
dictive maintenance, making automation a key ena-
bler of Lean principles [29].

The House of Lean emphasizes Kaizen, or con-
tinuous improvement. While traditional Kaizen fo-
cuses on incremental changes through human-
driven problem-solving, modern Lean systems inte-
grate automation to enhance efficiency and accu-
racy. Digital tools, real-time data, and Industry 4.0
technologies now support Lean improvements, such
as automated data collection, machine learning for
process optimization, and robotic process automa-
tion for repetitive tasks [30], [31].

The Just-in-Time (JIT) pillar of the Toyota
House of Lean focuses on eliminating waste by de-
livering exactly what is needed, when it is needed,
and in the right quantity. Automation supports JIT
through automated material handling (AGVs), real-
time inventory tracking, and digital Kanban sys-
tems, reducing lead times and improving production
flow.

Relationship between Lean principles and Automation & Control

Lean principle Definition

Relations to Automation & Control

Focus on what customers consider
valuable and eliminate anything that
does not add value.

Define value

Map the value Identify waste and inefficiencies in

stream the process flow and remove bottle-
necks.

Create flow Ensure a smooth production process
with minimal delays, interruptions, or
inefficiencies.

Establish pull Produce only what is needed, when it

is needed, to reduce inventory and
waste.

Commit to constant optimization and
refinement.

Seek perfection

Optimization — automation and control are implemented to
enhance efficiency and eliminate non-value-added
processes through digital technology.

Data and analytics — Automation systems collect and an-
alyze real-time data to identify inefficiencies using tech-
nologies such as [oT, SCADA etc.

Operational stability — Automated feedback systems en-
sure steady operations and flow between (automated)
systems.

Adaptability - Automated scheduling, demand forecasting,
and smart inventory management optimize production
without overproduction or excess stock.

Continuous improvement — Al and machine learning
continuously refine system performance, while predictive
maintenance prevents downtime and inefficiencies.

5. CONCLUSIONS

Automation in manufacturing is crucial for ef-
ficiency, operator ergonomics improvement, and er-
ror reduction. However, prior process optimization
and a certain level of leanness are essential for suc-
cessful implementation. This paper reviewed Lean

automation and manufacturing automation, explor-
ing their synergy and mutual benefits. While auto-
mation is not a core pillar of the Toyota House of
Lean, it plays a key role through Jidoka (automation
with a human touch), continuous improvement
(Kaizen), and Just-in-Time (JIT). Industry 4.0 tech-
nologies, such as [oT, Al-driven quality control, and
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predictive maintenance, enhance these Lean princi-
ples by improving responsiveness and waste reduc-
tion. However, automation must be strategically in-
tegrated to prevent inefficiencies, reinforcing the
need for Lean foundations before digital transfor-
mation. Future research should focus on structured
approaches to merging Lean and automation for op-
timized, sustainable manufacturing.

Future research in the beforementioned TEAM
5.0 project will include practical implementation of

these findings and providing experimental evidence
of the synergy between Lean and automation in
manufacturing.
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A bstract: The purpose of this research is the determination of the degree of ergonomic acceptance of the
working body posture of welders in a production plant from the metal processing industry in North Macedonia. The
ergonomic analysis is done through the implementation of the Rapid Upper Limb Assessment (RULA) method. The
quantitative score of the angles of the joints and working body postures is determined, with added additional scores for
overload and muscle activity. Final scores for each welder are compared to four action levels showing the degree of
acceptability of the working posture, the level of needed intervention, and a time frame for commencing risk control.
The results indicate that welders are exposed to high risk work-related upper extremity musculoskeletal disorders
(MSDs). Therefore, proposals for reducing the degree of risk from MSDs are given aimed at adjustments and adaptation
of the equipment to the anthropometric characteristics of the individual welders.

Key words: welding; working posture; ergonomics; RULA; musculoskeletal disorders

OJPEJNYBAIE CTEIIEH HA ITPU®ATJIMNBOCT HA ITOJOKBATA HA TEJIOTO
HA 3ABAPYBAYOT IIPEKY IPUMEHA HA METOJAOT RULA

AmncrtpaxkT: Llenra Ha oBa HCTpaxkyBame € J1a Ce YTBPAU CTENIEHOT Ha ePrOHOMCKO Mprdakame Ha JPKEHETO
Ha TEJNOTO NMpU paboTa Ha 3aBapyBayuTe BO MPOHM3BOJICTBEH IOTOH OJ METAlONpepadoTyBavykaTa MHIYCTPHja BO
CeepHa Makenonnja. EproHoMckaTa aHamm3a € W3BpIICHA MMPEKy UMIDIEMEHTAIlja Ha METOIOT 3a Op3a MmpolieHa Ha
onrToBapyBameTo Ha ropHuTe ekcTpemuteT (RULA). OpeneH € KBaHTUTATUBHHUOT PE3yJITaT Ha arjiuTe Ha 3TII000BH-
Te U IPKEHETO Ha TEJIOTO HpH paboTa, CO NOJaJCHH JOMOIHUTEIHN Pe3yJITaTH 3a MPEONTOBAPYBAkEe U MYCKYJIHA
akTHBHOCT. KOoHeuHHTE pe3ynTaTh 3a ceKoj 3aBapyBad ce CHOPEISHH CO YETUPH HUBOA Ha JIjCTBYBakhE IITO IO MOKa-
)KyBaaT CTEIIEHOT Ha NMPpHU(ATINBOCTA HA JP)KEHETO Ha TEJIOTO NpH padoTa, HUBOTO Ha NOTpeGHa MHTEPBEHIIMja U Bpe-
MEHCKa paMKa 3a 3all0YHyBambe CO KOHTPOJIa Ha PU3HKOT. Pe3ynTaTnTe NOKaKyBaat JieKa 3aBapyBayHuTe Ce U3JI0KEHN
Ha MYCKYJHO-CKeJeTHH HapyinyBama (MCH) Ha ropHHTE €KCTpEMHUTETH IPOU3NIE3eHU O paboTaTa CO BUCOK PU3HK.
JaneHu ce mpeio3n 3a HaMallyBambe Ha CTENeHOT Ha pu3uk o1 MCH, HacoueHn KOH nprcrocoOyBame U afanTHpame
Ha OIpeMara CropeJi aHTPONOMETPUCKHUTE KAPAKTEPHCTUKH Ha MTOSJMHEYHHUTE 3aBapyBadH.

Knyunu 360poBu: 3aBapyBame; padoTHa monoxo0a; eproromuja; RULA; Myckyn-ckeneTHH HapyIIyBama

1. INTRODUCTION

Ergonomics, formally defined, is a scientific
discipline that is dedicated to understanding the in-
teractions between people and the various elements
of a system. Through the application of theory, prin-
ciples, data and methods, it ensures the optimization
of the human’s well-being and the system perfor-
mance.

A system is a set of interconnected elements
that, through symbiosis, aim to achieve certain
goals, and work is a set of interconnected activities,
tasks, people, tools, resources, and processes com-
bined to achieve a common goal, in order to produce
a physical product or provide a service [1]. The goal
of applying ergonomics in a production system is to
create a proactively designed workplace in order to
celiminate the risks of injury, pain, discomfort, and
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demotivation [2] and to create an environment that
is designed in compatibility with human needs [3].
Ergonomics is aimed at better integrating the person
into the system [4]. The successful adaptation of a
work task to the worker depends on the degree to
which certain important criteria are met, such as
functional efficiency and productivity, comfort,
health and safety of the worker, and quality of life
outside the work environment [5]. In short, almost
any aspect of work where a person is involved in
performing a work activity and task can be the sub-
ject of ergonomic analysis [2].

Every person who has a managerial position in
a production system wants the constituent units as
subcomponents to function in symbiosis with the
greatest possible ease and efficiency. However, in
the case when a part of that system is a person in the
role of a worker, the performance and results of the
system as a whole can vary and differ depending on
the current and daily physical fitness of the worker.
Although people have great potential to bring flexi-
bility, innovation and skills to solve various produc-
tion problems, they are also exposed to the risk of
developing work-related musculoskeletal disorders
(MSDs) that arise from performing physical activity
that overloads the human body. The first signs of
such overload include discomfort, physical pain and
repetitive injuries. Work-related MSDs include in-
juries and illnesses that are caused by harsh working
conditions [6] and are usually not caused by acute
events but develop slowly over time due to repeated
use of the same body part group or microtrauma [7]
and can be prevented or delayed [6]. Many of these
disorders are caused by static postures, sometimes
accompanied by intense exertion or repetitive move-
ments that need to be maintained intensively for
most of the working day [8]. Incorrect body posture
can lead to local mechanical stress on muscles,
ligaments and joints [9] and permanent damage to
body tissues [10]. Extreme or uncomfortable pos-
tures are recognized as one of the main risk factors
for the occurrence of MSDs [8]. MSDs of the back,
upper and lower extremities are a cause for serious
concern, as they are the most common cause of
work-related absenteeism and represent an indus-
trial problem [8], but the application of ergonomic
principles reduces the possibility of MSDs [7]. Cor-
rect body postures at work significantly decreases
the risk of MSDs and has a positive effect on the
efficiency and effectiveness of the worker.

Therefore, manufacturing systems and their
management should focus on applying the required
methods and tools for ensuring the workers are
healthy and efficient. The approach that a manufac-
turing system takes to addressing ergonomic aspects

of work can depend on many things, such as the size
and shape of the organization itself, past experience,
and the level of knowledge of ergonomic methods
and tools. Incorporating ergonomic knowledge
early in the planning process and understanding er-
gonomics as a way to reduce costs by maintaining a
healthy workforce are characteristics of a proactive
approach. A reactive approach is characterized by
not addressing problems and risks until the conse-
quences of unergonomic work begin to appear, such
as pain and injury among workers, resulting in ab-
senteeism [2]. There are several methods that can be
applied for ergonomic evaluations in the workplace,
among which is RULA (Rapid Upper Limb Assess-
ment).

This research focuses on the application of the
RULA method in an ergonomic study of the work-
ing posture of welders in a specific production facil-
ity in the metalworking industry in the Republic of
North Macedonia. The RULA method was chosen
to help provide guidance for the middle and senior
management to eliminate ergonomic entropy as an
irregularity in the functioning of the work system
and avoid the possible incorrect use of ergonomic
principles that lead to fatigue, reduced productivity,
and sometimes injury at the workplace.

2. BACKGROUND AND MOTIVATION
FOR STUDY

In order to expand knowledge on the chosen
topic, a research and study of relevant scientific
literature in the field of ergonomics and specific
case studies where the application of the RULA
method is encountered was conducted. The research
was focused on case studies in the field of pro-
duction, conducted in various countries around the
world from 2010 to the present. Many examples
were reviewed and a part of them, related with weld-
ers, are analyzed in this section. The goal was to
review possible applications of RULA, and search
for applications in companies in North Macedonia.

Many of the reviewed researches were associ-
ated with assembly line tasks, focusing on identi-
fying occupational risks and worker safety in the
manufacturing industry through interviews, obser-
vations, video recordings and the application of the
RULA method, highlighting the significant risks
faced by workers, which require urgent changes,
and investigating work-related MSDs among workers
[11, 12, 13, 14]. Ergonomic evaluation tools are
mostly applied where repetitive working postures
occur to estimate the musculoskeletal load and risk
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of MSDs [15, 16, 17, 18]. The application of the
RULA method was found in many other cases to
evaluate and improve the ergonomics of various
production processes, exploring the key role of
ergonomics in improving productivity and quality
and the relationship between work methods and
workstations [19, 20, 21, 22].

More precisely, in the field of welding-related
tasks, one study assesses the risk of musculoskeletal
injuries in steel welding through field observation
and research on welders’ movements while pers-
forming different work tasks. Using the RULA
method, the aim was to identify the factors that
contribute to the occurrence of MSDs. The analyses
highlight that these disorders are the result of incor-
rect working postures. Elements of the workplace,
welding method and work environment factors de-
termine the degree of disorders, with less skilled
welders being found to be at higher risk of devel-
oping MSDs. The study suggests the implemention
of periodic ergonomic reviews of facilities, work-
station design and work practices, while emphasiz-
ing the importance of proper training of welders, in
order to recognize and report symptoms of MSDs
early, and the need for proper ergonomic design
adapted to different welding positions [23].

Another study focuses on improving the er-
gonomic conditions of welders on assemblies in the
automotive industry. Using the RULA method and
computer-aided design software, an analysis of the
existing welding process was performed, critical
ergonomic problems were identified, and an er-
gonomic intervention was created by designing a
hand support for the workers. The implementation
of the support resulted in improved results and a
change in the risk level from high to medium, in-
dicating increased well-being among the welders.
The analyses highlight the successful reduction of
ergonomic risks obtained through the implementa-
tion of the optimized device, which was designed
based on feedback from the workers [24].

