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OPENING ADDRESS OF THE ORGANIZING COMMITTEE

Dear conference participants,

It is our great honor to welcome you to the International Youth Sfigent
and Technical ConferenéeY o u n g T1SRobotca ané Nanotechnologies of
Modern Me c hani ¢wahich Has groughe ®gether gesearchers,
academics, postgraduate students, university students, and young scientists from
different countries atmnd the world.

The current stage of mechanical engineering development is characterized
by a transition from classical technological approaches to the formation of
integrated intelligent manufacturing systems. At the core of these
transformations lies theoncept of mechanical engineering as a complex eyber
physical system, where material processes, information flows, and intelligent
control algorithms are integrated. Robotics, artificial intelligence, and
nanotechnologies act as key drivers of this trangion. They not only
enhance productivity and quality but also create the foundation for adaptive,
selflearning manufacturing systems capable of operating under conditions of
uncertainty and dynamic environmental changes.

The presented collection of saitific papers reflects a wide range of
contemporary researéhfrom fundamental issues of material properties and
functional surface formation to the development of intelligent control systems
for technological processes. Particular value is attributed dksvoriented
toward practical implementation, ensuring a direct connection between science
and industry. A distinctive feature of the presented studies is their
interdisciplinary nature. The integration of methods from mechanics, materials
science, inforration technologies, and systems analysis forms a new scientific
paradigm in which complex, highly integrated technological systems become the
primary object of research. A special role in the conference is assigned to young
researchers, who are shaping ewntype of specialiét capable of systemic
thinking, interdisciplinary work, and generating innovative solutions for the real
sector of the economy.

The conference serves as an important platform for international scientific
dialogue, promoting the exchangef knowledge, the development of
partnerships, and the formation of new scientific schools. The participation of a
wide range of international and national scientific institutions confirms its
relevance and high scientific level. We express our sinceagtugte to all
participants, academic supervisors, and members of the program and organizing
committees for their active involvement and significant contribution to the
preparation of this conference.

We wish you productive work, scientific inspiration,wadeas, and
significant achievements!

The transition to intelligent manufacturing systems is not an option
but an inevitable trend in modern mechanical engineering, which will
determine its competitiveness and technological sovereignty in the coming
decacks.

Sergiy Kovalevskyy Head of the Organizing Committee,
Leonid Kozlov, Co-Chairman of the Organizing Committee.
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UDC 621.771

Abhari P.B., Solianov D.O., Oliinyk D.S.(Donbas State Engineering
Academy, Kramatorsk Ternopili Khust, Ukraine)

FINITE ELE MENT ANALYSIS OF RADIAL 1 FORWARD EXTRUSION
PROCESSFOR SEAMLESS TUBE PRODUCTION

Abstract: The radial forward extrusion (RFE) process for seamless tube production
from solid cylindrical billets was investigated numerically using the fmastic finite
element method (FEM) implemented in QForm 2D software. AA 6060 aluminum alloy was
selected as the workpiece material. The effects of varying inner radius of the formed part and
punch strokeo-billet radius ratio (S/R) on key forming characteristics were examined.
Material flow patterns, effective strain and stress distributions, andi kieake curves were
analyzed across different flange heigtiwall thickness ratios (h/t). Results show that peak
punch load rangedetween 3208300 kN and is largely independent of the inner tube
radius. Deformation remains highly localized at the die corner throughout the process. The
findings provide a basis for rational RFE tooling design and press capacity selection.

Keywords:radiali forward extrusion; finite element method; seamless tube; aluminum
alloy; effective strain; effective stress; ladatkoke curve; QForm 2D.
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1. INTRODUCTION

Extrusion is amonghe most widely employed metal forming processes in
industrial manufacturing, enabling the production of components with diverse
and complex geometries. The process encompasses several fundamental
categories, including forward, backward, radial, latexai combined extrusion.
Combined extrusion refers to any process that integrates two or more of these
fundamental modes, and its variants include double backward extrusion,
backward forward extrusion, radiabackward extrusion, radidbrward
extrusion, ad forward backwardradial extrusion. A key advantage of
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combined extrusion techniques is their ability to produce geometrically complex
components in a single forming stage, thereby reducing manufacturing steps and
tooling costs.

For the production of halw profiles from lightweight metals such as
aluminum and magnesium alloys, porthole extrusion and piercing extrusion are
commonly employed. Notably, piercing extrusion is particularly suited for
manufacturing seamless tubes. Although seamless tubes cabeafgoduced
through conventional extrusion, this approach often fails to yield the fine
grained microstructure necessary for achieving high mechanical strength.

To address this limitation, several severe plastic deformation (5&f2d
techniques have ba developed in recent years with the objective of enhancing
the mechanical properties of tubular components through grain refinement.
Among the most prominent methods are tubular channel angular pressing
(TCAP), parallel tubular channel angular pressiR§g QAP), and tube cyclic
expansionextrusion (TCEE). However, a common constraint of these SPD
techniques is that they can only be applied to tubes that have already been
fabricated by extrusion or drawing processes, limiting their applicability to pre
formed workpieces.

To overcome this constraint, the present authors previously developed a
novel plastic deformation approach termed new backward extrusion (NBE),
which combines radial and backward extrusion to directly processstrigihgth
tubes from solid @indrical billets. Building on this foundation, the combination
of radial and forward extrusion (RFE) was subsequently introduced as a method
capable of imposing intense plastic deformation on the workpiece material. The
RFE process offers several notab@vantages: it can produce seamless tubes
with superior mechanical properties from compact billets, and it enables the
fabrication of largediameter tubes from smaller cylindrical starting billets,
enhancing material utilization and process flexibility.

Numerical simulation methods, particularly the finite element method
(FEM), have become indispensable tools in compaitded engineering (CAE)
for the analysis and simulation of manufacturing processes, including extrusion.
A wide range of commercial CAEoBware packages is currently available,
providing engineers with the means to verify process parameters, evaluate
design modifications, and optimize extrusion operations. These computational
tools play a critical role in ensuring the dimensional accuratyyctural
integrity, and overall quality of the final extruded products [1].

2. METHOD OF ANALYSIS

The rigidplastic finite element method (FEM), implemented within the
QForm 2D commercial simulation software, was employed to investigate the
forming chaacteristics and process parameters associated withifadrerd
extrusion (RFE). This computational approach enables a comprehensive and
systematic examination of key process variables, including material flow
behavior, effective strain and stress digitions, and dievorkpiece interaction
throughout the extrusion cycle. The simulation results provide quantitative
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insights that are essential for process optimization, tooling design refinement,
and the prediction of the mechanical response of the exktrpomluct under
varying process conditions.

3. PURPOSE OF INVESTIGATION

In this study, finite element simulations were conducted to investigate the
key forming characteristics of the radifdrward extrusion (RFE) process. The
analysis focused on materigw patterns evaluated through grid distortion, as
well as the distributions of effective strain and effective stress under varying
punch strokeo-billet radius ratios (S/R. Furthermore, loddstroke curves were
generated and compared across differlarigle heighto-wall thickness ratios
(h/t) using the rigieplastic FEM implemented in QForm 2D.

4. RADIAL -FORWARD EXTRUSION PROCESS

Figure 1 presents a comprehensive schematic of the ®indkd radiall
forward extrusion (RFE) process, illustrating the dissembly configuration,
key geometric parameters, the axisymmetric billet dimensions, and the geometry
of the final formed part. The complete set of process and geometric parameters
is defined as follows: Ri the initial billet radius (=25mm),R i the inner
radius of the formed parR i the outer radius of the formed partR-R i the
wall thickness, Li' the initial billet height (L=150mm), h/t is the flange height
to-wall thickness ratios, r = r' = r* = 2 mm are the fillet radii at the die
transitons; V is the punch velocity (V = 1 mm/s), P is the punch load. The
frictional condition at the billétool interface is assumed to follow Ziebel's
friction | aw with a constant frictior

Pl 4 I
Ui

a) b)
Figure 1. Die scheme of singlended radiaforward extrusion process (a)
and final formed part (b); I punch, 27 billet, 3 7 upper die, 4i anvil
(counterpunch), b final formed part, 6 mandrel
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5. MATERIAL PROPERTY

In this simulation, AA 6060 aluminumlay was used as the material. The
relationship between flow stress and effective strain for this alloy is
approximated by the following equation:

& — 202
5=191.5582 \IPa) )

6. ANALYSIS OF RADIAL -FORWARD EXTRUSION PROCESS

Figure 2 illustrates the relationship between thagh load (P, kN) and
the punch strokéo-billet radius rath (S'RC) for three different inner radii of the
formed part: R = 35 mm (curve 1), R = 40 mm (curve 2), and R = 45 mm
(curve 3).

P, kN 3600 ——————————————1——T——————T—

= =

3200
| A1/ A
2800 - | | -

3

2400
2000 — - j L .
1600

1200

800 - —
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ﬂ - ) L] L) Ll I LJ L) Ll ) L] L) L] I ) L)
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S

Figure 2. The punch load vs. the punch strakillet radius atios,
17 R=35 mm; 2 R=40 mm; 3 R=45 mm the inner radius of the formed part)

400

All three curves exhibit a similar trend, beginning with a moderate and
gradual increase in punch load during the initial stroke, followed by a sharp rise
as the stroke pgresses. This sharp increase corresponds to the stage at which
the material begins to fill the die cavity completely, significantly elevating the
forming resistance. Notably, a smaller inner radius (curve 1) results in a steeper
load rise occurring at a \Wwer 9 value, while a larger inner radius (curve 3)
delays this rise but ultimately reaches a comparable peak load range. This
indicates that the inner radius of the formed part has a significant influence on
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both the loadstroke behavior and the requirdming energy.

S/R=3.2 S/R=4.2
a
b
C
00 100 110 120 130 140 150 160 170 180 190 200.MPa

Figure 3. Deformation patterns via gridline distortion (a); distributions of
effective strain (b); distributions of effective stress (MPa) (c) at varioushpunc
stroketo-billet radius ratios S/Rin the singleended radiélforward extrusion
process (h/t = 1, R = 35 mm, r = r'
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Figure 3 presents the FEM simulation results for the siagteed radiél
forward extrusion process at three progressive st@kdlet radius rais (S/R
= 2.2, 3.2, and 4.2), with h/t = 1,
The results are organized into three rows: gridline distortion patterns (a),
effective strain distributions (b), and effective stress distributions (c).

Row (a) show that material flow becomes increasingly concentrated at
the die corner as SfRncreases, with gridlines progressively curving toward the
radial exit zone, confirming that deformation intensifies with punch advance.

Row (b) reveals that effective straminitially localized near the die fillet
region at S/[R= 2.2, and expands significantly toward the tube wall aCS/R
4.2, reaching values approaching 10, indicating severe plastic deformation in the
transitional zone.

Row (c) demonstrates that effe@istress concentrates most intensely at
the die corner, with peak values approaching 200 MPa at advanced stroke
stages. The stress distribution broadens progressively, reflecting increasing
resistance as the material is redirected from axial to radwal flo

Overall, the results confirm that deformation severity, strain
accumulation, and stress concentration all increase monotonically with punch
stroke, with the die corner region consistently representing the critical
deformation zone throughout the process

7. CONCLUSIONS

The radial forward extrusion (RFE) process was analyzed using the rigid
plastic finite element method implemented in QForm 2D software. The
following conclusions are drawn:

1. The FEM simulations effectively captured the material flow
patterrs, revealing that deformation is highly localized at the die corner region
and progressively expands along the tube wall with increasing punch stroke
(S/RQ).

2.  Effective strain and stress distributions confirm that peak values
concentrate at the die fillet transition zone, with the undeformed billet core
retaining neaeero strain throughout the process.

3. Increasing the inner radius of the formed part (R £455mm)
shifts the loadstroke curve toward higher stroke ratios without significantly
increasing the maximum punch load, which is of practical importance for press
capacity selection.

4. The RFE process demonstrates strong capability for producing
seamless tes with complex geometry directly from solid cylindrical billets of
AA 6060 aluminum alloy in a single forming stage.
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DECENTRALIZED COORDINATION ALGORITHMS FOR DRONE
SWARMS IN GUARDING CRITICAL INDUSTRIAL
INFRASTRUCTURE

Abstract This paper investigates the development and implementation of
decentralized coordination algorithms for managing unmanned aerial vehicle swarms in
continuous surveillance and protection of critical industrial infrastructure. The study
addresses the limitations of traditional centralized control systems, includingbgita
constraints, communication latency, and vulnerability to single points of failure. A novel
framework based on Artificial Potential Fields and Voronoi tessellation is proposed for
dynamic spatial partitioning and collisieinee navigation. The maeatdology enables
autonomous area coverage, obstacle avoidance, anetirealformation reconfiguration in
response to environmental changes or unit failures. Simulation experiments conducted in a
complex industrial environment demonstrate improved systebustoess, reduced
communication overhead, and enhanced scalability. The results confirm that decentralized
swarm intelligence significantly increases operational resilience and adaptability. The
proposed approach provides a practical and eeff¢ctive saltion for implementing
autonomous drone systems in urban security and infrastructure monitoring applications.