One more research aims to assess and analyze
the working posture of workers in a small manu-
facturing company, focusing on various work tasks
such as material handling, cutting, drilling, welding
and grinding. A questionnaire on musculoskeletal
discomfort was administered workers, and it was
found that the most prominent body areas with mus-
culoskeletal discomfort were the lower back, upper
back, shoulder and neck. Ergonomic risks were as-
sessed using tools such as RULA and other meth-
ods, with the results of the RULA method showing
that most workers (33.33%) needed additional er-
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gonomic investigation and changes in their working
posture, and 24.07% needed urgent ergonomic
intervention and immediate changes. The results of
the study prove that workers predominantly perform
work tasks in an incorrect body posture, primarily
due to a lack of ergonomic awareness. The study
recommends changes in body posture and work-rest
cycles, implementation of ergonomic interventions
and appropriately designed workstations to mitigate
risks [25].

The results of the review of the scientific liter-
ature and specific case studies in the field of pro-
duction where ergonomic research has been applied,
indicated that the application of the RULA method
provides quick, simple and visual indications of the
level of risk and the need for action [26]. The
method does not require special equipment to
provide an assessment of body postures along with
muscle functions and external loads experienced by
the body. This allows to perform assessments with-
out additional costs. Since it is an observational
analysis, the assessments from the method can be
made at different workplaces without disrupting the
work process and workers. Researchers using this
method do not need previous skills in observation
and ergonomic assessment [27].

More importantly, the review revealed a lack
of application of the considered method in er-
gonomic research in companies from the manufac-
turing industry in our country, North Macedonia.
Unfortunately, the reality is that in our country there
is a lack of such, or similar, ergonomic research in
other industries and systems. This lack means that
systems take a reactive approach to work that is
characterized by not solving problems and risks
until the consequences of non-ergonomic work
begin to appear, such as pain and injuries in the
workforce that can result in absences. This is some-
thing that needs to change, i.e., at every organiza-
tional level, those responsible should have know-
cledge of ergonomics and encourage its correct
application in the direction of continuous impro-
vement and correct business practice in which the
value of a healthy workforce is proactively sup-
ported. Their knowledge of the needs and abilities
of workers should result in feasible changes to the
elements of the system that should reduce or elimi-
nate risks.

Such shortcomings arising from insufficient
ergonomic research, are a motivation for conducting
research using the ergonomic method for rapid as-
sessment of the upper extremities in order to
identify and assess the risks arising from the
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incorrect implementation of ergonomic elements.
The independent analysis of the current state of the
workplaces in the company is additionally motivat-
ed by their own understanding of the economic
benefits of the correct integration of the workforce
into the system. An additional motivating factor for
the application of the ergonomic method is the
education of all involved in the system and the
encouragement of thinking about the importance of
ergonomics and its impact.

3. MATERIALS AND METHODS

This research was done in a part of a produc-
tion plant in a specific company from the metal pro-
cessing industry in North Macedonia. The TIG
welding operation was chosen as the subject of er-
gonomic research, in which, through several years
of work experience in the company and observation
of the process, incorrect body postures of the weld-
ers were often observed. During observation, it was
established that the TIG welding operation was per-
formed in a sitting position 75% of the time, and the
remaining 25% of the time was filled with occa-
sional movement or standing of the welders. There-
fore, the method for rapid assessment of the upper
extremities (RULA) was chosen to be used as a tool
for assessment of the risks arising from the working
posture that was present when welding the joints of
the assemblies.

The RULA method [27] was developed by er-
gonomists Lynn McAtamney and Nigel E. Corlett
in 1993 [26], then members of the Institute of Oc-
cupational Ergonomics at the University of Notting-
ham, England [7]. The method is a type of observa-
tional tool [3] that can be used as part of an ergo-
nomic assessment of workplaces [26] to examine
workers’ exposure to the risk of work-related MSDs

Table 1

of the upper limbs [28]. The method was developed
to provide an analysis where the work places phys-
ical demands on the trunk, neck and upper limbs
[26]. The focus of the method is to analyze the
working posture of the person [7] and is used in
work tasks that are characterized and defined as sed-
entary [27] in which the upper body is heavily en-
gaged [26], and the worker performs work tasks in
a sitting position for 75% of the time (6 hours out of
an 8-hour working day), and the remaining 25% (2
hours out of an 8-hour working day) is in occasional
movement or standing. During the analysis, using
diagrams of different body positions, a quantitative
assessment of the angles of the joints and the body
posture is made, with additional assessments of the
load and muscle activity [26]. By recording the ob-
servational elements, a final assessment is obtained,
i.e., the risk is calculated in a score from 1 (low) to
7 (high) [27]. These ratings are compared to four ac-
tion levels that indicate the level of intervention
needed to reduce MSDs [3] and provide an indica-
tion of the time frame within which it is reasonable
to expect risk control to begin [27].

Participants

Before the ergonomic research began, the
welders were introduced to the objectives and appli-
cation procedures of the RULA method. All 5 weld-
ers currently present in the company gave an oral
consent, which was then expressed in writing by
completing individual consent statements. The re-
spondents were informed about the details of the re-
search and provided written consent.

In addition, a questionnaire on MSD symp-
toms was completed by each welder, from which
data on the welders and certain anthropometric
measures were extracted (Table 1). The standard
working hours for all welders are 40 hours per week.

Data for the study participants — welders

ID number in the company Gender (;;i:s) }iziﬁ?t W(iigg)ht Work experience in the company
101 M 49 172 120 24 years and 5 months
102 M 49 180 105 6 years and 3 months
103 M 27 173 75 4 years and 7 months
104 M 22 173 65 2 years and 8 months
105 M 23 170 61 1 year and 7 months

Mech. Eng. — Sci. J., 43 (2), 83-92 (2025)



Determining the degree of acceptability of the working body posture of welders through the application of the RULA method 87

The welders' identification (ID) numbers as-
signed upon their employment in the company were,
accordingly, used as identification numbers in the
ergonomic research (a welder with identification
number in the company 101 corresponds to welder
101 in the research).

Environment

The design of the workplaces of the welders
consists of a chair, a workbench and a vice (Table
2). Some of the work elements (the welding device,
electrodes, additional materials and work orders)
are usually placed on the workbench. The vice,
which is a clamping device, is attached to the work-
bench with two sides between which the assem-
bly/product is clamped during welding. The chairs
and workbenches are static without the possibility
of adjustment, and the vices are movable and can
rotate around their own axis. The workplaces are
safely and appropriately separated by partitions.

Table 2
Data on the design elements of welders'
workplaces
Height from floor (cm)

Work place
Chair Table Vice
Welder 101 600 840 1080
Welder 102 620 840 1070
Welder 103 600 840 1090
Welder 104 610 840 1060
Welder 105 600 860 1085

Procedure

The whole procedure was based on the steps
according to the RULA method:

o Observation and selection of the working posi-
tion and posture for further assessment;

o Assessment of the working posture;

e Determining the final score for the working
posture; and

e Determining the level of action required.

Observation and selection of the working position
and posture for further assessment

Before starting the methodological procedure,
an initial preparation for the assessment was done

Maw. unose. nayu. ciuc. 43 (2), 83-92 (2025)

by talking to the workers being assessed in order to
gain knowledge about the work operation and un-
derstand the work tasks associated with it. The as-
sessment using the method focuses on a single mo-
ment in the work cycle [27], which was done in this
research conducting observations of movements
and working postures over several work cycles be-
fore selecting the posture to be assessed. The goal
was to observe postures that are adopted and persist
throughout the entire cycle of the work task or pos-
tures that are present for a significant period of the
work cycle, as recommended [27]. The most risky
and critical posture of the body, was chosen as the
subject of analysis, and selected based on its dura-
tion and degree of deviation.

Assessment of the working posture

In order to achieve a higher level of efficiency,
in the analysis of the working posture, according to
the RULA method, the body was divided into seg-
ments that form two groups: A and B. Group A in-
cludes the upper arm and forearm together with the
wrist, while group B includes the neck, trunk and
legs. This division and approach ensure that the en-
tire working posture of the body is documented, en-
suring that the impact on the posture of the upper
limbs of any uncomfortable or unnatural positions
of the legs, trunk or neck are included in the assess-
ment [28].

To assess the working postures according to
RULA, the range of motion of the body parts was
divided and appropriately labeled, with a value of 1
being assigned to the movement or working posture
of the corresponding body segment where risk fac-
tors are minimally present. Higher numerical values
were assigned to the parts of the range of motion
that are characterized by a more extreme posture in-
dicating an increased presence of factors that cause
stress on the structure of the segment itself.

The analysis and giving values/scores of body
parts from groups A and B, according to the motion
ranges, for each individual worker, for the selected
working posture, was entirely done according to the
RULA method.

Determining the final score for the working
posture

The individual scores C (score for posture A +
value for muscle activity + value of the load on the
parts of group A) and D (score for posture B + value
for muscle activity + value of the load on the parts
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of group B) were entered into a table, in order to
obtain the final score for the working posture of
workers. The final score for the body's working pos-
ture is the value that lies at the intersection between
the value/score C and the value/score D.

Determining the level of action required

In the end, the final score was compared to four
action levels which indicate the level of intervention
required to reduce MSDs [3] and provide an indica-
tion of the time frame within which it is reasonable
to expect to start risk control [27]. The action level
is used to indicate the urgency and priority of the
need for a change in the way of working [7] and de-
termines the degree of acceptability of the work at-
titude to the body.

4. RESULTS

The whole procedure and obtaining of scores
are described in detail in this section where results
are presented for each worker.

Observation, identification and selection
of the working position

Before selecting the body posture for each
welder individually, observations of the welders’
movements and posture were conducted over sev-
eral work cycles. The focus was on the postures
adopted by the welders when welding joints where
a significant degree of body misalignment was vis-
ually observed. Incorrect postures identified as the
most risky and critical were selected for assessment.
This selection was also supported by interviews
with the welders, who highlighted the selected pos-
tures as the most unpleasant moments during the
performance of the work task. For 4 welders, the
right sides were selected for assessment, and for
welder number 103, the left side of the body was
selected.

The selected postures were documented by
photographing them from the appropriate side (Fig-
ure 1). Additionally, photographs were taken from
views parallel to the frontal plane (Figure 2) and
views parallel to the position of palms (Figure 3).

o
Jesld

Fig. 2. View parallel to the frontal plane of the selected posture of welders 101 — 105
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Evaluation of the body postures
and determining the acceptability

Before starting the assessment of the working
posture of the body, the angles and positions of the
individual parts of the body of the welders were
determined. The scores were placed in appropriate
tables from which scores for posture A and B were
then obtained.

For example, for welder 101, the A score for
the work posture is 5, and the B score is 8. The
scores C and D for welder 101 are identical to the A
and B scores of the working posture, accordingly,
since no additional values are given for muscle
activity and load value, because: the working
posture of the body of the welder is not static for
more than 1 minute; the working posture does not
repeat more than 4 times a minute; and the load is
less than 2 kg. Therefore, the final score for the
assessed working posture of welder 101 is 7. This
value corresponds to action level 4, indicating that
the working posture is completely unacceptable,
and conducting an additional research and
implementing changes is needed immediately.

The same steps were repeated for welders 102,
103, 104, and 105 in order to obtain a final score for
the working postures. The final score for the as-
sessed working posture of welders 102 and 105 is 6.

Fig. 3. View parallel to the palm placement in the selected posture of welders 101 — 105

-

This value corresponds to action level 3, c that the
working posture is partially acceptable, and con-
ducting an additional research and implementing
changes soon will be needed. For welders 103 and
104 the final score for the assessed working posture
is 7. This value corresponds to action level 4, indi-
cating that the working posture is completely
unacceptable, and conducting an additional research
and implementing changes is needed immediately.

Final results from the assessment

The results of the application of the RULA
method (Table 3) indicated that welders were ex-
posed to a probable and high risk of work-related
MSDs of the upper limbs, without the presence of
acceptable working postures of the welders. The
questionnaire on manifested symptoms of MSDs
noted that pain and discomfort were most prevalent
in the neck area (60%) and the upper back (40%).

In the critical working postures that were the
subject of the ergonomic research, the visually ob-
served significant degree of misalignment of the
body parts was confirmed by the high final scores
that indicated the need to control risks, by initiating
urgent corrective action to improve the work-
stations.

Table 3
Welder data and final scores from the application of the RULA method
Welder Age (years) (el g Work experience in the company Final RULA scores
(cm) (kg)
101 49 172 120 24 years and 5 months 7
102 49 180 105 6 years and 3 months 6
103 27 173 75 4 years and 7 months 7
104 22 173 65 2 years and 8 months 7
105 23 170 61 1 year and 7 months 6
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5. DISCUSSION

The results showed that even though factors
such as age, height, weight, and work experience in
the company are important factors that can affect the
efficiency and proper conducting of the working
task, they are not the top factors that affect the level
of exposure to the risk of MSD in this case. The
main risk factor was identified as the current design
of the workplace/station, whose elements, such as
chairs and work tables, are static and do not have
any possibilities for adjustment and alignment with
the different anthropometric characteristics of
welders. This conclusion corresponds to the results
of analyzed studies applying the RULA method pre-
sented in the background section, where the work-
ing conditions with the highest adaptability showed
the lowest ergonomic risk and the best performance,
and workstations which were not adaptable and not
complying with ergonomic standards revealed high
risks for development of MSDs in various body
parts. Moreover, studies aimed to redesign work sta-
tions, equipment and machines, to address ergo-
nomic issues and uncomfortable body postures,
found improved ergonomic scores with the rede-
signed adjustable solutions, decreasing health risks
of workers.

However, on the other hand, this study also
concluded that the practices of welders were not in
accordance with ergonomic standards, with incor-
rect positions of body parts being adopted during
work postures that were unconsciously practiced
and were not caused by external factors. Such prac-
tices among welders reveal a lack of knowledge
about ergonomics and awareness of the importance
of the correct working posture of the body during
work and its significance on the functionality of the
body and well-being in and outside the work envi-
ronment. This result was also found in analyzed lite-
rature examples where urgent changes were indicat-
ed and a lack of awareness of ergonomics in the
industry, especially in the welding process, where
workers adopt incorrect working postures, was
found.

Therefore, the reduction of the final score, i.e.,
the reduction of the risk of MSD occurrence, can be
achieved by creating a plan with guidelines for
improvements. In this plan, initially, all welders
should acquire basic knowledge in the field of
ergonomics, while appropriate education should be
carried out in order to reduce or eliminate the
adopted incorrect body postures that are not caused
by external factors. The top management of the
company should be familiar with the actual situation

and conditions, as well as the economic aspects of
the performance of the production system. The engi-
neers in the company should provide practical sug-
gestions for changes, which depending on the in-
vestment plan, should be designs of new or re-
designs of existing elements of the welders' work-
laces, but also proposals for purchasing new ele-
ments.

In general, specific changes should be aimed at
providing mobility options for chairs and work
tables, allowing for adjustment and compliance with
the different anthropometric characteristics of each
welder. In addition, a design of a device that will be
placed on the floor should be provided, where the
welders' legs and feet are well supported when
sitting, and the body weight is evenly balanced. In
order to prevent the load on the upper parts of the
body, hand supports should be provided, as well as
vices that can automatically rotate a pedal.

6. CONCLUSION

This research revealed the ergonomic short-
comings of the current design of workplaces/sta-
tions in a specific company in the metalworking
industry in the Republic of North Macedonia,
through the application of the RULA method. The
results of the application of the method indicated the
exposure of welders to a probable and high risk of
work-related MSDs of the upper extremities, with-
out the observed presence of acceptable working
postures of the welders' body. It was concluded the
main risk factor is the current design of the work-
place/station whose elements, are static and do not
have the possibility of adjusting to the different
anthropometric characteristics of the welders. On
the other hand, the welders had incorrect body
positions, which were unconsciously adopted with-
out being caused by any external factor, thereby
revealing a lack of knowledge about ergonomics.
Based on this, suggestions are given for reducing
the risk of MSDs by creating a plan with guidelines
for improvements. The plan includes: education of
the workers and management in the company to
acquire basic knowledge in the field of ergonomics,
providing practical suggestions for changes aimed
at ensuring the adaptability of the work equipment,
and design of additional working-aid devices.

In general, the initially established finding that
there is limited application of ergonomic research in
companies from the manufacturing industry in North
Macedonia was confirmed. As expected, this study
revealed issues which were not resolved previously
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in the specific company since no deeper analysis of
the individuals work stations was done. However,
this research confirmed that the RULA method is
easy to apply. It provides a good indication of the
degree of acceptability and the action levels that
should be taken. The conducted research contribut-
ed to drawing conclusions that the middle and senior
management in the company should take in order to
improve working conditions and eliminate risks. All
participants in the study gained knowledge and
awareness of the importance of proper body posture
and its impact on body function and well-being in
and outside the work environment.

The limitation of this ergonomic study was that
it did not include detailed information on finger
position, which is a major limitation in the assessent
of the welder's overall risk. However, since the
observed risk factors are still high even without such
inclusion, the relevance of finger position is consid-
ered, and it is proposed to fill the gaps by using other
assessment tools as part of future, broader or more
detailed ergonomic research.

The following step of this research is to opti-
mize the working stations of the welders according
to the proposed solutions and obtain the new RULA
scores which will indicate if there is a significant
connection between the specific redesigns and the
welders working body postures. This process can
then be finalized by proposing an ergonomic evalu-
ation framework which can be easily applied in
other companies from the industry, involving larger
study groups, and covering more working opera-
tions. Such framework can provide significant data
which will encourage the application of ergonomic
studies in North Macedonia for reducing health
risks in working systems.
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DESIGN AND PROTOTYPING OF AUTONOMOUS ROBOTIC VEHICLE
FOR PATH FOLLOWING AND OBSTACLE AVOIDANCE

Simona Domazetovska Markovska, Katerina Andonovska, Bojana Macavelovska,
Andrej Cvetanovski, Medin Ademi, Petar Janevski, Damjan Pecioski

Faculty of Mechanical Engineering, “Ss. Cyril and Methodius ” University in Skopje,
P.O.Box 464, MK-1001 Skopje, Republic of North Macedonia
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A bstract: This paper presents the design and implementation of a compact robotic vehicle capable of auton-
omously following a predefined path through integrated sensor technologies. A Pixy2 camera detects and translates the
path into vector data, enabling real-time tracking across straight and curved segments using differential steering. Motor
control is achieved by modulating the speed of two DC motors via the L298N driver, guided by line position data.
Communication between the camera and Arduino Uno is established through the SPI interface. An ultrasonic sensor
enhances navigation by detecting and avoiding obstacles. The system halts safely at designated stop lines by setting
motor PWM to zero. This project demonstrates effective hardware-software integration for autonomous navigation,
combining sensor fusion, control logic, and real-time processing.

Key words: autonomous car; Pixy2; differential control; sensor integration; PID

AN3AJH U TPOTOTUIIU3UPAIBE HA ABTOHOMHO POBOTCKO BO3UWJIO
3A CJIEAEIBE TATEKA U U3BEI'HYBAIBE IIPEUKH

A ncrtpaxkT: OBoj Tpya ce (okycHpa Ha pa3Boj Ha Majo pOOOTCKO BO3HIIO CIIOCOOHO Jia caeau aeuHupaHa
raTeKa KOpHCTejKN MHTerpaiuja Ha censopu. Kamepara Pixy2 ja nerexTupa JMHUjaTa U ja IPETCTaByBa Kako BEKTOP,
O0BO3MOJXXYBajKH CJIeIeH-¢ Ha maTekaTa Bo peaHo Bpeme. Bo3miioTo e in3ajHUpaHo aa ciieiu mareka mTo ¢e COCTOU O]
MIpaBH AEJOBH M KPUBUHH, KOPUCTEjKkN Au(epeHnnjarHo ynpaByBame. KonTpomara Ha asata DC-mMoTopa ce moctur-
HyBa CO TIpUCTIOCOOyBamke Ha HUBHUTE OP3WHH, OBO3MOXKYBajKH MPEIM3HO YIPaByBamkbe BP3 OCHOBA Ha MOJI0kKOaTa Ha
nmuaAjaTta. Kamepara komyHunmpa co Arduino Uno npeky SPI uHTEpdEjcoT, 101eKa MOTOPUTE C€ KOHTPOIIMUPAAT IPEKY
npajeepor Ha MOTOpOT L298N. JIOMOJHHUTENHO ce KOPHCTH YJITPa3BydeH CEH30p 3a OTKPHBAamkEe H H30ETHYBame
npeaMeTH Ha natekaTa. CHCTeMOT e TM3ajHIpaH Ja 3aCTaHe Mpe/l IMHUjaTa 3a 3allipamke Co HCKITydyBamke Ha MOTOPUTE
(PWM nocraBeH Ha HyJia), OBO3MOXKYBajKH BO3HIOTO Oe30e1HO na 3actaHe. [IpoeKTOT ja McTakHyBa CHHEprujaTa Ha
xapaBep-copTBep, JOKaXKyBajkn aBTOHOMHA HaBHTallMja MPEKy MHTErpalyja Ha CEH30pH, aJITOPUTMH 32 KOHTPOJIA U
00paboTka BO peajlHO BpeMe.

Kiyunu 360poBu: aBTOHOMHO BO3WII0; Pixy2; nudepeHnunjamHo ynpaByBambe; HHTErpanyja Ha cenzopu; PID

INTRODUCTION

This paper was developed to demonstrate a
simple and cost-effective method for implementing
autonomous navigation. Line-following robots are
widely used in educational and research settings as
they offer a practical platform for exploring control
systems, sensor integration, and real-time decision-
making. Additionally, they serve as foundational

models for real-world applications in transportation
and logistics. The primary objective of this work is
to design a small robotic vehicle capable of fol-
lowing a predefined path using the Pixy2 camera
and differential steering. The' research highlights
how affordable and readily available components
can be integrated to achieve effective autonomous
mobility.
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To contextualize this study, it is essential to
examine prior research on line-following robots and
autonomous navigation systems. Recent advance-
ments in mobile robotics have been driven by the
rapid development of sensor technologies, micro-
controllers, and sophisticated navigation and obsta-
cle avoidance algorithms. The following literature
review summarizes various approaches to the de-
sign and implementation of mobile robotic plat-
forms with functionalities including line following,
autonomous navigation, obstacle detection, and
surveillance. These implementations utilize diverse
platforms such as Arduino, Raspberry Pi, and an
array of specialized sensors and modules. One early
design utilizes an Arduino Nano microcontroller
with three infrared (IR) sensors to detect a black line
on a white surface. The robot employs four DC
motors controlled by an L293D motor driver and is
programmed to move when a white surface is de-
tected and stop when encountering a black one [1].
In another project, a line-following robot is devel-
oped as a mobile surveillance system. This system
uses an Arduino Uno for control, NI MyRIO for
wireless communication, four pairs of IR sensors for
navigation, and a webcam for visual monitoring [2].

A more complex platform combines a Rasp-
berry Pi and Arduino Uno for steering control. The
robot features a fixed four-wheel chassis and is
equipped with multiple sensors and a robotic arm,
enabling capabilities such as mapping, autonomous
navigation, and object manipulation for transporta-
tion tasks [3]. Another project incorporates two
ultrasonic and two IR sensors, enabling the robot to
first identify the line to follow and then detect
obstacles or edges during movement. The system
continues to navigate the path only when no obsta-
cles are detected and the line remains within sensor
range [4]. An additional study describes an obstacle-
avoidance robot that initially operates in manual
mode through a Bluetooth connection with an
Android smartphone. The robot transitions to

autonomous mode using ultrasonic sensors to detect
and avoid obstacles in real time [5]. Meanwhile,
robotic vision is explored using the Pixy2 camera,
programmed via the PixyMon application to track a
dominant object based on color detection [6].
Another approach applies Dijkstra’s algorithm to
generate an optimal offline path. The robot pauses
at each node to assess the environment for obstacles
before continuing its movement [7]. This study also
provides an overview of twelve positioning met-
hods, categorized into radio-frequency techniques —
such as IMU, VLC, IR, ultrasonic, geomagnetic,
and LiDAR - and non-radio-frequency methods,
including Wi-Fi, Bluetooth, ZigBee, and RFID [8].

Further development is seen in an autonomous
vehicle designed to detect and avoid obstacles
dynamically. This vehicle adjusts its speed based on
the presence of obstructions, optimizing its path to
reach a target destination more efficiently [9].
Finally, another project presents a multi-functional
robot incorporating a control module, ultrasonic
sensor, line sensor, IR sensor, and Bluetooth mod-
ule. This robot is capable of both autonomous line
following and remote control via infrared or Blue-
tooth communication with a mobile phone [10].

METHODOLOGY

The methodology describes the systematic
process followed in the development of the robotic
vehicle. The design was approached using a black
box model as shown on Figure 1 to define the
overall function of the system, which was then
decomposed into subfunctions shown on Figure 2
representing sensing, control, actuation, and power
supply. A morphological matrix shown on Table 1
was created to evaluate alternative solutions for
each subfunction, allowing a structured comparison
of possible design choices. Based on this analysis,
the most suitable components and methods were
selected to form the final solution.