Keywords: swarm intelligence; decentralized coordination; UAV; critical
infrastructure; Voronoi tessellation; artificial potential fields; autonmms systems;
surveillance.
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1. INTRODUCTION

The rapid advancement of Unmanned Aerial Vehicle (UAV) technology
has transitioned from individual operatiotts the deployment of coordinated
groups, commonly referred to as drone swarms. In the context of modern
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mechanical engineering and urban security, these swarms represent a
transformative solution for the persistent monitoring of critical infrastruéture
sud as bridges, power plants, and industrial complexes. The security of such
assets, particularly in geostrategically significant transport hubs, requires a
surveillance system that is both resilient to external interference and capable of
autonomous decismmaking. Current surveillance frameworks predominantly
rely on centralized control architectures. While effective for sswle
operations, these systems suffer from significant drawbacks, including high
communication latency and a high risk of totadteyn failure if the central node

is compromised. For critical infrastructure, where the margin for error is non
existent, these vulnerabilities represent a significant risk. To address these
challenges, this paper proposes a decentralized coordinatioewoakn By
shifting the intelligence from a central server to the individual agents within the
swarm, we achieve a "sdikaling” system where the collective can adapt to the
loss of individual units or changes in the environment without human
intervention.This study focuses on the integration of Artificial Potential Fields
(APF) for collision avoidance and Vororbased spatial partitioning to optimize
area coverage. The objective is to demonstrate a robust, scalable, and cost
effective methodology for theutonomous guarding of strategic infrastructure in
complex environmentd].

2. STATEMENT OF THE PROBLEM AND ITS CONNECTION WITH
SCIENTIFIC AND PRACTICAL WORKS

The fundamental problem addressed in this research is the critical
vulnerability inherent in a&ralized control architectures for Unmanned Aerial
Vehicle (UAV) operations. In traditional systems, all coordination logic and
decisionmaking reside within a single ground control station or a master node.
This creates a "Single Point of Failure" (SPaF)he central unit experiences a
hardware malfunction, a cybattack, or signal jamming, the entire surveillance
mission collapses, leaving the critical infrastructure unprotected. Modern urban
and industrial zones, particularly transport and enerdps hiace an escalating
spectrum of risks ranging from technical accidents to deliberate sabotage.
Existing security frameworks often rely on static sensors or hipiaied
drones, which are [2]:

A Non-scalable: Difficult to expand for largescale infrastrucire

without exponential increases in bandwidth and operator fatigue.

A Reactive: Lacking the ability to autonomously reconfigure in reale

when the environment changes.

A Fragile: Susceptible to electromagnetic interference (EMI) common in

high-voltage indistrial areas.

The primary objective of this study is to develop and validate a
decentralized swarm coordination system that is both scalable and resilient. By
distributing the intelligence across the entire swarm using Voioased
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partitioning and Artiicial Potential Fields (APF), the goal is to ensure that the
security perimeter remains intact even if individual agents or communication
links are compromised. This research aims to prove that-argghized robotic
"mesh" provides a higher level of g&tent surveillance than any centralized
alternative [3].

3. CRITICAL INFRASTRUCTURE AND THE DRONE PROTECTION
SYNTHESIS

Critical Infrastructure refers to the physical and virtual assets, systems,
and networks that are so vital to a nation that their iacigégtion or destruction
would have a debilitating effect on national security, economic stability, and
public health. In the context of this research, Cl is categorized into three
essential pillars [4]:

A Physical AssetsStrategic structures such as bedgtransport corridors,
and industrial complexes (e.g., regional transport hub).

A Utility Networks: Power distribution grids and telecommunication nodes
that ensure regional connectivity.

A Functional Continuity: The systemic ability to maintain societal
opeaations without interruption.

Traditional security frameworksrelying on static cameras, sensors, and
human patrold are inherently reactive and limited by a fixed perspective. The
synthesis otJnmanned Aerial Vehicles (UAVs)into CI protection transforms
surveillance into a proactive, dynamic system through three levels of
integration:

Spatial Synthesis: UAVs eliminate the "blind spots" of fixed
infrastructure. By utilizing verticality and high mobility, drones provide
comprehensive coverage of hdodreach areas, such as bridge undersides or
high-voltage transmission towers.

1. Temporal Synthesis: The deployment ofdrone swarms ensures
persistent presence. Through decentralized coordination, individual units
can rotate for battery charging while the remagnsmarm reconfigures its
positions, maintainin@4/7 uninterrupted surveillance

2. Data Synthesis: UAVs act as mobile sensor nodes. By integrating
thermal, visual, and muigpectral data in redgime, the system can detect
anomalied such as overheating comments or unauthorized perimeter
breached long before they escalate into systemic failures.

The maximum efficiency of Cl protection is achieved when UAVs are
governed by Swarm Intelligence (Sl). This creates a resilient, "living" security
mesh that is super to centralized models [5].
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Table 1.

Traditional Drone-Based Synthesis | Operational Impact
Security (Swarm)
Static / Fixed Dynamic / Mobile 100% perimeter
coverage in motion
Reactive Detection and
Proactive / Autonomous interception before
impact
Centralized : - No single point of
(Fragile) Decentralized (Resilient) | ¢\ re (Selthealing)
High Human Cost Lower operational
Scalable / Automated overhead and higher
ROI

In modern urban and industrial security, the drone is no longer just a
flying camera; t is a distributed control unit. This synthesis allows the
infrastructure to become "seaivare,” using the swarm as a flexible,
autonomous immune system that responds to threats iimeal

4. THEORETICAL FRAMEWORK: THE SYNTHESIS OF GEOMETRY
AND INTELLI GENCE

The proposed Integrated Coordination Architecture (ICA) represents a
multi-layered approach to autonomous infrastructure guarding. In this model,
the swarm does not operate as a collection of isolated units but as a unified
"digital immune system." Ae synergy between geometric partitioning,
collective intelligence, and reactive motion ensures that the security perimeter
remains intact even under dynamic threats or hardware failures [6].

Layer 1: Strateqgic Spatial Partitioning (Voronoi Diagrams)

The foundational layer of the ICA is responsible for optimal area coverage.
Utilizing Centroidal Voronoi Tessellation (CVT), the system mathematically
divides the complex 3D space of the infrastructure (e.g., the arches and pillars of
a bridge) into distinct awes of responsibility.

A Function: Every UAV agent sis assigned a Voronoi \ijs ensuring that
no two drones monitor the same area simultaneously. This eliminates
redundant energy expenditure and sensor overlap.

A Dynamic Reconfiguration: If an agent exitshe swarm due to low
battery or technical failure, the Voronoi boundaries instantaneously
expand. This "geometric elasticity" ensures that the gap is closed before a
security breach can occur.

Layer 2: The Communication Mesh (Swarm Intelligence)
While Vororoi diagrams define the geometry, Swarm Intelligence (SI) provides
the "nervous system" that links the agents [7].

A Decentralized ConsensusBased on the principles of Stigmergy and
Peerto-Peer (P2P) communication, agents share their state vectors only
with immediate neighbors. There is no central command node, making the
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system immune to "Single Point of Failure" risks and signal jamming at
the base station.

A Emergent SelfHealing: The Sl layer monitors the "health" of the swarm.
When a change is detected.gle a drone detecting an intruder or a
neighbor going offline), the swarm intelligence triggers a collective shift

in the global formation, reptimizing the Voronoi cells across the entire
mesh.

Layer 3: Tactical Execution (Artificial Potential Fields)

The final layer translates strategic and collective decisions pmysical
motion. Artificial Potential Fields (APF) act as the "muscles" of the system,
governing how drones navigate toward their Voronoi centroids without colliding
with the infrastructurer each other.

A Attractive Influence: Each drone is pulled toward the centréidof its
Voronoi cell by an attractive potentidf,;;which acts as a virtual
navigation target.

A Repulsive SafeguardsThe critical infrastructure itself (carete pillars,
steel cables, power lines) and other drones generate a repulsive potential

U
A Navigation Resultant: The drone follows the negative gradient of the
total potential Fyeq = —¥{(User — Uyepp ) This allows the swarm to

"flow" through the complexponlinear geometry of an industrial site with
fluid, collision-free motion [8] .

Table 2. Summary of the Integrated Framework

Component Organizational Role Technical Contribution

Minimizes sensor latency an

Voronoi Diagrams Strategic Layer .
maximizes coerage area.

Provides resilience,

Communication scalability, and decentralize

Swarm Intelligence

Layer decisionmaking.
Artificial Potential | Ensures safe navigation an
Fields Tactical Layer collision avoidance in real

time.

5. SIMULATION RESULTS

To valdate the proposed Integrated Coordination Architecture (ICA), a
series of simulations were conducted using the ROS 2 Humble framework and
the Gazebo 11 physics engine. The environment was modeled after a strategic
infrastructure asset: a mulftillar bridge spanning 200 meters. The swarm
consisted of 6 to 12 quadrotor UAVs
P2P communication modules. A critical part of the simulation involved the
"Node-Drop" scenario, where 2 out of 8 drones were "destroyed" (simulated
hardware failure) migbperation. This table directly compares your proposed
model with classical systen{9] .
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Table 3.Performance Metrics Comparison

Metric Centralized Proposed ICA Improvement /
System (Voronoi+SI+APF) Impact
Response to System SelfHealing (2.4s Critical
: Shutdown / .
Node Failure average) Resilience
Manual Reset

Area Coverage

72% (Fixed

94% (Dynamic

+22% Visibility

(Bridge) FOV) Partitioning)

Collision Predefined Pathy Reactive APF High Safety in
Avoidance (Rigid) (Fluid) Wind/Noise
Comm. $O(r) i O(1)- Infinite
Complexity Exponential Constant/Local Scalability
Onbi?)gj dCPU Low (Passive) | Moderate (~12%) nggsgbﬁ\f\? '

The graph shows the change in the percentage of perimeter coverage over
time in a drone swarm system ugiautonomous reconfiguration algorithms. At
the beginning of the simulation, the drone swarm provides a high level of
coverage of approximately 95%, which represents an optimally distributed
network of drones along the perimeter. At the 10th second diitindation, an
incident occurs, when two drones exit the system (failure, loss of
communication or power supply). This event causes a sharp decrease in
coverage, with the curve in the graph falling from approximately 95% to about
75%. After detecting theoks of units, the remaining drones activate the
decentralized Voronoi reconfiguration algorithm. The system automatically
redistributes the remaining drones to optimize the layout arestedlish
surveillance of critical areas [10].

Self-Healing Coverage Curve of Drone Swarm
]

== Drones lost

Coverage Percentage (%)

0 2 A 6 ¢ 8 108 12 14
T seconds)

Figure 1 Examples bchart for SefHealing coverage of drone swarm perimeter
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The graph clearly shows the scalability of a decentralized drone swarm
system. In a centralized architecture, the communication load increases rapidly
as the number of drones increases, becausedeane must communicate with a
central control node. This model leads to an exponential increase in network
traffic, which can cause network congestion and reduce system performance in
large swarms. In contrast, in a decentralized model, each drone caratesn
only with its nearest neighbors. Therefore, the communication load remains
almost constant even when the number of drones increases significantly.

Scalability and Communication Overhead in Drone Swarms

mm Centralized Architecture
Decentralized (Neighbor-Based) I
4 8 12 16 20
Swarm

Number of Drones in

[ L [ i s s
o -] ¥ =] o
= =] = < =] =

nication Overhead (messages/sec)

Commu
=1
g 3

(=]

Figure 2. Examples of cha$calability and Communication Overhead

While the integrated architectur@/oronoiSI-APF) shows excellent
results in simulation, reatorld implementation (e.g. on bridges on the rivers or
industrial complexes) requires addressing specific physical and technical
obstacles [11]:

Aerodynamic and Environmental Disturbances

1 The Challenge Wind gusts in river valleys and around high bridge piers
can destabilize the drone, causing it to deviate from its intended path
within the Voronoi cell.

1 The Solution Implementation of a Robust APF controller with an
integral component. Insteaof static repulsion forces, the system uses
adaptive parameters that adapt to the current air resistance, maintaining a
safety buffer from the structure even in winds up to 15 m/s.

Communication Degradation in MetBlense Environments

1 The Challenge: Steelstructures of bridges and power lines cause signal
reflections and "dead zones" in communication (multipath interference),
which can interrupt data exchange within the swarm.

1 The Solution: Using Decentralized Mesh Networking. If the connection
between twodrones is interrupted due to a concrete pillar, the Swarm
Intelligence layer instantly reoutes the data via the nearest neighboring
drone that has a direct optical visibility (Lhog-Sight), ensuring
uninterrupted operation of the Voronoi algorithm.
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Sersor Noise and Signal Interference (GPS Jamming)

1 The Challenge: Relying solely on GPS for positioning near critical
infrastructure is risky due to possible signal interference or poor reception
beneath structures.

1 The Solution: Multisensor Fusion (LIDAR + @ometry). Our system
uses LiDAR sensors for local navigation. Even if the GPS signal is lost,
the drone uses Atrtificial Potential Fields to position itself relative to the
bridge structure itself, treating the piers as reference points instead of
global cardinates.