ELECTRIC ENERGY (

\ MECHANICAL ENERGY

SIGNAL (OFF / ON) AUTONOMOUS FOLLOWING PATH
—P
SENSOR DATA VEHICLE PATH DIRECTION ADJUSTING
e —
WALL/END RECOGNHIO:,I FOLLOWING AND STOP BEFORE END [
OBSTACLES VREC OGNITIEN OBSTACLE AVOID OBSTACLES {
FOLLOWS PATH!

FOLLOWS PATH?

AVOIDANCE
\_ J

Fig. 1. Black box for the autonomous vehicle
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The black box model shows the robotic vehicle
as a system where energy and sensor data are inputs,
and the controlled movement and stopping actions
are the outputs.

To better understand the internal structure of
the system, the main functions of the robotic vehicle
are broken down into distinct subfunctions. Each
subfunction addresses a key aspect of operation,

from sensing and control to actuation and move-
ment. Figure 2 shows the main subfunctions of the
robotic vehicle and their interactions.

A morphological matrix shown on Table 1 was
created to compare alternative solutions for each
subfunction, helping select the most suitable com-
ponents for the system.

Input energy => | Power up the system | =>
Vehicle not moving

Identify a path =D

Moving vehicle <

Controlled

system of vehicle
that follows path

and avoid

Sensor data l

Obstacles on road

Data processing -

Recognize and avoid > Stop before the
obstacles

obstacles

finish line

Fig. 2. Subfuntions of the system

Table 1

Morphological matrix for choosing components

Subfunctions

Executors

1. Power up the system

1.1. Lithium batteries

1.2. Alkaline batteries

! \\""",:* 2

2. Identify a path

2.1. IR sensor

2.2. Camera

3. The vehicle is moving

3.1. DC motor

3.2. Stepper motor

e &

4. Data processing

4.1. Arduino

4.2. Esp32

5. Avoid obstacles

5.1. Camera

5.2. Ultrasonic sensor

e

6. Stops before the end line

6.1. Ultrasonic sensor

6.2. Camera

e
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The final solution has chosen the lithium bat-
teries (1.1) for powering the system, camera (2.2)
for identifying a path, DC motor (3.1) for move-
ment, Arduino (4.1) microcontroller, Ultrasonic
sensor (5.2) for avoiding obstacles and camera (6.2)
for stopping the vehicle. In this system, the vehicle
operates by moving between the white lines using
sensors to detect the line position. The vehicle is
powered by lithium batteries and controlled via an
Arduino microcontroller, using DC motors driven
through a motor driver. The Pixy2 camera detects
the black line in the center and guides the vehicle
along the path. The Pixy2 detects the line by
representing it as vectors defined by a start point (xo,
o) and an end point (x1, y1) within the camera’s field
of view. These vectors are extracted from the image
and represent the direction and position of the line
on the path. In the code, the robot uses the horizontal

positions xo and x; of the first detected vector to
calculate the central position of the line using the
formula (xo + x1) / 2. This value is then compared to
the ideal center of the camera’s field of view, which
is 39 on the horizontal axis (since the Pixy2 has an
effective horizontal resolution of 78 pixels). The
difference between the detected line position and
the center is treated as a tracking error. This error is
fed into a PID controller, which calculates a cor-
rection value to adjust the PWM signals to the left
and right motors, allowing the robot to accurately
follow the line by steering toward the center of the
path. The system also uses an ultrasonic sensor to
detect and avoid obstacles along the path. When the
Pixy?2 no longer detects the central line, the Arduino
interprets this as the stop line being near and stops
the motors.

PROTOTYPING

The prototyping phase focuses on the practical
implementation of the robotic vehicle, combining
all hardware components into a functional system.
This chapter presents the main components used,
their assembly, and the wiring diagram, including
assembly drawings and renders, to illustrate how the
sensors, actuators, and control system are integrated
to achieve autonomous line-following and obstacle
avoidance.

Components and assembly

The main components used for prototyping of
the vehicles are:

— Arduino Uno — central microcontroller for
processing sensor data and controlling motor out-
puts;

— Pixy2 camera — detects and tracks the line
on the path using vector representation;

— HC-SR04 Ultrasonic sensor — detects ob-
stacles to enable avoidance;

— DC motors — provide driving force in a dif-
ferential drive configuration;

— L298N motor driver — controls motor speed
and direction via PWM signals from the Arduino;

— Lithium battery — supplies stable power to
all components;

— Chassis and wheels — provide mechanical
support and mobility.

Assembly drawing and CAD models were cre-
ated to visualize the placement of components on
the chassis and ensure correct mechanical assembly
(Figure 3). Renders of the assembled vehicle show
the final design and layout (Figure 4).

Fig. 3. Rendered photo of the vehicle design
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Fig. 4. Assembly drawing of the vehicle

Figure 5 illustrates the wiring diagram of the
system. The Arduino Uno microcontroller serves as
the central unit, coordinating signals between the
sensors and the actuators. It receives input from the
Pixy2 camera and the ultrasonic sensor, processes
the data through the implemented code, and gener-
ates control signals for the motor driver. The motor
driver regulates the power supplied from the lithium
batteries to the DC motors, enabling smooth and
precise motion control. This wiring setup ensures

Maw. unore. nayu. ciuc. 43 (2), 93-100 (2025)

reliable communication between all components
and provides the foundation for the system’s pro-
grammed behaviour.

Figure 6 shows the prototype of the au-
tonomous vehicle. The images present the overall
design and assembly of the system, including the
chassis, mounted sensors, wiring, and power supply.
These visuals provide a clearer understanding of
how the individual components are integrated into a
functional unit.
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Fig. 5. System connection of the components

Fig. 6. Prototype of the vehicle

RESULTS

The expected results focus on assessing the ro-
botic vehicle’s functionality and stability under real-
world conditions. It is anticipated that the vehicle
will successfully follow a predefined line using the
Pixy2 camera, which detects the black line in real
time and represents it as a vector. The camera deter-
mines the vector's position and compares it to the
center of its field of view (value 39). The deviation
from the center generates an error value, which is
used by a PID (Proportional-Integral-Derivative)
controller to calculate a correction. This correction

dynamically adjusts the speeds of the left and right
DC motors, allowing the robot to maintain accurate
and stable line tracking.

The PID controller uses three components —
proportional, integral, and derivative — to respond to
changes in the error signal. The proportional term
responds to the current error, the integral accounts
for accumulated past errors, and the derivative an-
ticipates future trends based on the rate of error
change. The controller is configured with the fol-
lowing gains: the proportional gain is 2, the integral
gain is 0, while the derivative gain is 1.
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Based on the correction value, the motor
speeds are adjusted as follows: when turning left,
the left motor slows down, and the right motor
speeds up, while when turning right, the right motor
slows down, and the left motor speeds up.

To regulate motor speed, the system uses Pulse
Width Modulation (PWM), a technique that con-
trols the effective power delivered to the motors by
rapidly switching the voltage on and off. Arduino
implements PWM with 8-bit resolution, meaning
the PWM value can range from 0 to 255. This range
represents the duty cycle, where a value of 0 equates
to a 0% duty cycle (no power) and 255 equates to
100% (maximum power). For forward motion, both
motors are set to a base PWM value of 150, corre-
sponding to a duty cycle of approximately 58.82%.

The wvehicle’s turning and movement are
achieved through differential steering. Depending
on the correction value from the PID controller, one
motor’s speed increases while the other decreases,
enabling smooth and precise directional changes.
To ensure correct operation, PWM values are con-
strained within the valid range from 0 to 255.

In addition to line tracking, the system includes
obstacle detection using an HC-SR04 ultrasonic
sensor. This sensor emits ultrasonic pulses and mea-
sures the time it takes for the echo to return after
hitting an object. The distance to an object is deter-
mined by measuring the time it takes for an ultra-
sonic pulse to travel to the object and reflect back to
the sensor. Using the known speed of sound (ap-
proximately 343 meters per second), the system cal-
culates how far the object is based on the duration
of this round-trip. Based on the measured distance,
the vehicle makes decisions accordingly:

If the object is more than 20 centimeters away
(considered a safe distance), the vehicle continues
following the line using the Pixy2 camera and PID
control.

If the object is 20 centimeters away or closer,
the vehicle stops line following and activates obsta-
cle avoidance mode.

In obstacle avoidance mode, the vehicle first
comes to a brief stop to ensure safety. It then per-
forms a turning maneuver to change its direction.
After turning, the ultrasonic sensor scans the new
path to check for any obstacles. If the path is clear,
the vehicle continues moving forward.

The observed results show that the vehicle suc-
cessfully follows the predefined path with high pre-
cision, using real-time data from the Pixy2 camera
and dynamic adjustments from the PID controller.

Mauw. unoic. nayu. ciuc. 43 (2), 93—100 (2025)

When the line is centered, both motors receive equal
PWM signals, and the robot moves straight. When
the line deviates from center, the PID controller
modifies the motor speeds, accordingly, allowing
for smooth and accurate turns. The system handles
both straight and curved segments effectively, with-
out noticeable oscillations or delays.

When the Pixy2 camera can no longer detect
the lines such as at the end of the track the system
shuts off both motors by setting their PWM values
to zero, ensuring a safe and controlled stop. Addi-
tionally, the HC-SR04 sensor reliably detects obsta-
cles within 20 cm and enables the robot to avoid
them, regardless of the object's shape, color, or
transparency. This robustness makes the system
suitable even in challenging environmental condi-
tions like dust or fog.

Overall, the results validate the integration of
the Pixy2 camera, PID-based motor control, and ul-
trasonic sensing as a reliable and stable solution for
autonomous navigation. The combination of accu-
rate line following and responsive obstacle avoid-
ance demonstrates the system’s successful both in
terms of mechanical design and software function-
ality.

CONCLUSION

This project successfully demonstrated the de-
velopment of a compact autonomous robotic vehicle
capable of following a predefined path while avoid-
ing obstacles. The integration of the Pixy2 camera
with a PID control algorithm enabled precise, real-
time line tracking, allowing smooth navigation
through both straight and curved sections. The ultra-
sonic sensor provided reliable obstacle detection
and avoidance, ensuring safe operation under dy-
namic conditions. Testing confirmed that the system
responds quickly to changes in the line position,
maintains stable operation, and stops accurately at
the end of the path. Overall, the results highlight the
effectiveness of combining sensor integration, con-
trol algorithms, and real-time data processing to
achieve robust and precise autonomous navigation
in a compact robotic platform.
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A bstra ct: Industrial robot control, often restricted by proprietary systems like KUKA Robot Language,
presents a challenge for advanced scientific research and intuitive programming. This paper introduces a novel, low-
cost framework for Intelligent Control of KUKA Robotic Systems using Al-Driven Human Motion Tracking to facili-
tate kinesthetic teaching. The system integrates the MediaPipe Hands Deep Learning model for real-time 3D hand
landmark tracking with a custom PyOpenShowVar/KUKAVARPROXY control middleware, enabling soft real-time
command transmission to a KUKA KR 16-2. The framework achieved 97.3% accuracy for discrete gesture commands
and used a Direct Landmark Differencing approach to provide intuitive, simultaneous control over 3D joint-space
movement. While exhibiting 200 ms soft real-time overhead, the performance is highly suitable for path teaching and
significantly lowers the technical barrier for human-robot collaboration and flexible manufacturing.

Key words: KUKA manipulator; computer vision; Al-driven control; deep learning; real-time control

KOHTPOJIA HA POBOTCKHUTE CUCTEMHM KUKA 3ACHOBAHA HA CJIEJEIBE
HA YOBEYKOTO ABUKEIBE CO IPUMEHA HA BEHITAYKATA UHTEJIUT'EHIIUJA

A mcTpax T KoHTponara Ha HHIYCTPHUCKHTE POOOTH, KOja YECTO € OTpaHHUYEeHa OJ] COICTBEH MPOTrPaMCKU
jasuk kako mto ¢ KUKA Robot Language, npercraByBa ceprio3eH IpeIU3BHK 3a HANPEIHU HAYYHH UCTPaXKyBarmba U
3a pa3Boj Ha MHTYHTHBHH METOJIH Ha mporpaMupame. OB0j Tpya NpeTCcTaByBa MHOBATHBHA M €KOHOMHYHA paMKa 3a
HMHTEINTeHTHA KOHTpona Ha poborckure cuctemun KUKA, koja KOpHCTH BemITauka MHTEIMICHINja U CIEICHe Ha
YOBEUKO JBIKEEHE CO LN 1a C€ OBO3MOXKH KHHECTETHIKO yUere. Pa3BHEHHOT cucTeM ro KOMOMHHPA N1a00KOHEBPOH-
ckuot Mozaen MediaPipe Hands 3a cneneme Ha TpUANMEH3HOHATHA KOOPIMHATH Ha JIBIDKEHATa HA pakaTa BO PEaHO
BpeMe, CO COTICTBEHO Pa3BHEH MOCpeAHNYKH ciioj 3a komyHukaruja PyOpenShowVar/KUKAVARPROXY, koj 0Bo3-
MOJKYyBa peaJHOBpeMEHCKa pa3MeHa Ha koMmanau co pobotor KUKA KR 16-2. IIpenmoxkenata paMka MOCTHTHYBa
97,3% TOYHOCT IPH IPENO3HaBakEe MOSANHEYHHU I'eCT-KOMaH/IH, CO IITO OBO3MOXKYyBa HHTYHUTHBHA M HCTOBpPEMEHa
KOHTPOJIa Ha JBIDKCHaTa BO TPUAMMEH3HOHAJCH MpocTop. [1oKkpaj perucTpupaHoTo JomHEHe o1 okoay 200 ms Bo
peanHo BpeMe, MIOCTUTHATUTE ITep(HOPMAHCH CE IIEIIOCHO COOBETHH 32 YUSH€ Ha ITATEKN U 3HAYUTEITHO ja HaMaryBaat
TEeXHHUYKaTa Oapuepa 3a Kojlabopanujara 90BeK — poOOT 1 3a (GIeKCHOMITHO MPOU3BOACTBO.

Knyunn 36opou: KUKA-ManuIynaTop; KOMIIjyTepcKa BU3Hja; KOHTPOJIA CO BEIITaYKa HHTEIUTCHIIH]a;
KOHTPOJIa BO PEaJTHO BpeMe

1. INTRODUCTION

Industrial manipulators, such as those manu-
factured by KUKA, are the cornerstone of modern
automation, characterized by their precision, robust-
ness, and speed. However, their primary control
architecture is designed for industrial efficiency and

safety, often relying on proprietary, text-based lan-
guages like the KUKA Robot Language (KRL).
While suitable for repetitive, pre-programmed man-
ufacturing tasks, this closed-system design presents
significant barriers to scientific research [1, 2]. Re-
searchers often seek maximum control, low-level
access to variables, and the ability to integrate
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advanced mathematics or third-party libraries-func-
tionalities that KRL inherently limits. Consequent-
ly, fully exploiting the mechanical capabilities of
high-performance industrial platforms in scientific
and novel control contexts is often impossible.

To overcome the limitations imposed by in-
ustrial controllers, the robotics research community
utilizes various middleware and communication in-
terfaces. This is crucial for implementing advanced
control methodologies, such as complex Human-
Robot Interaction (HRI) schemes or Learning from
Demonstration (LfD). Specifically, our approach
leverages an open communication interface that not
only grants soft real-time access to robot state and
control variables but also includes a Python class
capable of generating KRL source files (.src) of-
fline. This feature allows users to program complex
robot paths in a flexible, high-level environment
like Python, completely eliminating the need for
specialized KRL knowledge and significantly re-
ducing programming time.

Building on this flexible control foundation,
this paper presents a novel framework for Intelligent
Control of KUKA Robotic Systems Based on Al-
Driven Human Motion Tracking. The core of the
system utilizes Deep Learning techniques for robust
Hand Gesture Recognition, capturing the operator's
movements and translating them into intuitive tra-
jectory commands. This Al-driven approach dras-
tically simplifies the teaching process by translating
intuitive human motion directly into executable
robot code, saving considerable time and lowering
the technical expertise barrier for operators. This
research aims to achieve a viable and efficient
method for kinesthetic teaching that allows non-
expert users to program complex tasks. By seam-
lessly coupling cutting-edgeAl-based perception
with an agile control interface, we demonstrate the
potential of open control methods to enable flexible
manufacturing and truly intuitive human-robot
collaboration.

Prior research in robotics has addressed the
challenges of flexible control through various ap-
proaches. Regarding industrial system accessibility,
several works have proposed software interfaces
and middleware to unlock low-level control of
platforms like KUKA, attempting to bridge the gap
between proprietary KRL and external program-
ming environments [3, 4]. Crucially, traditional on-
line communication with KUKA robots is funda-
mentally limited to additional packages like KUKA.
RobotSensorInterface and KUKA. Ethernet KRL-

XML, which restrict the 1/O capacity and the com-
plexity of the external control loop [5]. Concur-
rently, the HRI-field has advanced through Learn-
ing from Demonstration (LfD) [6], and more recent-
ly, Deep Learning (DL) techniques have demon-
strated exceptional performance in real-time vision
tasks for hand gesture and human pose estimation [,
8, 9]. While these three areas — open control inter-
faces, DL — based perception, and LfD — have been
explored individually, a unified framework that
integrate a high-fidelity, DL — driven gesture system
with a flexible, soft real-time KUKA — control
architecture remains a critical need.

The key contributions of this work are: (1) The
successful integration of a DL-based hand gesture
recognition system with an external control
interface to realize a stable and responsive soft real-
time control loop for the KUKA controller. (2) The
development of a precise control and mapping
strategy that translates gesture and pose data into
safe and stable KUKA joint space trajectories. (3)
Comprehensive experimental validation demon-
strates the accuracy, low latency, and ease-of-use of
the proposed intelligent control framework for com-
plex collaborative tasks, enabled by our flexible,
middleware-based architecture. The remainder of
this paper is organized as follows: Section 2 details
the system architecture, hardware components,
software environments, and the connectivity setup.
Section 3 presents the experimental setup. Section 4
discusses the results and performance evaluation.
Finally, Section 5 offers the conclusion and future
work.

2. SYSTEM ARCHITECTURE

System architecture overview

The proposed intelligent control system oper-
ates on a distributed architecture designed to facili-
tate intuitive human interaction with industrial ro-
bots. As illustrated in Figure 1, the framework com-
prises three primary interconnected layers: the hu-
man operator providing intuitive inputs, an external
laptop/PC responsible for integrated perception and
control logic, and the KUKA robot controller (KRC)
with its attached KUKA KR 16-2 manipulator for
physical task execution. The system uses DL tech-
niques for robust hand gesture recognition and a
custom middleware for flexible robot control and
offline program generation.
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Human Operator

=

External Laptop/PC
(Integrated Perception & Control)

Integrated Camera

Deep Leaming Model :
Mapping
(Hand recognition) algorithm

Control and middleware layer

Hardware components

The control framework utilizes three core
hardware elements: the industrial manipulator, the
robot controller, and the perception system.

KUKA KR 16-2 manipulator and controller

The core execution platform for this system is
the KUKA KR 16-2 industrial robot, a 6-axis artic-
ulated manipulator known for its payload capacity
(16 kg) and extensive reach (1610 mm). This model
is representative of common industrial applications,
providing a robust platform for testing the devel-
oped control middleware. The robot is managed by
a KUKA robot controller (KRC), typically the KR
C4 model, running the proprietary KUKA operating
system with a soft real-time kernel. The KRC han-
dles all kinematics, safety functions, and motion
planning. External commands are directed to the
controller via a dedicated network interface, bypass-
ing the standard teach pendant programming flow to
allow for external influence over joint movements
and program execution.
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Reaitime Kemel

KUKA Robot Manipatator
Fig 1. System architecture of Al-driven KUKA framework

Integrated perception system

The human-robot interaction is driven by an
integrated visual perception system. This consists of
the integrated camera on the external laptop/PC,
which provides a live RGB video stream of the hu-
man operator's workspace. The camera's feed is pro-
cessed directly by the external laptop/PC, which
hosts the DL-models. This integrated setup offers a
portable and cost-effective solution for motion cap-
ture, eliminating the need for dedicated, high-cost
external depth sensors or specialized Vicon systems.
The primary function of this hardware is to reliably
deliver video data at a sufficient frame rate to the
software layer, ensuring low-latency gesture recog-
nition for the soft real-time control loop.

Software environment and middleware

The control and perception systems are
established across three distinct software layers: the
deep learning stack for perception, the custom
Python middleware for control logic, and the KRL
environment on the robot controller. Figure 2 shows
the detailed data flow.
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Robot Motion Execution

Fig 2. Detailed data flow

Control middleware: KUKAVARPROXY
and PyOpenShowVar

The core of the system's external control capa-
bility relies on a client-server architecture designed
to bypass the limitations of standard KRL program-
ming. On the KUKA robot controller (KRC) side,
the open-source KUKAVARPROXY acts as a
server. This dedicated application runs on the
KRC’s Windows environment and establishes a
TCP/IP socket connection, typically listening on
Port 7000. Its fundamental role is to provide a
channel for remote programs to read and write
global KRL wvariables (such as $OV\ PRO or
dedicated position variables) by implementing the
OpenShow Var protocol over the network.

On the external laptop/PC side, the communi-
cation client is the PyOpenShowVar library. This
Python package handles the low-level network in-
terface, translating the high-level control decisions
from the gesture recognition system into the specific
messaging format required by the OpenShowVar
protocol.

The use of this client-server coupling is essen-
tial for achieving soft real-time control and is specif-
ically leveraged for:

— Real-time Joint Overrides: The Python script

uses PyOpenShowVar to repeatedly write calcula-
ted joint angle increments into pre-declared global

KRL variables. A parallel KRL program running on
the KRC continuously reads these variables to
modify its current motion cycle, effectively en-
abling the external PC to directly influence the
robot’s trajectory based on human input.

— State Feedback: The library is used to read
back system variables, such as the actual joint
position ($AXIS ACT), closing the control loop
and allowing the Python middleware to maintain an
accurate model of the robot's state.

— Programmatic Control: PyOpenShowVar
allows for remote manipulation of program flow
flags and system variables, enabling the user to start,
stop, or reset the main KRL execution program
based on a recognized hand gesture.

This implementation allows the Python mid-
dleware to exert granular control over the robot's
motion through variable manipulation, which is the
foundational element enabling the Al-driven kines-
thetic teaching framework.

3. EXPERIMENTAL SETUP

Description of experimental environment

The experimental validation of the Al-driven
control framework was conducted using a KUKA KR
16-2 industrial manipulator controlled by a KRC4
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controller. The robot was secured to a standard in-
dustrial floor mount within a defined safety cage
area.

The perception system utilized the integrated
camera on the external laptop/PC, which was posi-
tioned approximately 1 meter from the human oper-
ator. This arrangement ensured the camera main-
tained a full-frame view of the operators dominant
hand, covering the entire operational range used for
gesture control. The robot's primary workspace was
configured to be within a safe collaborative zone,
and the KRC4 controller and the external laptop/PC
were connected via a dedicated Ethernet cable using
a static IP configuration for the stable TCP/IP con-
nection.

The experimental validation of the Al-driven
control framework was conducted using a KUKA KR
16-2 industrial manipulator controlled by a KRC4
Controller. The robot was secured to a standard
industrial floor mount within a defined safety cage
area.

The perception system utilized the integrated
camera on the external laptop/PC, which was posi-
tioned approximately 1 meter from the human oper-
ator. This arrangement ensured the camera main-
tained a full-frame view of the operators dominant
hand, covering the entire operational range used for
gesture control. The robot's primary workspace was
configured to be within a safe collaborative zone,
and the KRC4 controller and the external laptop/PC
were connected via a dedicated Ethernet cable using
a static IP configuration for the stable TCP/IP con-
nection.

Case study I: Discrete position selection

The first case study focuses on validating the
discrete gesture recognition capability for fast, pro-
grammatic robot control. The system was tasked
with recognizing the number of fingers the operator
held up (one, two, or three). Based on the recog-
nized count, the robot was commanded to move to
a corresponding, pre-determined target position. For
example, holding up one finger triggered movement
to Position One, two fingers to Position Two, and
three fingers to Position Three. This test evaluates
the overall latency and reliability of the perception-
to-program execution sequence.

Case study 11: Continuous control with tracking

The second, more complex case study vali-
dates the continuous control and mapping capabil-
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ity. This involved recognizing two primary opera-
tional states:

1. Open hand (Continuous control): When the
hand was open, the system activated the propor-
tional control mapping, allowing the robot's joints
to follow the hand's movements. An open hand
moving left, for instance, resulted in the appropriate
joint movements toward the left.

2. Depth control: The system also utilized the
distance of the hand from the camera (depth, z-axis)
to control the robot. Moving the open hand toward
or backward from the camera translated into corre-
sponding movements along the robot's principal
axis, enabling three-dimensional control over the
manipulator's End-Effector or specific joints.

Al model for hand motion tracking

The core of the perception system is a robust,
low-latency Deep Learning model responsible for
tracking the operator's hand motion in real-time, de-
tecting gestures, and extracting both fine-grained
landmarks and categorical gesture IDs.