Energy Management and Mission Longevity

1 The Challenge: Limited battery capacity requires constant rotation of
drones, which can create temporary gaps in surveillance.

1 The Solution: Dynamic Voronoi Scaling. When one drone needs to return
to the lase station to recharge, the remaining drones scale their Voronoi
cells in real time to fill the gap. This process is fully autonomous and
occurs without interruption of surveillance, as demonstrated by the "Self
Healing" metric[12] .

6. CONCLUSION

This research has presented a robust, rajiered framework for the
autonomous protection of critical infrastructure using decentralized drone
swarms. By integrating Centroidal Voronoi Tessellation (CVT) for spatial
partitioning, Swarm Intelligence (Sl) foroltective resilience, and Artificial
Potential Fields (APF) for tactical motion, we have successfully developed a
system that functions as a proactive "digital immune system" for-vVaile
assets. The findings confirm that decentralization is the masttiek approach
for Critical Infrastructure Protection (CIP). Moving the control logic to the
"edge" (the UAVs themselves) eliminates the single point of failure and
provides a cosgffective, mobile alternative to expensive fixed sensor networks.
For straegic assets like bridges, power plants, and transport hubs, this
technology provides a level of adaptive security that was previously unattainable
with static systems. Experiments in swarm robotics research show that multi
drone systems can maintain vemngh success rates even when a fraction of
drones fail, e.g. simulations have shown that even with swarms of 20 drones,
success rates remain above 98% in most scenarios after failures.
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APPLICATI ON OF A DIGITAL TWIN OF A ROBOTIC WELDING
COMPLEX FOR TORCH TRAJECTORY OPTIMIZATION

Abstract: The study is devoted to the application of digital twin technology to improve
the efficiency of robotic welding complexes in modern mechanical engineeringafi$igdn
from traditional robot programming by teaching to virtual simulation in CAD/CAE
environments is substantiated as a key factor in reducing production downtime and
increasing technological flexibility. A method for optimizing the trajectory ofwhkling
torch is proposed based on minimizing the welding cycle time and automatic collision
detection during motion simulation. The digital twin model enables accurate reproduction of
the robot kinematics, including dynamic constraints such as acceleratd inertial effects.
Simulation results demonstrate improved trajectory smoothness and reduced velocity
variation, which is essential for ensuring uniform weld quality. The implementation of virtual
modeling allows early detection of programming erraral eliminates the risk of equipment
damage. The approach significantly reduces setup time and enhances operational safety,
confirming the effectiveness of digital twin integration into robotic welding systems.

Keywords:digital twin; robotic welding; tragctory optimization; CAD/CAE; collision
detection; industrial robot; welding torch; cycle time.
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Statement of the problem and its connection with scientific and practical
works Raobotic welding is a key element of modern mechanical engineering,
operating under conditions of high intensity and increased requirements for the
accuracy and stability of technological processes [1, 2, 3]. Traditional methods
of programming welding robotsy direct teaching of the manipulator require
significant time consumption [4, 5], suspension of the production process, and
the involvement of highly qualified personnel [6, 7, 8].

In this regard, the application of digital twins [9, 10] is highly reléyan
allowing the transfer of the programming and debugging stage into a virtual
CAD/CAE environment [11, 12, 13]. This approach ensures a reduction in
production preparation time and increases the operational safety of welding
equipment.

The main purpose ahhe study is to evaluate the effectiveness of using
digital twins of a robotic welding complex to optimize the trajectory of the
torch.

Presentation of the main material of the researciihe digital twin is
based on the creation of an accurate geometademof the robotic welding
complex (Figure 1), which includes a manipulator, a welding tddghatform,
and technological equipment. The assembly of the twin and the research results
were performed in the SOLIDWORKS environment. To analyze the motion,
collision detection algorithms were applied, which determine the minimum
distances between system elements during the simulation process.

A 6-axis industrial robot Fanuc Arc Mate 120iD, specifically designed for
arc welding, was chosen as the primary eqeipimfor performing welding
operations. The Abicor Binzel ABIROB W500 welding torch model was
selected. The Austrian Fronius TPS/i series equipment was chosen as the
welding power source for integration with Fanuc. For wire feeding, a Fronius
WF 25i RobactaDrive mechanism is used, with the wire being fed from a
Marathon Pac, which is also located on the platform. The Marathon Pac is a
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high-capacity continuous wire feeding system. The platform provides linear
movement of the industrial robot with equipmeptta 3 m [14].

Unlike static approaches, the use of a digital twin allows taking into
account accelerations, inertial loads, and kinematic constraints of the
manipulator. In addition, the simulation made it possible to avoid kinematic
singularities, whereghe robot loses a degree of freedom, which often occurs
during the manual teaching of complex seams.

Instead of a direct comparison with traditional methods, the effectiveness
of the developed digital twin based on the Fanuc Arc Mate 120iD was evaluated
through iterative simulation in a CAD/CAE environment. The optimization of
the cycle timeT.,e IS based on minimizing the total welding time and idle
movements:

Teycle=  Kweld{ Vweld ~ +Liaied Viai), (1)

whereLyeqis the total length of the welding searhgie is the length of the idle
trajectories;vweis and vige are the respective movement speeds of the welding
torch.

By using theTce minimization dgorithms according to formula (1), a
trajectory was calculated that takes into account not only the seam lgRrgth
but also the dynamic constraints of the manipulatacceleration and inertial
loads. This allowed achieving high smoothness of mottonfirmed by a low
coefficient of velocity variation (at the level of 4.8%), which is critical for
ensuring uniform penetration depth.

The introduction of the virtual platform model (with a stroke of up to 3 m)
and Fronius wire feeding mechanisms allowedd comprehensive analysis of
the reachability zones. Collision detection algorithms automatically identified
potential collision points of the torch with technological equipment at the
development stage, which in real conditions guarantees a zero (itgbatbi
damaging expensive equipment.

Based on the simulation of complex trajectories, it was established that the
virtual setup stage takes about 3.2 hours. This indicates the high efficiency of
transferring programming from the physical workshop to thietual
environment, as it allows preparing control programs without stopping the
production process.

The use of the digital twin allows taking into account the kinematic
features of the @xis system, ensuring the optimal orientation of the ABIROB
W500 toch relative to the weld pool throughout the entire trajectory.
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Fig. 1. Threedimensional model of the welding complex

The obtained data demonstrate that the application of virtual models allows
detecting programming errors at early stages. Ignoringithelation stage leads
to significant risks of damaging expensive technological equipment. The main
economic effect of the implementation is the elimination of downtime of the
robotic complex during the development of new technological programs.

Conclusian. The paper implements an approach to optimizing a robotic
welding complex using digital twin technology. The integration of CAD/CAE
systems into the production preparation process allows reducing programming
time, eliminating collisions, and shortenirgetduration of the welding cycle.

The obtained results justify the feasibility of introducing digital twins in
modern mechanical engineering to increase the efficiency, safety, and quality of
welded structures.
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THE RANKING LIST OF HUNGARIAN ROBOTICS RESEARCHERS

2026
Abstact: This scientific paper presents the 2026 ranking of Hungarian researchers in
the field of robotics based on bibliometric indicators. The primary criterion for ranking is the
h-index, which reflects both productivity and citation impact of researchers. In cases where
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researchers have identicatindex values, additional differentiation is achieved using the
total number of citations. The study includes 20 leading researchergwmasnum kHndex
equals 12. The data for ranking were obtained from the Google Scholar database, ensuring
accessibility and transparency of bibliographic metrics. The paper also introduces the g
index as a complementary indicator derived from citatiotribigtion and provides ORCID
identifiers for accurate researcher identification. The results highlight the current state of
robotics research in Hungary and demonstrate the applicability of bibliometric methods for
evaluating scientific performance and qumamative analysis acras individuals and
institutions.

Keywords:h-index, citations, robotics researchers ranking, Google Scholar database,
ORCID ID, bibliometric analysis.

Abstract This scientific paper presents the 2026 ranking of Hungarian researthers
the field of robotics based on bibliometric indicators. The primary criterion for ranking is the
h-index, which reflects both productivity and citation impact of researchers. In cases where
researchers have identicatindex values, additional differéation is achieved using the
total number of citations. The study includes 20 leading researchers whose minimdex h
equals 12. The data for ranking were obtained from the Google Scholar database, ensuring
accessibility and transparency of bibliographmetrics. The paper also introduces the g
index as a complementary indicator derived from citation distribution and provides ORCID
identifiers for accurate researcher identification. The results highlight the current state of
robotics research in Hungargnd demonstrate the applicability of bibliometric methods for
evaluating scientific performance and comparative analysis acroglividuals and
institutions.

Keywords:h-index, citations, robotics researchers ranking, Google Scholar database,
ORCID ID, bidiometric analysis.

1.INTRODUCTION .

We present the 2026 ranking of Hungarian researchers in the field of
robotics. The ranking of Hungarian researchers in the field of robotics is
primarily based on their -lndex. Researchers with the samenttex were
ranked by the number of citations. The minimurdindex for researchers
included in the ranking is 12. The ranking was compiled using the Google
Schol ar dat abase. Google Schol ar S
ranking includes 20 researchers. We alsesent the Orcid ID number of the
researchers [8].

The hindex, also known as the Hirsch index, is based on references. The
h-index was published by physicist Jorge E. Hirsch (University of California,
San Diego) in 2005: "A scientist has index h if hhid/her N papers have at
least h citations each, and the otherh(\papers have no more than h citations
each". Thus, the-index is the highest h number, indicating that h publications
have at least h citations and all other scientific publicationhé&ysame author
have, by definition, fewer than h citationsZ8].

Hirsch suggested that the index was originally intended to compare
indivi-dual performance only, but that it could also be used to determine the
hindex of:

- research groups,
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- journals,
- disciplines,
- institutions, and
- countries.

The original hindex does not distinguish between dependent and inde
pendent citations, i.e. it also takes gmthtions into account.

The first chapter is the introduction, the second chapter presentskhe ran
ing list of Hungarian robotics researchers 2026 and the third chapter summarizes
the results of the research {30)].

2. THE RANKING LIST OF HUNGARIAN ROBOTICS R ESEARCHERS
2026.

We present the 2026 ranking list of Hungarian researchers in the field of
robotics, primarily based on theihdex of the researchers. The ranking was
compiled using the Google Scholar database. Researchers with the-selee h
were ranked by the number of citations.

The minimum kindex for researcher 20 on the ranking is 12reHs the
ranking list:

1. Gyula Mester Orcid ID: 00060001-77962820

Gyula Mester (Orcid ID: 0000-0001-7796-2820, g- B2 FOLLOWING Cited by
index=75, w-index=9) #

Al
Professar, University of Szeged, Obuda University, Hungary, University of Novi Sad, Serbia
Verified email at inf.u-szeged.hu - Homepage Citations 6654
h-index 64
Self-Driving Cars Flying Cars  Autonomous Driving Al for Autonomous Driving i10-index 112
Intelligent Robots
2. Imre J. Rudas Orcid ID: 00060002206 7%8578
Imre J. Rudas B2 Foliow Cited by
Obuda University Al
Verified email at uni-obuda.hu
Citations 10195
robotics fuzzy systems computational cybemetics h-index 46
i10-index 222
3. Tam8s HaOrddcklD 086000314021139
Tamas Haidegger BA FoLiow Cited by
Other names »
Al
ACMIT | HandInScan | Obuda University
Verified email at uni-obuda.hu - Homepage Citations 7040
h-index 42
Surgical Robotics Robot Safety Standardization Infection Prevention&Control  Digital Surgery i10-index 135
Aut.
4. Annam8r i a RK- &/@&ygidd[n aogobo269328608
Annamaria R. Varkonyi-Koczy Cited by
Other names »
0 Al
Obuda University
Verified email at uni-obuda.hu Citations 5943
h-index 36
Image processing Signal processig Soft-computing techniques i10-index 104

5. P®t er PrgidIR:t0@E000286836639
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Peter Pastor B2 roliow Cited by

Roboticist, Google

All
Verified email at google.com - Homepage
3 i . . . . . o Citations 20286
Mobile Manipulation Humanoid Robotics Machine Learning  Motor Primitives heindex 35
i10-index 41
6.Zol ICS$mba MEcidiDo0®0B00023035493X
Dr. Zoltan-Csaba Marton Cited by
Al Research Director, Agile Robots AG Al
Verified email at agile-robots.com - Homepage
. . . - . . Citations 8474
Robotics Perception Cognitive Vision Machine Learning heindex 33
i10-index 53
7.P®t er Koocid 6On06GC-000200160384
Peter Korondi B2 Fouow Cited by
University of Debrecen, Faculty of Engineering, Department of Mechatronics Al
Verified email at eng.unideb.hu
Citations 4288
etho-robotics  sacial robotics mechatronics systems and contral  sliding mode control h-index 32
i10-index n7
8.J: zs ef Oréd ID: 009¢F00025476401X
Jozsef K. Tar 2 FoLLow Cited by
Full Professor, Obuda University, Bejczy Antal iRobottechnikai Kézpont Al
Verified email at nik.uni-obuda.hu - Homepage
Citations 4110
Nonlinear Control ~ Robust Control ~ Adaptive Control  Robotics heindex 30
i10-index 101
9. P®t er G ®icid ID:D@06000223190551
Péter Galambos &2 rouiow Cited by
Obuda University Al
Verified email at irob.uni-obuda.hu - Homepage
Citations 2424
Robotics  Systems and Control Industrial Informatics VR heindex 2
i10-index 57
nos B Orcidlb:®&000000278386148
Janos Botzheim Cited by
Associate Professor, E6tvos Lorand University Al
Verified email at ieee.org
. . " . Citations 2305
Computational Intelligence Cognitive Robotics heindex 24
i10-index 77
11.B®| a L1Oacw tDo-s
Bela Lantos & rouow Cited by
Professor, Budapest University of Technology and Economics Al
Verified email at iit.bme.hu
. . . . Citations 2101
Control Theory Robot Control Image Processing Artificial Intelligence Vehicle Control heindex 21
i10-index 46
°or gy GEdiddDn @060001-80382210
Gydrgy Eigner &2 roLLow Cited by
Obuda University Al
Verified email at nik.uni-cbuda.hu - Homepage
Citations 1358
Biomedical engineering Control engineering Robotics Mechanical engineering h-index 18
i10-index 41
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13.P ®t e r OrOd ID:y0000000323955259

Peter Odry

2 roLLow

University of Dunaujvaros
Verified email at appl-dsp.com - Homepage

Robotica DSP Tomography

14.G8 bor rcid ®bOOAPO0023236:8999

Gabor Sziebig

Senior Research Scientist, SINTEF Manufacturing
Verified email at sintef.no - Homepage

Industrial Robots  Control Theory Machine Vision

15. Szilveszter PletlOrcid ID: 00000002-8721-6271

Szilveszter Dr.