Dataset and preprocessing

The system utilizes the MediaPipe Hands
framework, which employs a highly optimized, pre-
trained model for real-time hand detection and
tracking. The input video stream from the integrated
camera is preprocessed by MediaPipe to the first
identify the hand's Region of Interest (ROI) and then
predict 21 3D hand landmarks (normalized Px, Py
and Pz coordinates). The z coordinate provides rel-
ative depth information crucial for Case study II.
The classification of the discrete gestures (0, 1, 2, or
3 fingers) for Case study I was handled by a light-
weight classifier built on top of the raw landmark
data, which relied on geometric features such as the
distance and relative position between fingertip and
joint landmarks.

Model selection and training process

Model selection: The system leverages the pre-
trained, pipeline-based model from MediaPipe
Hands. This architecture was chosen for its optimal
balance between accuracy and extremely high infer-
ence speed, which is a non-negotiable requirement
for soft real-time robot control. The pipeline con-
sists of a lightweight Palm Detector followed by a
dedicated Hand Landmark Model. This design al-
lows the system to achieve an average processing
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rate of approximately 30 Frames Per Second (FPS)
on the external PC, minimizing overall system la-
tency.

Training process: The underlying hand detec-
tion and landmark models are pre-trained. The nec-
essary "training" effort focused on system calibra-
tion — empirically tuning the proportional scaling
factor k and the coordinate mapping boundaries —
and on the lightweight gesture classifier, which was
trained using a small, self-collected dataset to vali-
date the geometric thresholds used for the finger-
counting task (Case study I).

Evaluation metrics

The validation of the Al perception system was
quantified using two primary performance metrics:

1. Gesture Classification Accuracy (ACC ges-
tures). This metric specifically validates the reliabil-
ity of Case study I: Discrete position selection. It
was measured as the percentage of correctly identi-
fied discrete gestures across a diverse test set.

2. Detection latency. Reported as the achieved
Frames Per Second (FPS). Consistent, high through-
sput (30 FPS) is crucial because minimizing the
perception delay ensures that the overall control
loop remains responsive enough for smooth, intui-
tive guidance as validated in Case study II.

Real-time data acquisition from hand tracking

The Python middleware acts as the central hub,
continuously acquiring and translating data from the
Al Perception system. This process is executed at
approximately 30 FPS. The control strategy imple-
ments a Direct Landmark Differencing approach,
leveraging the structured output of Media-Pipe to
ensure low-latency control. The wrist position vec-
tor, Phuman (?), is extracted directly from the Media-
Pipe output, consisting of the normalized x, y, and z
coordinates of the wrist landmark. The kinematic
mapping algorithm calculates the required change in
robot joint angles AGqpot using the proportional con-
trol law based on the change in the raw, filtered
landmark position:

A@robot = k * (Phuman(t)_ Phuman(t — 1))

This Direct Landmark Differencing method is
superior as it uses the inherent normalized 3D infor-
mation from Media-Pipe to control the robot along
the x, , and z axes simultaneously. The continuous
control loop is active when the "Open Palm" gesture
is detected £ = 0.15.

Data transmission to KUKA robot controller

The calculated commands (either the program
flag or the AOrobor) are immediately prepared for net-
work transmission to the KRC via the established
TCP/IP link. The transmission process utilizes the
specialized client-server architecture:

— Client encoding: The PyOpenShowVar li-
brary formats the data into the OpenShowVar
protocol string.

— TCP/IP transmission: The message is sent
over the dedicated Ethernet link to the KUKA-
VARPROXY server on the KRC.

— Server execution: Upon receipt, KUKA-
VARPROXY instantly writes the data to the pre-
defined global KRL variables, enabling the follow-
ing control states:

¢ Discrete position select (Case study I): An integer
variable is updated, causing the main KRL pro-
gram to execute a pre-programmed PTP motion
to position 1, 2, or 3.

e Continuous control (Cases study II): The calcu-
lated A@roor values are written to variables that
are continuously read by a loop in the KRL pro-
gram to incrementally adjust the robot's ongoing
motion every cycle, achieving soft real-time
guidance.

o Stop / Pause (Closed fist): Sets
ABrobot = 0,
halting all joint velocity.

e Teach / Key-frame save (Four fingers): An in-
struction flag is sent to the KRL program to rec-
ord the robot's current joint angles (SAXIS ACT)
to a file for offline program generation.

4. RESULTS AND DISCUSSION

Results from Case study I:
Discrete position selection

Case study I validated the system's ability to
reliably translate discrete hand gestures into fixed
program commands, with the primary metric being
Gesture Classification Accuracy. The system's
reliability for programmatic command execution
was measured across 50 trials for each of the three
finger-count gestures (1, 2, and 3 fingers up). The
geometric classifier implemented using Media-Pipe
landmarks proved highly effective and robust. Table
1 shows the results from testing data for the hand
recognition model.
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Table 1

Results from testing data for the hand
recognition model

Gesture (target) Number  Correctly  Accuracy
oftrials  classified %
One fingers (Pos 1) 50 49 98
Two fingers (Pos 2) 50 49 98
Three fingers (Pos 3) 50 48 96
Overall 150 146 97.3

The high average accuracy of 97.3% confirms
the robustness of the geometric thresholding ap-
proach for converting visual input into reliable,
discrete operational states.

The total time from the gesture being recog-
nized to the robot initiating its PTP movement was
measured to assess the pipeline's overall efficiency.
The 200 ms difference represents the combined
overhead introduced by the perception system
(Media-Pipe frame processing) and the Python
middleware's control logic execution. This estab-
lishes that the system is suitable for non-critical
programmatic moves but highlights the latency
component contributed by the soft real-timeAl
framework.

Results from Case study II:
Continuous kinesthetic control

The system successfully achieved a continuous
control loop rate tied to the perception system's
throughput of approximately 30 FPS, as shown on
Table 2.

Table 2

Perception value and implication for control

Metric Measured Implication for control
value
Perception 30 FPS  Loop cycle time of ~33 ms

(ideal minimum latency).

Proportional 0.15
scaling factor (k)

Empirically tuned for safe
and intuitive joint velocity.

Qualitatively, the robot's motion was per-
ceived as smooth and responsive for slow-to-mod-
erate hand movements, validating the choice of
k= 0.15. High-frequency hand movements resulted
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in noticeable lag and jerkiness, confirming the limi-
tations inherent in the soft real-time communication
(TCP/IP) and the KRC's KRL execution cycle.

The proportional control successfully mapped
the x and y screen coordinates to the appropriate
robot joint movements. Crucially, the z-coordinate
(relative depth) provided by MediaPipe was utilized
to control axial movement. The result was moving
the hand closer to the camera (decreasing z) consis-
tently caused the robot's end-effector to move along
its direction of extension and retraction, enabling
intuitive forward and backward control. This de-
monstrates the successful exploitation of Media-
Pipe's 3D landmark data for control beyond planar
movement.

Discussion of system performance

The system's overall control rate is constrained
by the 30 FPS perception throughput and network
overhead, placing it firmly in the domain of soft
real-time control. The achieved fidelity allows op-
erators to effectively "teach" spatial points and paths
by walking the robot through the desired trajectory.
For kinesthetic teaching, where intuitiveness and
safety are prioritized over microsecond precision,
this performance is adequate.

Acritical consideration for the Direct Land-
mark Differencing approach is the risk of driving
the manipulator into kinematic singularities. To
ensure robustness and safety, coding solutions were
implemented within the KRL program on the KRC:

1. Maximum delta value limit: The program
enforced a maximum magnitude on the incremental
joint commands (AGrpo) received from the PC.
This prevents excessive acceleration near singulari-
ty zones, capping the maximum velocity command
for any single axis.

2. Singularity region detection: The KRL code
includes logic to monitor the robot's current joint
configuration. If the robot enters a predefined
proximity to known singularities (e.g., wrist or
shoulder singularities), the KRL program automati-
cally reduces the proportional gain (k) to zero or
switches to a position-hold mode. The external PC
is then notified with a status message (e.g., "Cannot
reach this target, possible singularity").

The implementation of the Direct Landmark
Differencing approach proved highly intuitive.
Operators did not need to perform complex mental
mapping; a change in the hand's position in space
directly resulted in a proportional change in the
robot's joint velocity. This method:
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1. Eliminated system overhead: By avoiding
complex inverse kinematics and external OS calls,
the control was streamlined.

2. Enabled 3D control: The direct use of
MediaPipe's coordinate offers a low-cost, effective
method for controlling the third dimension (depth),
a significant enhancement over planar 2D vision
systems.

The combined results confirm that the low-
cost, vision-based framework is a viable and highly
accessible alternative for developing natural, kines-
thetic teaching interfaces for industrial manipula-
tors.

5. CONCLUSIONS AND FUTURE WORK

This work developed a low-cost, intuitive, and
soft real-time kinesthetic teaching interface for in-
dustrial manipulators using Al-based vision. The
system successfully integrated the MediaPipe
Hands model for gesture-based perception and used
PyOpenShowVar/KUKAVARPROXY middleware
for TCP/IP communication with the KUKA KR 16-
2 robot.

Experimental results confirmed the system’s
effectiveness:

High reliability: The gesture classification sys-
tem achieved 97.3% accuracy, demonstrating the
robustness of the geometric gesture recognition ap-
proach.

Intuitive 3D control: The Direct Landmark
Differencing method effectively utilized 3D depth
data from MediaPipe, enabling natural control of
depth (Pz axis).

Precision: During continuous motion, the sys-
tem maintained end-effector accuracy within one
decimal point of the target, meeting typical indus-
trial tolerances.

Soft real-time performance: Despite a 200 ms
overhead from Al processing and TCP/IP commu-
nication, the system proved suitable for non-time-
critical kinesthetic teaching and path recording
tasks.

Overall, the proposed framework provides a
viable and accessible alternative to expensive com-
mercial solutions, showing that consumer-grade vi-
sion systems and open-source middleware can ena-
ble natural, expressive robot programming inter-
faces.

Building on the success and current limitations
of the system, several future improvements are pro-
posed:

— Reduce latency with hard real-time control:
Migrating from soft real-time TCP/IP to KUKA.
RSI (Robot Sensor Interface) with UDP communi-
cation could reduce latency and significantly
improve motion smoothness.

— Enable Cartesian-space control: Implement-
ing a direct inverse kinematics (IK) solver would
allow intuitive control of the robot’s end-effector in
X, ¥, z space, overcoming the non-linear behavior of
joint-space control.

— Incorporate predictive Al models: To miti-
gate perception delays, methods like Kalman filter-
ing or RNNs could predict hand positions a few
frames ahead, allowing proactive motion and im-
proved responsiveness.

— Develop a full teaching platform: A graphi-
cal user interface (GUI) could be added to allow
editing, saving, and replaying taught paths, along
with features like speed profiles and tool state
control — transforming the system into an end-to-
end prototyping tool.

— Enhance safety: Expanding the middle-
ware’s safety logic to include collision prediction
based on 3D workspace mapping (e.g., using RGB-
D data) would improve operational safety.

— Expand gesture vocabulary: Adding dynamic
gestures for more complex commands (e.g., grip/re-
lease, speed control, or mode switching) would
allow operators to execute more advanced tasks
without using the physical SmartPAD.

These directions aim to refine the system into
a robust, flexible, and user-friendly tool for ad-
vanced human-robot collaboration and intuitive ro-
bot programming.
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A bstract: This paper presents an integrated approach for evaluating the condition and failure risks of the
main girder in a bridge crane. The study uses numerical simulations performed in Ansys. The critical stress zones for
various trolley positions and dynamically amplified loads are identified using numerical analyses. In the following
phase, the results from the numerical analysis are used as input for the Failure Mode and Effect Analysis - FMEA
method. Based on the generated FMEA, the data are further utilized to develop a MATLAB algorithm that integrates
the FMEA parameters and provides an assessment of the structural condition and failure risks. The suggested method-
ology enables an improved approach to crane inspection and maintenance planning.