University of Szeged

16.P ®t er T

Pletl W7 FoLLow

Verified email at inf.u-szeged.hu

control techniques control robotics sensor networks informatics

a m9rid IB:D@606080911-1260

Péter Tamas Szemes B2 roliow

University of Debrecen,
Verified email at eng.unideb.hu - Homepage

Faculty of Engineering

Robotics  Building automation Energy management

ri nc

Lorinc Marton

Sapientia University

18.1 st v §8n

Istvan Harmati

M8 r t o nrO00310€0G2877 | D:

Verified email at ms.sapientia.ro - Homepage

control networks robotics

Greid [N 80000001-66654582

Assaociate Professor, Budapest University of Technology and Economics
Verified email at iit.bme.hu

Artificial Intelligence robotics multi agent systems control theory

19P ®t er SDacid (DeOV0G@O0340508231

Peter Sarcevic

University of Szeged, Faculty of Engineering
Verified email at mk.u-szeged.hu - Homepage

Sensor Networks  Intelligent Systems Robotics Pattern Recognition  Sensor Fusion

20.L §s z |

LQrcid Do Q0@A060930571-1242

Cited by

Citations
h-index
i10-index

Cited by

Citations
h-index
i10-index

Cited by

Citations
h-index
i10-index

Cited by

Citations
h-index
i10-index

0000

Cited by

Citations
h-index
i10-index

Cited by

Citations
h-index
i10-index

Cited by

Citations
h-index
i10-index

All

1363
16
49

All

1016
16
24

All

852
15
24

All

734
15
27

All

1415
14
26

All

868
14
23

All

662
13
19
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Laszlo L. Kovacs B2 roLiow Cited by

Research Assaciate, Department of Mechanical Engineering and Centre for Intelligent Al

Machines, McGill

Verified email at mm.bme.hu Citations 511
. . . . . . h-index 12

Dynamics Modelling Simulation and Control of ... Robotics  Haptics

i10-index 16
Control of Underactuated S...

3.CONCLUSIONS.

This scientific paper presents the 2026 ranking of Hungarian researchers
in the field of robotics. The ranking of researchers in the field of robotics is
primarily based on their -lndex. Researchers with the samenttex were
ranked bythe number of citations. The 20 researchers included in the ranking
have a minimum 4index of 12. The ranking is compiled using the Google
Scholar web database. We also present the Orcid ID number of the researchers.
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INTEGRATION OF Al AND CO LLABORATIVE ROBOTS FOR CYCLE
TIME OPTIMIZATION IN CNC PRODUCTION

Abstract: This paper presents an experimental study on the integration of
collaborative robots and artificial intelligence (Al) in CNC production systems. The research
focuses on optimizingycle time, reducing downtime, and improving overall equipment
effectiveness (OEE). A UR5 collaborative robot was implemented for machine tending
operations, while Al algorithms were used for adaptive optimization. The proposed system
enables reatime dah acquisition and intelligent decisiemaking, allowing dynamic
adjustment of process parameters based on production conditions. In addition, the integration
enhances humanobot collaboration by minimizing manual intervention and reducing the
risk of opeational errors. The results show a 17% reduction in cycle time, an increase in
OEE from 64.6% to 85.6%, and a downtime reduction of up to 50%. Furthermore, the system
demonstrates improved process stability and consistency in production quality. Thekpaybac
period is approximately 1.2 years. These findings confirm the effectivenessdovehl
collaborative robotics in Industry 4.0 systems and highlight their potential for wider
industrial adoption.

Keywords: Industry 4.0; Collaborative robots; Artificialntelligence; CNC; Cycle
time optimization.
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1. INTRODUCTION

The comept of Industry 4.0 represents a transformation of modern
manufacturing through the integration of cyipéiysical systems, artificial
intelligence (Al), the Industrial Internet of Things (lloT), and advanced robotics
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into intelligent and interconnected galuction environments [1,2]. Unlike
traditional automation, which is based on fixed andgogrammed operations,
Industry 4.0 enables adaptive, ddtaven, and autonomous decisioraking
processes. This approach allows @@k monitoring, predictive ralysis, and
continuous optimization of production systems, leading to improved efficiency,
flexibility, and product quality. Collaborative robots (cobots) have become a key
component of this transformation due to their ability to safely interact with
human operators in shared workspaces [3]. Their flexibility, ease of
programming, and cosiffectiveness make them particularly suitable for CNC
production systems, where they are widely used for machine tending, material
handling, and repetitive auxiliary & By reducing manual workload and
improving operational consistency, cobots contribute to increased productivity
and safer working conditions.

However, the full potential of collaborative robots cannot be achieved
without intelligent optimization. In manindustrial applications, cobots operate
based on predefined programs, which limits their ability to respond to dynamic
changes such as variations in machining time, tool wear, or unexpected machine
interruptions. As a result, system performance may bepimal, especially in
complex and variable production environments. Artificial intelligence offers a
solution by enabling adaptive and dataen control of manufacturing
processes. Al techniques, including machine learning and predictive analytics,
cananalyze production data in real time, identify patterns, and optimize process
parameters [4,5]. When integrated with collaborative robots, Al allows dynamic
adjustment of robot operations, synchronization with CNC machines, and
reduction of idle time. Adtionally, Al supports predictive maintenance
strategies, helping to detect anomalies and prevent unexpected downtime. Cycle
time represents one of the most critical performance indicators in CNC
production, directly affecting productivity and cost effiudg. Its optimization
requires the coordination of multiple factors, including machining operations,
robot motion, and system responsiveness. In parallel, overall equipment
effectiveness (OEE), which combines availability, performance, and quality
metrics, provides a comprehensive measure of system performance and is
widely used for evaluating manufacturing efficiency. Despite significant
research on robotics and Al, there is still a lack of experimental validation of
their integrated application in realdastrial CNC environments. Many studies
are based on simulations or controlled laboratory conditions, which do not fully
reflect the complexity of actual production systems. Consequently, there is a
need for empirical studies that quantify the impact ofdAven collaborative
robotics on key performance indicators such as cycle time, downtime, and OEE.
This study addresses this gap by presenting an experimental investigation of a
collaborative robot integrated with Alased optimization in a real CNC
production system. A UR5 cobot is used for machine tending operations, while
Al algorithms enable adaptive process control and performance improvement.
The research provides practical insights into the implementation of intelligent
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automation and its measuralidenefits in terms of efficiency, reliability, and
economic performance.

The remainder of the paper is organized as foll@eapter2 presents the
theoretical background;hapter3 describes the methodology and experimental
setup,Chapterd discusses theesults, andChapter5 concludes the study.

2. IMPLEMENTATION OF SECOND-GENERATION | NDUSTRIAL
ROBOTST COLLABORATI VE ROBOTS

Firstgeneration industrial robots were primarily developed to perform
repetitive tasks within closed and strictly controlled woells. In contrast, the
modern generation of robots, known as collaborative robots (cobots), brings a
fundamental change in the way humans and robots interact in industrial
environments. The traditional use of robots was mostly limited to automated
producton lines, especially in the automotive industry, where robots operated
behind protective fences and were physically separated from operators for safety
reasons. The development of sensor technologies, advanced software solutions,
and environment perceptioalgorithms in the early 2000s represented a key
turning point in robotics. In this context, the concept of Industry 4.0, based on
digitalization, connectivity, and autonomous system management, enabled the
development of robots that do not replace hunfarnsactively collaborate with
them i collaborative robots [6]. This approach opens up the possibility of
establishing flexible production systems in which humans and robots share the
same workspace, combining human cognitive capabilities with robotisiomrec
and repeatability [7]. Collaborative robots are the result of the integration of
multiple technological fields, including advanced sensors and vision systems,
artificial intelligence and machine learning, safety mechanisms, as well as
intuitive progamming methods.

Thanks to these technologies, cobots are capable of detecting the presence
and movements of operators, adapting their behavior in real time, and
automatically stopping operation in the event of potential contact. This enables
safe operatio without the need for physical barriers, representing a significant
advancement compared to conventional industrial robots. Unlike traditional
systems that require programming by specialized personnel, collaborative robots
can often be programmed througtemonstration (teaeby-demonstration),
where the operator directly demonstrates the desired movements or work
sequences. According to autors [8] cobots are equipped with force and torque
sensors, collision detection systems, and adaptive control steathgteenable
safe operation in close proximity to humans. Compared to conventional robotic
solutions, collaborative robots offer numerous advantages that make them
particularly attractive for small and meditsized enterprises. Key advantages
include inceased operational safety, fast and simple workspace reconfiguration,
lower initial implementation costs, greater flexibility in handling production
changes, as well as overall productivity improvement. Due to these
characteristics, cobots are particuladyitable for application in production
systems involving CNC machine tools, where frequent changes in workpieces
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and technological parameters occur. Today, collaborative robots are applied
across a wide range of industrial sectors, including assemblyagiagk quality
control, welding, laboratory processes, as well as the food and pharmaceutical
industries. Leading manufacturers such as Universal Robots, ABB, FANUC,
KUKA, and Techman Robot dominate the global cobot market, offering
solutions tailored tane requirements of modern flexible manufacturing.

The growth trend of their application is shown in.Hig9i 12].

Number of robot units

A
Number of robot units (x 1.000) 89%

60,000 542,000

62

50,000

40,000 n

30,000

58 57
20,000 26

19 21
10,000 ] — 1%
11 | 62,000

0 2017 2018 2019 2020 2021 2022 2023 2024  Year

Figurel. Growth in the application of collaborative robots in the period 2017
2024 with an illustration of their sharetotal implementation in 2024

The trend shown in Fidl clearly indicates a continuous and significant
increase in the application of collaborative robots in the period from 2017 to
2024. The annual number of installed units increased from approximdtely 1
thousand to about 62 thousand, which confirms the increasingly intensive
integration of cobots into modern production systems. Although a slight decline
was recorded in 2023 to approximately 57 thousand units, the overall trend
remains steadily upward drpositive in the long term. The analysis of the right
part of Fig 1 shows that collaborative robots accounted for approximately 11%
of the total annual implementation in 2024 compared to conventional industrial
robots. Such development is closely reld®dhe advancement of key Industry
4.0 technologies, including the Internet of Things (IoT), cloud computing,
artificial intelligence, and digital twins, which enable more efficient integration
and greater operational flexibility of collaborative systemghin smart
factories. In such production environments, collaborative robots do not replace
human labor but complement it, thereby achieving a higher level of efficiency,
safety, and adaptability of production processes. Of particular importance is the
fact that an increasing number of small and medsired enterprises are
adopting cobots, primarily due to their affordability, ease of implementation,
and relatively fast return on investment. These systems enable flexible
automation of small and mediunbaich production, while simultaneously
reducing costs and shortening installation time.Empirical studies further confirm
that the application of collaborative robots can lead to a significant reduction in
handling time, as well as an increase in the stglalitd reliability of processes
within production cells [13].
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3. METHODOLOGY

The research methodology is based on an experimental case study
conducted in a real CNC production environment. The collaborative robot UR5
was integrated into the system for penfiing machine tending operations,
including the loading and unloading of workpieces. The system architecture
includes CNC machine tools, a robotic system, and a data analysis platform
supported by atrtificial intelligence algorithms. Data were collectedutir
industrial communication protocols and analyzed in real time [14]. Key
performance indicators included cycle time, OEE, downtime, and economic
metrics such as return on investment. Artificial intelligence algorithms were
applied to optimize operatioacheduling and minimize negoroductive time.