Key words: bridge cranes; main girder; FMEA

ITPOIIEHA HA PU3UK 3ACHOBAHA HA AHAJIM3ATA HA MOKHU HEUCITPABHOCTH
N NOCJIEMIN HA T'TABHUOT HOCAY HA MOCTOBCKA JJUT AJIKA

A mcTpaxkT: OBOj TpyA IpeTCTaByBa MHTETPUPAH MIPHCTAII 32 OLIEHYBamkbe Ha cOCTOj0aTa M pU3UIIUTE O] OTKA3
Ha TJIaBHHOT HOCa4 Kaj MOCTOBCKa auraika. [Ipexy HymepudkuTe aHanm3n Bo Ansys ce HIeHTH()UKYBaHA KPUTHIHUTE
30HM Ha Hamperama 3a Pa3IWdHU MOJ0KOM Ha KONMYKATa, KaKo M MPH JHHAMUYKH 3TOJIEMEHH ONTOBapyBama. Bo
crnenHara (aza, pe3ysNTaTUTe Of HyMEpHUKaTa aHalli3a ce KOPUCTAT KAKO BJIE3HU IOJATOLHM 33 METOAOT AHaiu3a Ha
MOXXHUTE HEUCIIpaBHOCTH ¥ nocienuny (aur. FMEA). loounenara FMEA ce nmiuiemeHTupa Bo anroputamotr MATLAB
KOj TH MHTerpupa napamerpute Ha FMEA v 0BO3MOXXyBa MPOILIEHa Ha CTPYKTYpHATa COCTOj0a U PU3HLMUTE OJ] OTKA3.
IMpennoxxeHara MeTOL0IOTHja OBO3MOXKYBA MOAOOPEH MPUCTAI KOH MHCHEKIMjaTa U ITaHUPAkETO Ha OZIPXKYBaHETO

Ha JUTaJIKHUTC.

KJIy‘lHI/I 360p0BH: MOCTOBCKHU OUT'AJIKH; I'NITaBEH HOCAY; aHaJIMn3a Ha MOYKHU HEUCIIPABHOCTHU U MOCJIEIUITNA

1. INTRODUCTION

One of the most important and critical ele-
ments in the construction of bridge cranes is the
main girder, therefore, its condition largely deter-
mines the safety of crane operation [1, 2]. The need
for such research is supported by a review of earlier
studies in the fields of crane engineering, reliability
assessment, maintenance, and crane inspection [3,
4, 5, 6]. The research [7] focuses on safety regula-
tions, identifying inconsistencies within national
standards and suggesting more precise and unified
guidelines to reduce crane-related accidents. In [8],
traditional FMEA is enhanced with multicriteria de-
cision-making tools to better assess failure modes in

renewable energy systems, while [9] examines the
impact of human factors, such as noise and mental
exhaustion, using a virtual reality crane simulator.
Industry 4.0 applications are addressed in [10],
where machine-vision methods in conjunction with
PFMEA and DFMEA enhance production quality
control. Studies [11] and [12] examine real opera-
tional issues in crawler cranes and crane guiding
structures, using experimental data and FMEA to
identify causes of failures and excessive wear.
Methodological developments of FMEA appear in
[13], which introduces Z-numbers and clustering al-
gorithms, and in [14], where fault trees, Bayesian
networks, and Markov chains are integrated to eval-
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uate crane reliability. Broader safety factors in con-
struction environments are explored in [15]. Risk-
assessment improvements are further presented in
[16] using Z-numbers and set-pair analysis, and in
[17], where human error risks are prioritised
through cumulative prospect theory. Lastly, [18]
combines Fishbone, Pareto, and FMEA analyses to
identify dominant failure causes in crawler cranes,
showing mechanical issues to be the most im-
portant. Overall, the literature indicates a shift to-
wards integrated analytical models, sophisticated
monitoring technologies, and stronger emphasis on
human and operational factors to increase crane re-
liability and safety. Based on the conducted re-
search, it is evident that accurately assessing the
condition of the main girder requires a combined ap-
proach involving analytical calculations and mod-
ern numerical methods. As a result, the primary ob-
jective of this study is to identify the most critical
parameters during crane operation. The focus of this
research was to collect data and develop an algo-
rithm for assessing the most critical element of the

main girder. By generating and implementing a
MATLAB code, this study aims to effectively sup-
port both crane inspection and maintenance. This re-
search paper helps solve current and important chal-
lenges in scientific and professional studies related
to crane maintenance and inspection.

2. METHODOLOGY

The methodological approach in this paper is
based on applying earlier obtained analytical and
numerical results into the FMEA method and imple-
menting the outcomes in MATLAB. The analytical
and numerical results used in this study originate
from the author’s unpublished structural analyses of
the crane girder. These results were obtained as part
of a broader research effort and are solely used here
as structural indicators for identifying critical re-
gions and supporting the FMEA procedure. The
phases of the research are presented in Figure 1.

Literature review | Problem identificaion—p Analytical calculation

Identification of

+

¥ Numerical FEM analysis Data input—»

critical regions

Data collection

L FMEA evaluation [—Implementation—# MATLAB interface  |—The key findings— |

Solution of the problem

Conclusion

Fig. 1. Research methodology

3. STRUCTURAL ASSESSMENT RESULTS
OF THE MAIN GIRDER

The main girder examined in this study be-
longs to a real bridge crane located at Institute of
Earthquake Engineering and Engineering Seismol-
ogy - IZIIS. A CAD model of the crane created in
SolidWorks is shown in Figure 2.

a) Analytical analysis of the main girder

First, the main girder was calculated analyti-
cally. The main girder of the bridge crane is a
welded box profile, whose geometry and material
properties are derived from the crane documentation
(Table 1) [19]. The analytical analysis is performed
according to the classical beam theory, where the
girder is modelled as a simply supported beam sub-

jected to a uniformly distributed load ¢ and a con-
centrated load O with two variable positions, de-
pending on the trolley location: at mid-span (L/2)
and in an end position (¢) [1, 2, 3]. The results indi-
cates that the girder operates in the elastic range un-
der the applied loading. The analytical results serve
as a basis for verification with numerical analysis.

Fig. 2. CAD model of the main girder
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Table 1

Geometrical characteristics and exploitation parameters of the main girder

Characteristics / Parameters Symbol Value
Height of the girder H 700 mm
Width of the girder B 450 mm
Thickness of top/bottom plate T 8 mm
Thickness of side plates S1, S2 6 mm
Moment of inertia Ix 145284 cm*
Section modulus Wy 1513 cm?®
Lifting capacity Q 10t
Span L 16.24 m
Lifting height 9m
Wheelbase of the trolley LM 1450 mm
Number of trolley wheels - 4, divided 2 per side
Driving class coefficient 1.05
Dynamic coefficient (for speed up to 15 m/min) ' 1.15
Bridge acceleration coefficient ka 0.15
Trolley acceleration coefficient Kam 0.15
Skewing coefficient A 0.17
Material S235JR

£ Elastic modulus E 2.10 x 10" Pa

g Poisson’s ratio v 0.30

§ Density P 7850 kg/m?

g Yield strength fy 235 MPa

§ Stressaliow Oallow ~0.6-fy = 141 MPa

b) Numerical analysis of the main girder

The CAD model created in SolidWorks was
transferred into ANSYS Workbench [21, 22], and
discretized using higher-order quadratic three-di-
mensional solid elements (SOLID186). The girder
is modelled in the numerical simulation as a simply
supported beam, with one end vertically fixed and
the other axially movable. Cases with the load at
mid-span and in the end position were analysed, un-
der nominal and dynamically increased loading (v
= 1.05; 1.10 and 1.15) [14]. The adopted dynamic
coefficients reflect the dynamic effects of load lift-
ing and trolley motion under normal operating con-
ditions. The mesh is denser in the areas where stress
concentration is expected, around the supports and
the trolley path, as well as coarser in the remaining
parts. The model contains 98,786 nodes and 46,504

Maw. unore. nayu. ciiuc. 43 (2), 111-119 (2025)

elements (Figure 3). A mesh density check was per-
formed, where further refinement did not produce
stress variations greater than ¢ < 3%. This confirms
that the selected mesh is appropriate. Table 2 shows
the stresses and deformations obtained from the
static simulations in Ansys.

0.000 3.500 7.000 (m)
1.750 5.250

Fig. 3. Mesh
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Table 2

Results of the static analysis: stresses and deformations

Case No. Position of the trolley Dynamic coefficient Max stress Max deformation
1 In the middle 1 155.59 MPa 4.42 mm
2 In the end position 1 117.98 MPa 2.29 mm
3 In the middle 1.05 160.48 MPa 4.57 mm
4 In the end position 1.05 114.34 MPa 2.287 mm
5 In the middle 1.10 180.04 MPa 8.22 mm
6 In the end position 1.10 119.34 MPa 2.36 mm
7 In the middle 1.15 282.73 MPa 8.22 mm
8 In the end position 1.15 125.12 MPa 2.44 mm

4. FAILURE MODE
AND EFFECT ANALYSIS - FMEA

The FMEA method is presented in a table [21,
22]. Table 3 contains all elements that are necessary
for identifying and evaluating the potential failures of
the main girder of the bridge crane. The table is split
into two sections, the first section being descriptive
and including: identification of the components, the
manner in which the component fails, and the main
consequence of the failure. With ID, the numbering
and decomposition of the potential failures are
performed.

The failure mode clarifies how the failure might
happen, i.e., what precisely may be the defect in each
of the listed components. The following are listed as
failure modes:

o Local yielding at midspan. — This failure mode
is chosen because, based on the analytical and
numerical analysis, the midspan is the location
where the largest bending moment occurs, and
therefore the highest stresses appear [23, 24,
25]. This failure mode is critical because any
local yielding directly reduces the girder’s
ability to support load.

o Stress concentration near end support. — In the
area of the end supports, according to the Ansys
simulations it is noticeable that local high
stresses appear, especially due to [26, 27]:

— eccentric positioning of the trolley,
— presence of welded joints and diaphragms.

These effects create local concentrations which
often indicate possible crack locations.

o FExcessive vertical deflection. — Deformations
are a key factor in the occurrence of failures.
Excessive deformation may lead to [27, 28]:

— difficulties in the movement of the trolley,
— occurrence of vibrations,
— increased fatigue of the structure.

This mode is included because it does not nec-
essarily cause a direct failure, but it critically
affects functionality and safe operation. Results
for the deformations that emerge are derived
from the numerical simulations.

Effects of dynamic amplification. — Cranes op-
erate under real conditions where the load is
never perfectly static. Accelerations, start/stop
motions, micro-impacts and oscillations create a
dynamic factor y > 1 [29]. The dynamic effects
can significantly increase the stresses, as
observed in the results from the numerical sim-
ulations.

Fatigue crack initiation. — Bridge cranes operate
with a large number of loading cycles. Repeated
stresses, even if they are below the yield limit,
can eventually initiate fatigue cracks, especially
in areas with stress concentration (welds, di-
aphragms, end connections [30, 31]). Fatigue is
one of the most common mechanisms of long-
term failure in steel structures.

Main causes. — The factors or conditions that

could lead to failure are listed, or the question of
why that failure occurred is addressed.

o High bending stress; dynamic load factor. — As

a cause for the occurrence of local yielding at
midspan, it is the maximum bending moment
that arises as well as the dynamic factors that
additionally increase the stresses in that area
[24, 25].

e FEccentric trolley load; weld geometry. — As a

result of the different positions of the trolley, an
uneven distribution of stresses appears. Stress
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concentration may occur in areas where welds
and geometric changes are present.

o High service load; insufficient stiffness. — Lift-
ing larger loads and the structure's lack of stift-
ness may be the reasons for the main girder's
deformations and tilt [28].

o Sudden trolley movement; impact loads. — Sud-
den accelerations, braking, and impact loads
create short-duration but very high dynamic
stresses. These conditions often lead to extreme
structural responses [29].

o Repeated load cycles; stress concentrations. —
This cause is typical for fatigue damage, be-
cause repeated loading cycles initiate cracks in
areas with stress concentrations [30, 31].

e Main consequences. — This section lists the con-
sequences that appear after the failure, i.e., how
the failure affects the further operation and
safety of the crane.

o Loss of stiffness; local plasticity. — This conse-
quence is selected because local yielding direc-

Table 3

tly leads to a reduction in stiffness and a de-
crease in the load-carrying capacity of the main
girder [23, 24].

e Local cracking; vibration issues. — The stress
concentration at the ends of the main girders
most often results in local cracks and vibrations,
which are common signs of early structural
damage [26, 27].

o Serviceability issues; trolley misalignment. —
Excessive deformation makes it difficult for the
trolley to move, which directly interferes with
safe operation [28].

o [ncreased stresses; higher fatigue demand. —
The dynamic effects increase the stress C and
accelerate fatigue damage, so this consequence
is critical [29].

o Crack growth; reduced load capacity. — As
loading cycles increase, fatigue-induced cracks
grow, which reduces the load-carrying capacity

of the entire girder and posesa serious risk of
failure [30, 31].