The methodology includes a comparative analysis between manual and robotic
work, enabling a quantitative assessment of system improvements. The
collaborative robot (UR% Universal Robots) is equipped with adead force
sensors and safety algorithms that enable interaction with the operator in a
shared workspace, which is in line with modern approaches to HRC systems
[15]. Its implementation aimed to reduce handling time during the placement
and removal of produs from the CNC machine, to increase the repeatability of
operations, and to reduce process variability caused by the human factor.

Fig. 2 shows a collaborative robot integrated with a CNC machine for
loading and unloading operations of workpieces. Thmtr@ean simultaneously
cooperate with multiple CNC machines, enabling a continuous production flow
and reduction of downtime. This configuration highlights the application of
collaborative robotics in smart manufacturing systems, with increased flexibility
and productivity, as well as safe humesbot interaction without protective
fences. The integration of CNC machines, cobots, and the information platform
is based on the principles of Industry 4.0, where all elements are considered as
part of a unified @jital system [16]. This enables optimization at the level of the
entire production process through the integration of hardware and software
components, including MES systems and Al algorithms. The system enables
continuous data collection and analysiswadl as autonomous decisionaking
and process adaptation in real time.

Figure2. Collaborative robot UR5 during the execution of loading and
unloading operations of workpieces on a CNC machine tool in a digitalized
production environment
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Data collectd from CNC machines, the collaborative robot, and sensors
are processed in the analytical module, where machine learning algorithms are
applied to optimize cycle time and operation scheduling [17]. The study utilized
models for predictive analysis of opépn duration, anomaly detection, and
adaptive control of task sequences. The integration of Al enables dynamic
adjustment of operating parameters, thereby reducing process variability and
increasing production stability. The block diagram in.FRggillustrates the
central role of artificial intelligence in optimization through predictive analytics
and continuous system performance improvement. Particular emphasis is placed
on the connectivity between CNC machines and the collaborative robot, which
enablesflexible automation, higher efficiency, and reduced downtime. The
system also supports remote monitoring, diagnostics, aneddaém decision
making, thereby increasing production reliability. Experimental validation was
performed by comparing performa before and after implementation,
including cycle time, OEE, and downtime, enabling a quantitative assessment of
the technical and economic effects of integration.
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1% |
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Figure3. Architecture of a smart manufacturing system integrating CNC
machines, collatrative robots, and Al analytics within the Industry 4.0
environment
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3. RESULTS

The experimental results demonstrate significant improvements in
production performance following the implementation of the collaborative robot
and Alkbased optimization in th&€€NC system. The integration of these
technologies enabled a more efficient, stable, and adaptive production process,
directly impacting key performance indicators such as cycle time, overall
equipment effectiveness (OEE), and downtime. As shown in Talolgcle time
was reduced from 70 seconds in manual operation to 58 seconds under robotic
operation, representing a decrease of approximately 17%. This reduction is
primarily attributed to faster and more consistent part handling, elimination of
operatosrelated delays, and improved synchronization between the CNC
machine and the robotic system. In addition, the robotic system ensures
repeatability of operations, which minimizes variability and contributes to
overall process stability.
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Table 1.Cycle Time Comparison

Parameter Manual CollaborativeRobot
Cycle Time (s) 70 58
Reduction T 17%

A significant improvement is also observed in overall equipment
effectiveness, as presented in Table 2. The OEE increased from 64.6% to 85.6%,
reflecting a substantial enhancement of 21 percentage points. This improvement
is the result of combined gains in availability, performance, and quality.
Reduced downtime and fewer interruptions increased machine availability,
while optimized task executiomproved performance efficiency. At the same
time, consistent handling and reduced human error contributed to maintaining
stable product quality.

Table 2.0EE Comparison

Metric Manual Robot
OEE (%) 64.6 85.6
Improvemat i1 +21%

Downtime analysis further confirms the benefits of the implemented
system, with reductions ranging from 30% to 50%. This improvement is largely
due to the application of Al algorithms, which enable adaptive optimization of
process parameters danearly detection of potential inefficiencies. By
continuously analyzing production data, the system can adjust operational
parameters in real time, reducing idle periods and preventing unnecessary
stoppages. The economic impact of the proposed systarmmarized in Table
3. The total i nvest ment of u3s5, 000
resulting in a return on investment (ROI) of approximately 1.2 years. The
estimated payback period of 15 months confirms the economic feasibility
and attractieness of implementing collaborative robotics combined with Al
optimization, particularly for small and meditgized enterprises. These results
demonstrate that, beyond technical improvements, the system also provides
measurable financial benefits.

Table 3.Economic Analysis

Parameter Value
Investment 0§35, 00!
Annual savingsu 2 8, 8 0 |
ROI 1.2 years
Payback 121 15 months

Overall, the presented results confirm that the integration of collaborative
robots and Al significantly enhances production efficiency, reduces operational
variability, and improves ecmmic performance. The findings are consistent
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with recent studies highlighting the advantages of intelligent automation in
Industry 4.0 environments [122].

4. DISCUSSION

The results of this research clearly confirm that the integration of collaborative
robots and artificial intelligence algorithms significantly improves the
performance of CNC production systems. The reduction of cycle time by 17%
indicates a direct impact of automated machine tending and optimization of
operation sequences, thereby ehating nonproductive time intervals
characteristic of manual work. At the same time, the increase in OEE from
64.6% to 85.6% represents a significant improvement in overall system
efficiency, as it encompasses enhancements in availability, performamtce, an
production quality. It is particularly important to emphasize the role of artificial
intelligence in reducing process variability. Al algorithms enable continuous
monitoring and adaptive adjustment of operating parameters, resulting in a more
stable angredictable production process. This is consistent with contemporary
research highlighting the importance of predictive analytics and smart systems
within Industry 4.0 [3i 25]. The integration of robots and Al brings not only
increased speed but also imped process control, which is crucial for high
precision manufacturing. The reduction of downtime byi 5806 further
confirms the effectiveness of the implemented system. This result can be
associated with the ability to detect anomalies in a timely maameioptimize
operation scheduling. This minimizes waiting time between operations and
increases the utilization of CNC machines. Additionally, collaborative robots
enable safe operation in a shared workspace with operators, contributing to
improved ergonoms and reduced human error. The economic analysis shows
that the system is particularly suitable for small and mediiz®d enterprises,
given the relatively short return on investment period (1.2 years). These results
confirm that intelligent automatias not only technologically advanced but also
economically justified. However, certain limitations of the research include a
focus on a single type of CNC system and a limited number of experimental
scenarios. Future research should include more compleodugtion
configurations and a higher level of integration with digital twins and advanced
Al models.

5. CONCLUSION

This research has shown that the integration of collaborative robots and artificial
intelligence represents an effective approach to impgo@NC production
systems within Industry 4.0. Experimental results confirm a significant
reduction in cycle time, an increase in overall equipment efficiency (OEE), and
a reduction in downtime, which directly contributes to increased productivity
and prodation reliability. The application of a collaborative robot in machine
tending operations enabled greater repeatability and process stability, while
reducing the influence of the human factor. At the same time, the
implementation of Al algorithms enabledaptive process control and réghe
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decisionmaking, achieving a higher level of autonomy of the production
system. Such an approach represents a key step toward the development of
smart factories and digitally connected production systems. In addiion t
technical improvements, the results also demonstrated significant economic
benefits, including a short return on investment period and reduced operational
costs. This confirms that the application of collaborative robotics and artificial
intelligence igustified not only from a technological but also from an economic
perspective, especially for small and medisized enterprises. Although the
results are very encouraging, there is room for further system development and
improvement. Future research shbtdcus on the application of more advanced

Al methods, such as deep learning and reinforcement learning approaches, as
well as on the integration of multiple CNC machines and more complex
production lines. Furthermore, the development of digital twins athénced
simulation models can further enhance optimization and predictive management
of production processes. In conclusion, the integration of Al and collaborative
robots represents a key element of future industrial production, enabling
flexible, effigent, and intelligent manufacturing systems that are aligned with
the requirements of the modern market.

REFERENCE

[1] Bildstein, A., Seidelmann, J. (2014). Industrie-Rdéadiness: Migration zur Industrie 4.0
Fertigung. In: Bauernhansl, T., ten Hompel, ,M/ogelHeuser, B. (eds) Industrie 4.0 in
Produktion, Automatisierung und Logistik. Springer Vieweg, Wiesbaden.
https://doi.org/10.1007/978-658046828 3Q

[2] KarabegoMi , | .; Kowuan] awMeihimedoyi B, L. & Dagil, P.
research on integrating Industry 4.0 in business and manufacturing. Hershey (Pennsylvania
USA): IGI Global, 2020t 661 pp. ISBN 978-799827252. doi: 10.4018/9781-799827252.

[3] Villani, V., Pini, F., Leali, F., & Secchi, C. (2018). Survey on huimaimot collaboration in
industrial settings: Safety, intuitive interfaces and applicatiddechatronics 55, 248 266.
https://doiorg/10.1016/j.mechatronics.2018.02.009

[4] Lee, J., Davari, H., Singh, J., & Pandhare, V. (2018). Industrial Artificial Intelligence for Industry
4.0-based manufacturing systems. Manufacturing Letters 18, 20 23.
https://doi.org/10.1016/j.mfglet.2018.09.002

[5] Monostori, L. (2014). Cybephysical production systems: Roots, expectations and R&D
challengesProcedia CIRRP 17, 9 13. https://doi.org/10.1016/j.procir.2014.03.115

[6] Muchiri, P., & Pintelon, L. (2008). Performance measurement using QiErnational Journal
of Production Resear¢l6(13), 351¥3535.https//doi.org/10.1080/00207540601142645

[7] Kagermann, H., Wahlster, W., & Helbig, J. (2013). Recommendations for implementing the
strategic initiative INDUSTRIE 4.0. Springer (acatechNational Academy of Science and
Engineering) https://doi.org/10.1007/978-662-482732.

[8] Haddadin, S., & Croft, E. (2016). Physical huniaobot interaction.Springer Handbook of
Robotics https://doi.org/101007/9783-319-325521.

[9] International Federation of Robotics (IFR), (2025). Presentation of World Robotics 2025
Industrial Robotshttps://ifr.org/downloads/mss _docs/PressConference2025 presentation.pdf

[10] Siciliano, B., & Khatib, O. (2016). Springer Handbook of RoboticsSpringer.
https://doi.org/10.1007/978-319-325521.

[11] Kar a b e g(@047).iThe Role of Industry 4.0 in the Modernization of Industrial production in
China, Journal of Scientific and Engineering Research4(9), 177 186.
http://jsaer.com/download/vet-iss9-2017/JSAER201@4-09-177-186.pdf

[12] Malik, A. A., & Brem, A. (2021). Digital twins for collaborative robots: A case study in human
robot interaction. Robotics and Computéntegrated Manufacturing 68, 102092.
https://doi.org/10.1016/j.rcim.2020.102092

48


https://doi.org/10.1007/978-3-658-04682-8_30
https://doi.org/10.1016/j.mechatronics.2018.02.009
https://doi.org/10.1016/j.mfglet.2018.09.002
https://doi.org/10.1016/j.procir.2014.03.115
https://doi.org/10.1080/00207540601142645
https://doi.org/10.1007/978-3-662-48273-2
https://doi.org/10.1007/978-3-319-32552-1
https://ifr.org/downloads/press_docs/PressConference2025_%20presentation.pdf
https://doi.org/10.1007/978-3-319-32552-1
http://jsaer.com/download/vol-4-iss-9-2017/JSAER2017-04-09-177-186.pdf
https://doi.org/10.1016/j.rcim.2020.102092

[13] Marvel, J. A., & Norcross, R. (2017)mplementing collaborative robots in industrial
environments: A review of safety, applications, and performaRcbotics and Computer
Integrated Manufacturing, 484 45. https://doi.org/10.1016/].rcim.2016.12.001

[14] Sahoo, S., & Lo, GY. (2022). Smart manufacturing powered by recent technological
advancerants: A review. Journal of Manufacturing Systems, ,64 236 250.
https://doi.org/10.1016/j.jmsy.2022.06.008

[15] Bauer, W., Schlund, S., Hornung, T., & Schuler, S. (2021). Hirobot collaboration in
Industry 4.0: A reviewRobotics 10(4), 98 https://doi.org/10.3390/robotics10040Q98

[16] Frank, A. G., Dalenogare, L. S., & Ayala, N. F. (2019). Industry 4.0 technologies:
Implementabn patterns in manufacturing companiek®urnal of Manufacturing Technology
Management, 38), 889 907.https://doi.org/10.1108/JMTN01-20180017.

[17] Wuest, T., Weimer, D., Irgens, &, Thoben, K. D. (2020). Machine learning in manufacturing.
Sensors20(5), 1235https://doi.org/10.3390/s20051235

[18] Kim, J., Seo, D., Moon, J., Kim, J., Kim, H., & Jeong, J. (2022). Design and Imp&tinerof
an HCPSBased PCB Smart Factory System for Ne&heration Intelligent Manufacturing.
Applied Scienced 2(15), 7645https://doi.org/10.3390/app12157645

[ 19] Mei ndl , B. , Kapphg mdustry 4.@& Techdologie§: Fron2 Qyjpthysical
Systems to Artificial Intelligence. arXiv preprint arXiv:2111.14168.
https://doi.org/10.48550/arXiv.2111.14168

[20] Kar ab e g &arabég v ili.,, E The RoR 6fiCelpborative Service Robotsin the

Implementatiorof Industry4.0, International Journal of Robotics and Automation Technolégy,
40i 46. https://doi.org/10.31875/24899694.2019.06.5

[21] Pisarov, J., Mester, G. (2021). Implementing New Mobility Concepts with Autonomous Self
Driving Robotic Cars. IPSI Transactions on Advanced Research (TAR), 17(29.41

[22] Mester, G. (2010). Intelligent mobile robot motion cohirounstructured environments. Acta
Polytechnica Hungarica, 7(4), 156365.

[23] Moeuf, A., Pellerin, R., Lamouri, S., Tama@raldo, S., & Barbaray, R. (2018). The industrial
management of SMEs in the era of Industry ht@rnational Journal of Produn Research
56(3), 1118 1136.https://doi.org/10.1080/00207543.2017.1372647

[24 Karabegovil, 1., Kar abe da021). The Apglication ™ éntlustiy 4.9 M.
in productionProcesses of the Automotive Indusflyurnal Mobility and Vehicle, 47(2), B84.
https://doi.org/10.24874/mvm.2021.47.02.02

[25] Qin, J., Liu, Y., & Grosvenor, R. (2016). A categorical framevedrknanufacturing for Industry
4.0.Procedia CIRR52, 173178.https://doi.org/10.1016/j.procir.2016.08.005

UDC 502.131.1: 656.6

Sonja Ketin!, Rade WVYasTilhoemiri Rmurei RiAddemy i n
of Technical and Art Applied Studi e
?International Faculty Travnik, Travnik. Bosnia and Herzegoyina

SUSTAINABLE DEVELOPMENT AND WATER TRANSPORT

Abstrakt Water transport, particularlyinland Waterway Transport (IWT}s a key
pillar of sustainable development due to its high energy efficiency, large cargo capacity, and
lower environmental footprint compared to road and rail transport. Integrating water
transport into broader mobility systems supports at least seven ofUtiked Nations
Sustainable Development Goals (SD@w®)luding those for climate action, sustainable cities,
and infrastructure innovationTraffic is an organized movement of transporttsiron the
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road network. Traffic is an unintended result of transport. Traffic exists only if there are
transport units that range in a common network.If to engage in the history of the development
of transport on inland waters, we can establish a goodekegf certainty that this is one of
the oldest forms of transport in general, if not the oldest. The traffic is very old because the
rivers and lakes were the first affordable communications to which the primitive man could
with modest technical resourcesd limited cognitive able to perform movements and
perform some form of transport.

Key words traffic, transport, tariff principles, sustainable development.
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1. INTRODUCTION

Water traffic includes traffic that takes place on water surfaces (sea, lakes,
rivers, canals). However, maritime traffic is by far the most important within
water transport. In terms of volume of cargo and labor productivity, maritime
traffic exceeds all other types of traffic. The cost of transporting cargo by sea is
the lowest ofall types of traffic. Labor productivity in sea transport i6 Emes
higher than in rail and river transport, and the price is almost 2 times lower.
Water traffic includes all traffic that takes place on water surfaces (sea, lakes,
rivers, canals). Howeer, maritime traffic is by far the most important within
water traffic. Prehistoric man got the ideausing a waterway for movement by
observing what kind of tree or branch the water was carrying and on which was
a bird or some other animal.

In the futher improvement of this invention, man began to use his own
hands for rowing and steering, to deepen the tree and thus lower the center of
gravity and increase the stability of the original floating objects, to connect
several trees into a raft, etc. Rrgowing with his hands, he switches to rowing
with a branch, which he adjusts more and more and gets an oar. By gradually
increasing the size of the boat, a ship with oars was developed, which dominated
water traffic for many centuries, with an increasethe number of oars and
oarsmen.
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It can be stated that the history of maritime traffic is very long, from the
Phoenicians, through the ancient Greeks and Romans, all the way to the Middle
Ages and the Great Geographical Discoveries. However, events frem t
beginning of the 19th century are of great importance for today's maritime
traffic.

Established the first regular maritime lines around the world, especially
between Europe and North America (traffic on them was maintained by fast
sailing ships- clippes, whose development culminated in the period 1840
1870); the invention of the first mechanically propelled ship (Clermont),
constructed in 1807 by Robert Fulton ("Clermont" maintained regular traffic on
the Hudson River, USA); the first steamship tripogs the Atlantic- the
steamship Savannah was the first to cross the Atlantic in 1819 (New-York
Liverpool) in 29 days; the first regular transatlantic passenger line was
introduced in 1838; at the end of the 19th century, the Baltic Sea began to use
the first ferries for the transport of railway compositions; significant
improvements to steamships were: the introduction of propellers (1840) and
steel reinforcement (1860).

2. TARIFF PRINCIPLES IN TRAFFIC

During the application of tariffs, tariff principgdewere also created. The
basic tariff principles are the following: the principle of publicity, the principle
of equality, the principle of durability and the principle of clarity.

a) The principle of publicity in general, tariffs must be published in
the usual way and must be accessible to everyone. This is usually implied in
railway tariffs, although not in all countries, e.g. in England, while tariffs in
some other industries are less often published, such as in maritime traffic. In
our country, tariff must generally be published, especially in rail traffic.
Various changes in tariffs, such as toll and fee increases, as well as changes
and additions that make the conditions more difficult for the user, can be
applied only after the-8ay period has exgd.

b) The principle of equality when all conditions for the application of
tariffs are met, they must be applied to everyone equally. Discrimination of
some users compared to others is not allowed, nor is the execution of
transportation if the stipuled tariff conditions are met.

c) The principle of permanence tariffs cannot and must not be
changed often. Because they also serve for the calculation of future services
that are included in the calculations of costs and prices of various goods, and
not only for the calculation of services that are performed or that have been
performed. So, tariffs must be prescribed in the long term. That term can be
indefinite or definite. The largest number of tariffs are issued for an indefinite
period of time. Varias tariff changes, i.e. new tariffs, may come into force
only after a certain period of time after their publicatidhis deadline is
generally different in different countries.
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Figurel.Types of traffic according to the place where it takes place

4. TARIFFS IN MARITIME T RANSPORT

In maritime freight transport, transport tariffs exist only in liner shipping,
while in free (including tanker) shipping, there are no permanent tariffs, but the
price of transport is negotiated in a transport contract for matthidual case.

The price of free transportation is adjusted according to the supply and demand
of ship space on the basis of free competition.

The specificity of maritime transport imposed the creation of a world
maritime market, which was formed in Laon. Practically, the supply and
demand of shipping tonnage from all over the world flows into the London
maritime exchange. Due to the inevitable fluctuations in supply and demand,
which are affected by various factors (political or economic situaticessson,
etc.), transportation prices also change, there is less or more employment of
ships, and ultimately crisis situations and competition in shipping.

Recently, free competition has been significantly restricted by various
protectionist measures ofdividual countries or groups of countries, which try
to transport as much cargo as possible with their own ships. By the way, in
maritime tariffs, transport prices can be determined in several ways, namely:

a) according to the weight (W=Weight) of the aarg/hich comes into
consideration in the scalled "heavy" goods (over 1 ton per 1 m3). Freight
rates for such goods are determined either for | metric ton, or for | small ton
(short ton) or for | large ton (long ton);

b) according to the volume (M=Measment) of the cargo, which
comes into consideration in the-salled "light" goods (below 1 ton per 1
m3). Freight rates for such goods are determined per | m3 when applying the
metric system, and per 40 ft3 (cft) of volume when applying the English
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systemFor general cargo, liner shipping companies usually offer freight rates
under the W/M clause, e.g. $10 W/M, which means that the shipper has the
right to choose, i.e. to choose for a specific cargo to charge the freight
according to the weight or accordito the volume, i.e. whichever is more
favorable to him.

Figure4. Maritime transport as the most profitableorm

5. PROCEDURE FOR CUS OMS CLEARANCE OF GO ODS IN
PASSENGER TRAFFIC

On the website of the Administration for Indirect Taxation of Bosnia and
Herzegovina, we found the procedure for customs clearance of goods in
passenger traffic. In the next part, the procedure will be presented. All goods
brought into the customs territory of Bosnia and Herzegovina are subject to
customs supervision and ingpien measures from the moment of their entry
into the customs territory, regardless of whether they are goods subject to the
obligation to pay customs duties or not. This means that Bosnia and
Herzegovina and foreign citizens are obliged to declare t@ubtoms officer
the goods they carry with them when crossing the customs border. In passenger
traffic, a simplified way of declaring goods is applied, with the fact that the
customs officer determines whether the goods that have been declared are
actuallyimported, whether the import of goods is subject to the calculation and
payment of import duties and, depending on this, determines further handling of
the goods.

If the goods brought by the traveler for private purposes are not exempted
from the paymenof import duties, it is possible to calculate and collect import
duties in a shortened procedure at the border crossing, except for goods that are
subject to mandatory annual registration, under the following conditions:

a) that the passenger carries thedp with him,

b) that the value of the goods does not exceed the amount of 1,500 KM,

c) that the goods are cleared at a single customs rate.

The rules on the single customs rate are an integral part of the customs
tariff for the year 2013 and read, we tgid'The single customs rate of 10% ad
valorem is applied to goods that are in shipments sent by natural persons from
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abroad to natural persons in BiH or that are in the personal luggage of
passengers”.

This single customs rate of 10% will be applied, jpded that the customs
value of the goods subject to the payment of import duties does not exceed
1,500 KM per shipment or per passenger and provided that the import is not for
commercial purposes. The unified customs rate cannot be applied to goods that,
according to the Law on Excises in Bosnia and Herzegovina, are subject to the
obligation to be marked with excise stamps.

If it is about shipments sent by natural persons from abroad to natural
persons in BiH, the import is not for commercial purposesefshipments are
occasional and contain goods exclusively intended for the recipient's own use or
his family, and which by their type and quantity do not reflect any commercial
interest, and that the sender sends them to the recipient without any payment.

If it concerns goods contained in the passenger's personal luggage, the
import is not for commercial purposes, if it concerns goods that the passenger
occasionally imports or brings in upon arrival from abroad, and which are
exclusively intended for the psenger's own use or his family, or as a gift, and
which, by their type and quantity, do not indicate that they are imported for
commercial purposes.

The uniform customs rate will not be applied to goods imported under the
conditions of points 1 and 2 dfidse Rules, if the recipient of the shipment or
the passenger requests that the import duties be calculated at the customs rate
prescribed in the customs tariff for those goods. In that case, taking into account
the provisions on exemption from paymentimport duties, import duties will
be calculated at the prescribed rate, for all goods, i.e. for the entire shipment.

The passenger can request that the rate according to the customs tariff of
Bosnia and Herzegovina be applied during customs clearanchidh vase it is
referred to the implementation of the regular customs clearance procedure at the
internal customs office. If the traveler carries with him goods originating from a
country with which Bosnia and Herzegovina has signed a Free Trade
Agreementpreferential treatment may be applied to the goods at the request of
the traveler, in accordance with the provisions of the agreement, provided that
the value of the goods and personal luggage does not exceed 2,400 KM, and if it
is about sent shipmentéiet value does not exceed 1,000 KM.

When it comes to postal traffic, it is clear from the cited Rules that the
single customs rate of 10% ad valorem applies only to goods contained in
shipments sent by natural persons from abroad to natural persons in BiH,
provided that the customs value of the goods subject to the payment of import
duties does not exceed 1,500 KM per shipment, if the shipments are occasional
and contain goods exclusively intended for the recipient's own use or his family,
and which by theitype and quantity does not reflect any commercial interest,
and that the sender sends them to the recipient without any payment. When the
conditions for the application of a single customs rate are not met or when the
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recipient of the shipment requestéietimport duties are calculated at the
customs rate prescribed in the customs tariff for those goods.

6.CONCLUSION

Tariff principles in traffic represent a set of rules and criteria on the basis
of which the prices of transport services are formed. Théigda establish a
balance between the economic viability of the carrier and the accessibility of the
service to users.

As already stated in this paper, tariffs can be applied in every aspect of
human business. If the term tariff were to be seen in thewear sense of the
word, it could mean only a systematic review of prices. However, in a broader
sense, tariffs include all those regulations and conditions based on which those
prices are applied. In the same way, tariffs can be applied in every ghrs$ of
direction. This is how we distinguish tariffs in maritime, road, air and other
types of traffic. They serve us, above all, for quality organization and easier
price management.