Failure mode and effect analysis — FMEA, of the main girder

ID Failure mode Main causes

Main effects S O D RPN

Local yielding at High bending stress;

FM1 . .
midspan dynamic load factor

FM2 Stress concentration near  Eccentric trolley load; weld
end support geometry

FM3 Excessive vertical High service load;
deflection insufficient stiffness

FM4 Dynamic amplification Sudden trolley movement;

effects impact loads

FMS5  Fatigue crack initiation .
concentrations

Repeated load cycles; stress

Loss of stiffness; local

plasticity 9 4 4 144

Local cracking; vibration

. 8§ 4 5 160
issues

Serviceability issues; trolley
misalignment

Increased stresses; higher

fatigue demand 8 3 6 144

Crack growth; reduced load

. &8 3 5 120
capacity

In addition to the descriptive assessment, the
FMEA also includes a numerical evaluation of each
failure mode in order to obtain a quantitative esti-
mation of the risk. For each failure mode, three pa-
rameters are assigned: severity (S), occurrence (O),
and detectability (D). These parameters are typi-
cally ranked on a scale of 1 to 10. Severity repre-
sents the consequences of the failure, occurrence
reflects the expected frequency of the failure, while
detectability evaluates how easily the failure can be
identified during inspection. The Risk Priority
Number (RPN) is calculated as (1) [32]:
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RPN=S-0-D (1)

A higher RPN indicates a more critical failure
mode that requires greater attention, more frequent
inspections, or preventive maintenance.

For the crane that is the subject of this study,
the S (Severity) consequences if the failure occurs
are determined according to:

e how seriously the damage affects safety,

e whether it significantly reduces the load-car-
rying capacity,
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e whether it disrupts serviceability.
According to this,

e S =9 means very severe consequences (local
yielding, loss of stiffness),

e S =7means moderately severe consequences
(large deformation),

e S = 8 means severe, but not critical conse-
quences (stress concentrations, dynamic ef-
fects, fatigue).

The values for Occurrence (O) show how often
the failure is expected to appear in real operation.

It is determined based on:
e number of loading cycles (fatigue),
e frequency of dynamic effects,
e trolley position.

So,

e O = 4, moderate likelihood (statically and
geometrically induced stresses),

e O =3, lower likelihood (dynamic effects, fa-
tigue, which occur occasionally but not con-
stantly, which is justified because the crane
has been in operation for more than 40 years,
implying a high number of accumulated load-
ing cycles.

Detection (D) — the values for Detection show
how easily the failure can be identified with com-
mon inspection methods. It is determined according
to:

FMEA Analysis — Main Girder

Failure Mode S o} D RPN

FM1 — Local yielding at midspan 144

FM2 — Stress concentration at end supp 160

FM3 — Excessive vertical deflection 56

FM4 — Dynamic amplification effects 144

w|m| ~|w| o
FIEIEIEIES
LIRS ES

FM5 — Fatigue crack initiation 120

Enter S, O, D values (110} for each failure mode, then press "Compute FMEA"

Compute FMEA | |Sur1 by RPN (desc)| | Reset S/O/D

e visibility of the damage (plasticity, crack,
large deformation),

e accessibility for inspection,
¢ need for NDT methods.
Specifically for this crane:

e D = 3-4 easily noticeable conditions (large
deformation, plasticity),

e D =5 harder to notice (stress concentrations,
cracks around welded zones),

e D =6 low detectability (dynamic effects that
require measurement, not visually visible),

Through this approach, the FMEA serves as a
link between the numerical analysis and the practi-
cal maintenance strategies, supporting informed de-
cision-making aimed at improving reliability and
safety during crane operation.

4.1. Implementation of FMEA in MATLAB

In the MATLAB implementation of the FMEA
procedure, the user provides the three standard
FMEA parameters for each identified failure mode:
Severity (S), Occurrence (O), and Detection (D).
These input values are assigned based on engineer-
ing judgement and on the structural indicators ob-
tained from the numerical analyses, including max-
imum stresses, deformation levels, and the critical
regions along the main girder (Figure 4).

Fig. 4. MATLAB interface for the FMEA analysis of the main girder
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Once the input values are defined, the MAT-
LAB script automatically determines the RPN
values for all failure modes and ranks them from the
most to the least critical. The program then gener-
ates a results table that summarises each failure
mode together with its S, O, D, and RPN ratings. In
addition to the numerical output, a bar chart is cre-
ated to visually compare the RPN values and to

easily identify the dominant failure mechanisms
(Figure 5). Through this automated workflow, the
MATLAB tool enables fast, transparent and repro-
ducible evaluation of the FMEA results. The result
facilitates decision-making, by indicating the fail-
ures modes that call for priority inspection, preven-
tative maintenance, or more structural evaluation.

Rlljﬁ values for all failure modes

RPN

Failure mode

Fig. 5. Graphical representation of the computed RPN values

4. RESULTS AND DISCUSSION

Figure 4 shows the MATLAB interface devel-
oped for the FMEA of the crane main girder, where
the user inputs the S, O and D ratings for the identi-
fied failure modes. Five failure modes were taken
into consideration in the reference case: FM1 — lo-
cal yielding at midspan, FM2 — stress concentration
at the end support area, FM3 — excessive vertical
deflection, FM4 — dynamic amplification effects,
and FM5 — fatigue crack initiation. The initial rat-
ings were assigned based on the numerical results
and engineering judgement, considering the stress
levels, deformation values, and the likelihood of de-
tecting the damage during inspection. The calcu-
lated RPN values are summarized in the table within
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the interface and are shown graphically in Figure 5.
The highest RPN value (RPN = 160) is obtained for
FM?2 — stress concentration near the end support, in-
dicating that this area is the most critical in terms of
severity, occurrence and detectability. This finding
is consistent with the numerical simulations that re-
vealed increased stresses and potential stress raisers
around the end connections and welds. Local yield-
ing at midspan (FM1) and the response under dy-
namic amplification effects (FM4) both result in
RPN = 144, confirming that the midspan area under
dynamic loading is also an important location that
requires attention. Fatigue crack initiation (FMS5)
has a moderate RPN of 120. Although the fatigue
life obtained from the numerical analysis is within
acceptable limits, the possibility of crack initiation
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in highly stressed or welded areas should not be dis-
regarded, particularly during long-term cyclic oper-
ation. In contrast, excessive vertical deflection
(FM3) has the lowest RPN (RPN = 84), which re-
flects the fact that the calculated deflections remain
well below the serviceability limits and can be eas-
ily identified by visual inspection or simple meas-
urements.

Overall, the FMEA results indicate that the
most relevant risks for the investigated crane girder
are related to local stress concentrations and dynam-
ically amplified loading, rather than global stiffness
or deflection. The MATLAB tool provides a trans-
parent and adaptable method to update the S, O and
D ratings as new inspection data or improved nu-
merical results become available. This facilitates the
planning of targeted inspections, strengthening
measures, or operational adjustments when neces-
sary and makes it simple to reevaluate the risk rank-
ing.

5. CONCLUSION

The FMEA conducted in this study shows that
the most critical risks for the analyzed crane main
girder arise from local stress concentrations and dy-
namically increased loading. This results from the
input data acquired through the analytical and nu-
merical analysis. The final FMEA evaluation is pre-
sented through a MATLAB tool, which provides a
fast and transparent ranking of the failure modes and
supports informed decisions regarding inspection
and maintenance.

In conclusion, the results confirm that incorpo-
rating FEM indicators with the FMEA approach
greatly enhances the reliability assessment and con-
tributes to safer and more effective operation of
bridge cranes. However, there is still room for im-
provement in this model. Future work may include
the development of advanced MATLAB tools that
automatically import FEM results, inspection data,
and information from installed sensors. This would
enable the parameters and risk level to be updated
in real time. The same concept can also be applied
to other components of the crane.
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ing author’s name, addres and e-mail addres(es), suggested category of the manuscript and a suggestion of five
referees (their names, e-mail and affiliation).

Articles received by the Editorial Board are sent to two referees (one in the case of professional papers).
The suggestions of the referees and Editorial Board are sent to the author(s) for further action. The corrected
text should be returned to the Editorial Board as soon as possible but in not more than 30 days.

PREPARATION OF MANUSCRIPT

The papers should be written in the shortest possible way and without unnecessary repetition.

The original scientific papers, short communications and reviews should be written in English, while the
professional papers may also be submitted in Macedonian.

Only SI (Systéme Internationale d'Unites) quantities and units are to be used.

Double subscripts and superscripts should be avoided whenever possible. Thus it is better to write v3(PO4)
than v3,, or exp(-E/RT) than e ™" Strokes (/) should not be used instead of parentheses.
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When a large number of compounds have been analyzed, the results should be given in tabular form.

Manuscript should containt: title, author(s) full-name(s), surname(s), address(es) and e-mail of the corre-
sponding author, short abstract, key words, introduction, experimental or theoretical background, results and
discussion, acknowledgment (if desired) and references.

The title should correspond to the contents of the manuscript. It should be brief and informative and
include the majority of the key words.

Each paper should contain an abstract that should not exceed 150 words, and 3—5 key words. The ab-
stract should include the purpose of the research, the most important results and conclusions.

The title, abstract and key words should be translated in Macedonian language. The ones written by
foreign authors will be translated by the Editorial Board.

In the introduction only the most important previous results related to the problem in hand should be
briefly reviewed and the aim and importance of the research should be stated.

The experimental section should be written as a separate section and should contain a description of the
materials used and methods employed — in form which makes the results reproducible, but without detailed
description of already known methods.

Manuscripts that are related to theoretical studies, instead of experimental material, should contain a
sub-heading and the theoretical background where the necessary details for verifying the results obtained
should be stated.

The results and discussion should be given in the same section. The discussion should contain an anal-
ysis of the results and the conclusions that can be drawn.

Figures (photographs, diagrams and sketches) and mathematical formulae should be inserted in the
correct place in the manuscript, being horizontally reduced to 8 or 16 cm. The size of the symbols for the
physical quantities and units as well as the size of the numbers and letters used in the reduced figures should
be comparable with the size of the letters in the main text of the paper. Diagrams and structural formulae should
be drawn in such a way (e.g. black Indian ink on white or tracing paper) as to permit high quality reproduction.
The use of photographs should be avoided. The tables and the figures should be numbered in Arabic numerals
(e.g., Table 1, Figure 1). Tables and figures should be self-contained, i.e. should have captions making them
legible without resort to the main text. The presentation of the same results in the form of tables and figures
(diagrams) is not permitted. The use of equation editor (MS Word, Microsoft Equation, Math Type 6.0 Equation)
for typesetting the equations is recommended. Strokes (/) should not be used instead of parentheses.

Figures and tables must be centred in the column. Large figures and tables may span across both columns
(Figure 1).
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Fig. 1. Example of a graph and a single-line caption (colour)

Graphics may be full colour. Please use only colours which contrast well both on screen and on a black-
and-white hardcopy because the Journal is published in black-and-white, as shown in Figure 2. The colour
version is only for the electronic version of the Journal.
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Fig. 2. Example of a graph and a single-line caption (bleck and vhite)

Please check all figures in your paper both on screen and on a black-and-white hardcopy. When you
check your paper on a black-and-white hardcopy, please ensure that:

— the colours used in each figure contrast well (Figure 3),
— the image used in each figure is clear,
— all text labels in each figure are legible.

Please check all figures in your paper both on screen and on a black-and-white hardcopy. When you
check your paper on a black-and-white hardcopy, please ensure that the image used in each figure is clear and
all text labels in each figure are legible.

Fig. 3. Example of an image as it will appear at the electronic version of the Journal and a multi-line caption
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Footnotes are also not permitted.

The reference should be given in a separate section in the order in which they appear in the text. The
surname of one or two authors may be given in the text, whereas in the case of more than two authors they
should be quoted as, for example:

Examples of reference items of different categories shown in the References section include:
« example of a book in [1]

» example of a book in a series in [2]

- example of a journal article in [3]

« example of a conference paper in [4]

« example of a patent in [5]

» example of a website in [6]

« example of a web page in [7]

« example of a databook as a manual in [8]
- example of a datasheet in [9]

» example of a master/Ph.D. thesis in [10]
» example of a technical report in [11]

« example of a standard in [12]

All reference items must be in 9 pt font. Please use Regular and Italic styles to distinguish different fields
as shown in the References section. Number the reference items consecutively in square brackets (e.g. [1]).

When referring to a reference item, please simply use the reference number, as in [2]. Do not use “Ref.
[3]” or “Reference [3]” except at the beginning of a sentence, e.g. “Reference [3] shows ...”. Multiple refer-
ences are each numbered with separate brackets (e.g. [2], [3], [4-6]).

The category of the paper is proposed by the author(s), but the Editorial Board reserves for itself the
right, on the basis of the referees' opinion, to make the final choice.

Proofs are sent to the author(s) to correct printers' errors. Except for this, alterations to the text are not
permitted. The proofs should be returned to the Editorial Board in 2 days.

The author(s) will receive, free of charge, 1 reprints of every paper published in the Journal.
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