Final point: Modern tariff principles must be udgendly, transparent
and digitally supported in order for the transport system to be efficient and
sustainable.
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Abstract: This paper examines the role of robotics and nanotechnology in modern
mechanical engineering as key technologies for improving municipal waste management
systems and ensuring sustainable environmental protection. The study highlights the growing
challenges associated with increased waste generation due to urbanization and industrial
development, emphasizing the need for innovative technological solutions. Robotics is
analyzed as an effective tool for automating waste collection, sorting, and processing,
erabling higher efficiency, improved safety, and reduced human exposure to hazardous
conditions. In parallel, nanotechnology is considered for its potential in enhancing material
properties, improving filtration processes, and enabling more efficient ragyahd pollution
control. The integration of these technologies within modern mechanical engineering systems
allows the development of intelligent, adaptive, and eneffigient waste management
solutions. The results indicate that such integrated apgrescsignificantly contribute to
reducing environmental impact, optimizing resource utilization, and supporting circular
economy principles. The research confirms the importance of interdisciplinary engineering
solutions in addressing global environmentaalienges.
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1. INTRODUCTION

The modern development of society and accelerated urbanization have led
to a significant increase in the amount of municipal waste, which repsesee
of the key environmental challenges of today. Inadequate waste management has
negative consequences for environmental quality, human health and sustainable
community development. In this context, modern mechanical engineering, with
the applicationof robotics and nanotechnology, offers innovative solutions for
the improvement of the collection, sorting, processing and disposal of municipal
waste. The integration of advanced technologies enables more efficient, safer
and environmentally friendly wast management, thus contributing to
sustainable environmental protectiofhe development of modern society is
accompanied by intensive technological progress, population growth and the
constant expansion of urban areas. Such processes inevitably leatctseal
consumption of resources and the creation of large amounts of municipal waste.
Waste management is becoming one of the most significant challenges of the
modern age, especially in the context of environmental protection and
sustainable developmenitaditional municipal waste management systems are
often not efficient enough to respond to the growing demands of modern cities.
Improper disposal of waste leads to pollution of soil, underground and surface
water, as well as degradation of air qualiby. addition to environmental
consequences, this practice has serious economic and health implications.
Modern approaches to waste management require the application of innovative
technologies that enable reducing the negative impact on the environment. In
this sense, modern mechanical engineering has a key role in the development
and application of technical solutions for more efficient municipal waste
management. Robotics is increasingly being recognized as an important tool in
modern industrial and utijit systems. Process automation enables more
accurate, faster and more reliable execution of tasks compared to traditional
work methods. In the field of waste management, robotic systems enable the
improvement of the process of sorting, transporting andegeieg different
types of waste. This significantly reduces the need for manual work and
increases employee safety. In parallel with the development of robotics,
nanotechnologies are experiencing intensive progress and find application in
numerous areas ofechnology and industry. Their ability to improve the
properties of materials and processes opens up new opportunities in
environmental protection. In the context of municipal waste, nanotechnologies
enable more efficient filtration of pollutants and irpement of the recycling
process. In this way, it contributes to a moreoratl use of natural resources.

The integration of robotics and nanotechnology represents a modern
approach to solving complex environmental problems. These technologies
enable thelevelopment of smart systems that can independently analyze, adapt
and optimize waste management processes. Such systems contribute to reducing
energy consumption and increasing overall efficiency. Their application is in
accordance with the principles otircular economy and sustainable
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development. The role of mechanical engineers in the design, development and
implementation of these modern technologies is of particular importance.
Mechanical engineering represents the basis for the integration of nwthan
electronic and information systems into unique functional units. This creates
technical conditions for the development of sustainable municipal waste
management systems. The development of such systems representseaniong
investment in the presation of the environment.

2. MUNICIPAL WASTE AND THE IMPOR TANCE OF SUSTAINABLE
MANAGEMENT

Municipal waste includes waste generated in households, public
institutions and service activities. Its composition is heterogeneous and includes
organic waste, plast paper, glass, metal and other materials. Inadequate
management of these types of waste leads to soil, water and air pollution, as well
as to an increase in greenhouse gas emissions. Sustainable municipal waste
management implies the application of tiwaste hierarchy, which includes
waste reduction, reuse, recycling, energy recovery and, as a last resort, safe
disposal. Municipal waste represents one of the most significant problems of
modern urban environments. It arises as a consequence of theatigitiea of
the population, economy and public institutions. With the increase in population
and living standards, the amount of municipal waste is continuously increasing.
The composition of this waste is very diverse and includes organic matter,
plastic paper, glass, metal and hazardous components in smaller quantities. It is
precisely this heterogeneity that makes it difficult to classify and process it
properly. Unsustainable municipal waste management leads to numerous
negative consequences for thevieonment. Uncontrolled waste disposal causes
soil and groundwater pollution. The decomposition processes of organic waste
produce gases that negatively affect air quality. Waste dumps are often a source
of unpleasant odors and hotspots of infectiousadise. In the long term, this
practice threatens human health and ecosystem stability. Sustainable
management of municipal waste implies a systematic and planned approach to
its treatment. This concept is based on the principles of waste reduction, reuse
ard recycling. Special emphasis is placed on the rational use of natural
resources. Effective waste management contributes to reducing the amount of
material that ends up in landfills. This extends the life of existing landfills. The
importance of sustainablmanagement is also reflected in the economic aspect.
Recycling enables the reuse of valuable raw materials. This reduces production
costs and dependence on natural resources. Modern waste management system:
contribute to the development of new industriisey open up opportunities for
employment and technological progress. Sustainable municipal waste
management requires the application of modern technologies and a
multidisciplinary approach. The role of technical sciences, especially
mechanical engineery, is of key importance in this process. The development
of efficient systems for the collection and processing of waste is the basis for
long-term preservation of the environment. That is why sustainable municipal
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waste management is considered one efghorities of modern society. The
modern concept of municipal waste management requires a transition from
linear to integrated management systems.

The linear model, which implies production, consumption and disposal,
has proven to be unsustainable ire ttong term. This approach leads to
excessive exploitation of natural resources. At the same time, the amount of
waste ending up in landfills is increasing. Landfill space is becoming an
increasingly limited resource in urban areas. One of the key problems
municipal waste management is insufficiently developed infrastructure. In many
environments, there is no adequate equipment for the selective collection of
waste. The lack of technical and financial resources further complicates the
implementation of @stainable solutions. Also, the low level of environmental
awareness of the population represents a significant obstacle. Without the active
participation of citizens, efficient waste management systems cannot be fully
implemented. Sustainable municipal st& management also requires
appropriate legislation. Correctly defined regulations enable control and
supervision of waste management processes. Their application encourages the
responsible behavior of all participants in the system. Special attenpaidifo
the prevention of waste generation. Reducing the amount of waste at the source
is the most effective measure of environmental protection. In modern waste
management systems, the concept of circular economy is of increasing
importance. This concephplies that waste is viewed as a potential resource.

The reuse of materials contributes to reducing the consumption of energy
and raw materials. In this way, positive environmental and economic effects are
achieved. Municipal waste management is beconaingintegral part of the
sustainable development of society. The development of new technologies
enables the improvement of all phases of waste management. Modern technical
solutions enable more precise monitoring of waste flows. This ensures better
proces control and greater system efficiency. Sustainable municipal waste
management represents a ldegn strategy for environmental protection. Its
application has a key role in preserving natural resources for future generations.

3. THE ROLE OF ROBOTICS IN MUNICIPAL WASTE MANAGEMENT

Robotics represents one of the key areas of modern mechanical
engineering, which is increasingly used in waste management systems.
Industrial and service robots are used in waste sorting facilities, where they use
sensors, camegsaand artificial intelligence to recognize and separate different
types of materials. Such systems allow greater speed and accuracy of sorting
compared to manual work, while reducing the exposure of workers to harmful
and dangerous working conditions. Awmtonous robotic vehicles are
increasingly being used for waste collection in urban areas, reducing operating
costs and fuel consumption. Robots are also used in hazardous environments,
such as landfills and waste processing plants, where they performthasks
would be risky for humans. In this way, robotics contributes to increasing the
safety, efficiency and sustainability of the municipal waste management system.
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Robotics, as a field of modern mechanical engineering, plays an increasingly
important rolein the improvement of the municipal waste management system.
The development of automated systems made it possible to perform complex
and repetitive tasks more efficiently. In waste treatment plants, robots are used
to sort different materials. These systecan recognize plastic, metal, paper and
glass with high precision. In this way, the degree of recycling is significantly
increased. The application of robotics contributes to reducing the need for
manual work in unfavorable conditions. Workers are o#@rposed to hazards
such as sharp objects, dust and harmful substances. Robotic systems take over
the riskiest operations. This increases employee safety and reduces the risk of
injuries. Process automation also enables continuous operation without
interruption. Autonomous robots and vehicles are increasingly being used in the
municipal waste collection phase. Such systems enable the optimization of
routes and the reduction of fuel consumption. This directly reduces the emission
of harmful gases. Smart raisocan monitor the filling of containers and adjust
the dynamics of emptying. This approach contributes to a more rational use of
resources. Robotics also plays an important role in work at waste dumps. Robots
are used to compact, move and cover wastdahgerous zones, where there is

a risk of collapse or emission of harmful gases, robots replace human work. This
significantly improves the security of the entire system. Robotic surveillance
also enables monitoring of landfill conditions in real time. Titegration of
robotics into municipal waste management systems contributes to an increase in
overall efficiency. The precision and speed of robotic systems enable better
process control. Such solutions are in accordance with modern principles of
sustainale development. The further development of robotics represents an
important step towards the creation of smart andrenmentally friendly cities.

The role of robotics in this field is of increasing importance in the future.
Further development of robos enabled the application of advanced systems in
all phases of municipal waste management. Modern robots are equipped with
sensors, cameras and intelligent control systems. Such technology enables
autonomous decisiemaking during work. Robots can adapeir activities to
changing conditions in real time. This makes the system more flexible. In waste
processing plants, robots enable stable process quality. Their precision reduces
errors that are common in manual work. Automated systems can work
continuousy, without being affected by fatigue. This leads to increased
productivity and reduced operating costs. In the long term, investing in robotics
brings significant economic benefits. Robotics also plays a significant role in the
control and monitoring ofe waste management system. Robots and automated
devices enable constant monitoring of key parameters. Based on the collected
data, it is possible to optimize work processes. Potential problems and
malfunctions are detected in a timely manner. This redadosentime and
unforeseen maintenance costs. The application of robotics also contributes to
reducing the negative impact on the environment. More precise sorting of waste
enables a higher degree of recycling. This reduces the amount of waste that ends
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up in landfills. Automated systems also enable more rational energy
consumption. More efficient management of resources has direct ecological
significance. The development of smart cities further increases the importance of
robotics in the field of utility syfems. Robotic systems are becoming an integral
part of urban infrastructure. Their application contributes to improving the
quality of life of the population. Robotics enables the transition to sustainable
and environmentally friendly models of waste maragnt. In the future, an
even wider application of robotic technologies in this area is expected.

4. APPLICATION OF NANOTECHNOLOGIES IN THE FIELD OF
WASTE AND ENVIRONMENTAL PROTECTION

Nanotechnologies represent an interdisciplinary field that deals vath th
manipulation of matter at the level of atoms and molecules. In the field of
municipal waste management, nanotechnologies find application in the
development of new materials and processes for waste treatment and
environmental protection. Nanomateriale arsed to improve the efficiency of
filtration of pollutants from water and air, as well as to neutralize hazardous
substances present in waste. The application of nanocatalysts in the processes of
decomposition of organic waste and wastewater treatmermtf isarticular
importance. Also, the development of nanocomposite materials enables the
production of lighter, more durable and more environmentally friendly products,
which indirectly reduces the amount of waste. Nanotechnologies also contribute
to the inprovement of the recycling process, enabling more efficient separation
and reuse of valuable raw materials. Nanotechnologies represent one of the most
promising areas of modern science and technology. They are based on the study
and application of materml and structures whose dimensions are in the
nanometer range. Such materials have specific physical, chemical and
mechanical properties that differ significantly from the properties of
macroscopic materials. These properties enable their wide applicatithre i
field of environmental protection. In the context of municipal waste
management, nanotechnologies offer innovative solutions for reducing pollution.
One of the significant applications of nanotechnologies relates to the treatment
of waste water. Nampaterials are used in filters to remove heavy metals,
organic pollutants and microorganisms. Their large specific surface enables high
adsorption efficiency.

This improves the quality of the water that returns to the natural cycle.
Such systems contributeto the preservation of water resources.
Nanotechnologies also play an important role in air pollution control.
Nanocatalysts have been developed that enable the decomposition of harmful
gases. These materials are used in flue gas purification systems. The
application leads to a reduction in the emission of harmful substances into the
atmosphere. This directly affects the improvement of air quality in urban areas.
In the field of municipal waste management, nanotechnologies are used to
improve the recyctig process. Nanomaterials enable more efficient separation
of complex materials. Their application in the recycling of plastic and electronic
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waste is particularly important. This increases the use of secondary raw
materials. This approach contributes &ducing the need to exploit natural
resources. Nanotechnologies are also applied in the development of
biodegradable materials. These materials make it possible to reduce the amount
of waste that remains in nature for a long time. Their application iartitplar
importance in the packaging industry. The development of environmentally
friendly products contributes to the prevention of waste generation. This results
in longterm environmental benefits. The importance of nanotechnologies is also
reflected n the remediation of polluted surfaces. Nanomaterials are used to bind
and neutralize hazardous substances in the soil. These processes enable the
restoration of degraded ecosystems. This creates the possibility of reuse of land.
Application of nanotechnobies represents an important step towards
sustainable environmental protection.

5. INTEGRATION OF ROBOTICS AND NANOTECHNOLOGY IN
MODERN MECHANICAL ENGINEERING

Modern mechanical engineering has a key role in the integration of
robotics and nanotechnologigsto unique municipal waste management
systems. The design and development of advanced machine systems enable the
application of robotic solutions with the use of nanomaterials, which achieves
better technical and environmental results. Such integrasteinsy contribute to
reducing energy consumption, increasing equipment reliability and extending its
working life. The application of these technologies enables the transition from
traditional models of waste management to smart and sustainable systems,
which are in accordance with the principles of the circular economy. This
reduces the negative impact on the environment and creates conditions for long
term sustainable development. Modern mechanical engineering represents the
basis for the integration of xaus advanced technologies. The development of
robotics and nanotechnology has significantly improved the possibilities of
mechanical engineering. Their integration enables the creation of intelligent and
efficient technical systems. Such systems are Ilwideed in industry, energy
and environmental protection. They are of particular importance in the area of
municipal waste management. The integration of robotics and nanotechnology
makes it possible to improve the performance of machine systems. Robots
equipped with nanomaterials have greater durability and precision. The
application of nanotechnologies contributes to reducing wear and extending the
service life of equipment. This reduces maintenance costs. The efficiency of the
entire system increaseggificantly. In modern waste treatment plants, robotic
systems use nanotechnology sensors. These sensors enable precise detection an
identification of materials. Based on the collected data, the robots make
decisions in real time. This achieves a higlyrde of automation. Processes
become more reliable and stable. Integrated systems also enable better energy
efficiency. Nanomaterials contribute to the reduction of energy consumption in
mechanical components. Robots optimize work cycles and reduce [bbges.
approach has a direct positive impact on the environment. The emission of
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harmful gases is reduced. Modern mechanical engineering has a key role in the
design of such integrated systems. Mechanical engineers connect mechanical,
electronic and inforntaon-control components. The integration of robotics and
nanotechnology requires multidisciplinary knowledge. This opens up new
opportunities for the development of innovative solutions. Such systems are the
basis of smart industrial and utility systemsppfication of integrated
technologies contributes to the development of sustainable technical solutions.
Sustainable waste management systems are becoming more efficient and
environmentally friendly. The integration of robotics and nanotechnology
enables tie transition to advanced resource management models. This reduces
the negative impact on the environment. Modern mechanical engineering has a
key role in the realization of these goals. The development of these technologies
has longterm significance forsociety. Integrated systems represent the
foundation of future technological development. Their application contributes to
improving the quality of life. Sustainable solutions are becoming the standard of
modern engineering. The integration of robotics aadotechnology represents

one of the most important directions in the development of modern mechanical
engineering.

6. CONCLUSION

Municipal waste management represents one of the key challenges of
modern society and requires the application of modetmtdogical solutions.
The increase in the amount of waste is conditioned by the growth of the
population, urbanization and the development of the consumer society.
Traditional models of waste management have proven to be insufficiently
effective in the coditions of modern environmental requirements. Therefore, it
IS necessary to apply innovative approaches based on the development of
technigue and engineering. Modern mechanical engineering, through the
application of robotics and nanotechnology, providgsiicant opportunities
for the improvement of municipal waste management systems. Robotic systems
enable the automation of waste collection, sorting and processing processes.
Their application contributes to increasing efficiency and reducing the risk to
human health. At the same time, the need for manual work in dangerous and
unfavorable conditions is reduced. Nanotechnologies enable the development of
new materials and processes that improve environmental protection. Their
application in the treatmentf avaste water, air and soil contributes to the
reduction of pollution. Improving the recycling process and developing
biodegradable materials represent an important step towards sustainable
resource management. This reduces the pressure on natural resandce
ecosystems. The integration of robotics and nanotechnology in modern
mechanical engineering enables the creation of smart and sustainable systems.
Such systems ensure better process control and more rational use of energy.
Their application is in ardance with the principles of sustainable
development and circular economy. This achieves-teng benefits for both
society and the environment. The role of mechanical engineers in the design and

63



implementation of these technologies is of particular argnce. A
multidisciplinary approach enables effective application of modern solutions in
practice. The development of such systems requires continuous improvement
and research. In the future, an even greater application of robotics and
nanotechnologiesiexpected in the areaminicipal waste management. Based

on the above, it can be concluded that the application of modern technologies is
a necessary condition for sustainable environmental protection. Further
development and integration of roboticglananotechnology will play a key role

in improving the quality of life. Sustainable municipal waste management is
becoming a strategic goal of modern society. Modern mechanical engineering
plays a crucial role in achieving that goal.
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INTEGRATION OF ROBOTICS AND NANOTECHNOLOGIES OF
MODERN MECHA NICAL ENGINEERING INTO MUNICIPAL WASTE
MANAGEMENT SYSTEMS TO IMPROVE ECOLOGICAL SAFETY
AND SUSTAINABLE ENVIRONMENTAL PROTECTION

Abstract: This paper investigates the integration of robotics and nanotechnologies in
modern mechanical engineering as an adexh approach to improving municipal waste
management systems and enhancing environmental safety. The study analyzes sustainable
waste management strategies, including collection, sorting, recycling, and treatment of
hazardous materials, emphasizing the chéer innovative technological solutions. Special
attention is given to the role of robotic systems and nanosensors in increasing efficiency,
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precision, and operational safety. The research highlights the ability of robotic automation to
reduce manual labo optimize processes, and improve reliability, while nanotechnologies
contribute to enhanced material properties, pollutant filtration, and recycling efficiency. The
synergy of robotics and nanotechnologies enables the development of intelligent waste
maragement systems capable of rgale monitoring, adaptive control, and predictive
optimization. The findings confirm that the integration of these technologies significantly
contributes to sustainable environmental protection, rational resource utilizasiod the
development of smart and resilient urban infrastructure.

Keywords: municipal waste; robotics; nanotechnology; sustainable management;
environmental safety; recycling; smart systems; mechanical engineering.
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1. INTRODUCTION

Modern society faces growing challenges in the field of environmental
protection, especially when it comes to munitipaaste management. The
increase in urban areas and the growth of living standards directly affect the
amount of generated waste, which imposes the need for new and more efficient
management systems. Traditional approaches often fail to ensure adequate
ecasystem protection and citizen safety, which requires the application of
modern technologies. The development of modern mechanical engineering and
the application of automation are key factors in the improvement of waste
processing and treatment systems.b&wms enables accurate and efficient
sorting of materials, reduces the need for manual work in risky conditions and
increases employee safety. At the same time, nanotechnologies contribute to the
development of materials and processes that improve thgmgat of waste
water, air and soil, increasing the efficiency of recycling and reducing the
negative impact on nature. The integration of robotics and nanotechnology
enables the creation of intelligent systems that can analyze and optimize
processes in e time. Smart waste management systems reduce the
consumption of energy and resources, reduce the emission of harmful gases and
contribute to sustainable development. In addition to the technical aspect, a
multidisciplinary approach is essential, incluglimechanical engineering,
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electronics, information management and environmental sciences. Municipal
waste management is no longer just a matter of operational logistics, but is
becoming a strategic element of sustainable development. Efficient systems
enalte the rational use of resources, reduce the amount of waste in landfills and
enable the restoration of degraded ecosystems. The aim of this work is to show
how modern technologies, specifically robotics and nanotechnologies, can
contribute to the improveemt of municipal waste management and
environmental protection. New solutions in this area enable better planning and
monitoring of all stages of the process, from waste collection, through sorting, to
recycling and final disposal. Digitization and autoimat of processes
additionally increase the reliability and economy of the system. The application
of advanced technologies contributes to the reduction of operating costs,
improves the quality of work and ensures ldagn sustainability. In this
context,the role of mechanical engineers andeotbpecialists becomes central.

Their knowledge enables the integration of various technologies into
functional, sustainable and environmentally friendly systems. The development
of such systems not only contributesenvironmental protection, but also has
economic and social benefits, opening up space for innovation, new jobs and
technological progress.

2. CHALLENGES AND STRATEGIES OF MUNICIPAL WASTE
MANAGEMENT

Municipal waste is an increasingly present problem iodemn urban
environments and represents a challenge for both local governments and
industrial systems. It is created as a consequence of the daily activities of the
population, the economy and public institutions, and the composition of waste is
diverse ad includes organic matter, plastic, paper, glass, metal and dangerous
substances. It is precisely the heterogeneity of waste that makes it difficult to
properly sort and process it. Inadequate waste management has serious
environmental consequences, inchgl soil, water and air pollution. The
processes of decomposition of organic waste lead to the emission of gases with a
negative impact on the atmosphere. Landfills represent potential sources of
unpleasant odors, microbiological risks and lbeigm ecosyem degradation.

All these consequences directly threaten people's health and the stability of
natural systems. Sustainable municipal waste management requires a systematic
and planned approach, including waste reduction, reuse and recycling. Special
emphais is placed on the rational use of natural resources, which reduces the
need for new raw materials. Efficient systems allow extending the life of
existing landfills and reducing negative environmental impact. The
implementation of sustainable systems ludes adequate infrastructure,
employee training, public education and timely monitoring of the waste flow. A
multidisciplinary approach enables better planning and organization of the
process. Legislation and local regulations play a key role in congoéind
monitoring the process, encouraging respordiighavior by all participants.

66



The concept of circular economy, in which waste becomes a resource, is
of increasing importance in modern systems. Recycling and reuse of materials
reduces pressure on nedl resources and provides economic benefits. Reducing
the generation of waste at the source represents the most effective strategy for
environmental protection, while technology enables precise monitoring and
optimization of the process. Municipal wasépresents a complex problem that
requires a multidisciplinary approach. Every urban environment has a specific
composition of waste, which requires adapted methods of collection, transport
and processing. Organic waste, plastic, metal, paper, glassemticbi@lc waste
require different treatment methods. Unsustainable waste management leads to
soil, underground and surface water pollution, as well as the emission of harmful
gases. Waste dumps become a source of microbiological and chemical hazards.
Polluton affects biodiversity, land and water ecosystems, and in the long term it
can disrupt the climate balance. Sustainable municipal waste management
requires planning of all phasedrom collection, through sorting, to recycling
and final disposal. Effigint infrastructure and modern monitoring systems
enable precise control of the amount of waste and process optimization. Citizen
education and raising environmental awareness also play a key role in reducing
waste generation. Waste reduction strategidsdiecthe "3R" conceptReduce,
Reuse, Recycle. Application of these principles contributes to more rational
consumption of resources and reduction of tieggampact on the environment.

In addition, technological progress enables the development of new
materials and biodegradable products. Modern waste management systems use
software solutions to track waste flows. Smart sensors and IoT devices enable
the optimization of waste collection and transport routes, which reduces CO
emissions and fuel costs. [igation of processes contributes to greater
transparency and efficiency. Legislation and regulations are essential to the
implementation of sustainable systems. Clearly defined standards for disposal,
recycling and waste treatment encourage responsildeavior by all
participants. Local governments and industry must harmonize their activities
with national and international regulations. The application of modern
technologies in this area enables the reduction of the human factor in risky
processes. Autoation reduces workers' exposure to harmful substances and
physical hazards. Robots can perform tasks that are dangerous or monotonous,
increasing productivity and reducing injuries. Municipal waste management in
accordance with the principles of the cimnuleconomy contributes to the
preservation of natural resources. Recycled materiaéntexr the production
process, reducing the need for exploitation of new raw materials. This is
especially important for metals, plastics and paper, the production eh whi
consumes large amounts of energy. The integration of education, legal
frameworks, technological solutions and industrial procedures enables the
creation of sustainable and environmentally friendly systems. In addition to
reducing environmental risks, ish contributes to economic savings and
increased competitiveness of local and national waste management systems.
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3. APPLICATION OF ROBOTICS IN MODERN WASTE
MANAGEMENT SYSTEMS

Robotics has become a key component of modern municipal waste
management systemblodern robots are equipped with sensors, cameras and
intelligent algorithms, which enables them to autonomously sort and recognize
materials. Accurate sorting increases the degree of recycling and reduces the
amount of waste that ends up in landfills. ¢&®s automation also reduces the
need for manual work in hazardous and uncomfortable conditions. The use of
robots contributes to increasing efficiency, reducing operating costs and
increasing system reliability. Autonomous vehicles and robotic arms enable
optimization of transport routes and processes, while waste processing robots
reduce the risk of employee injuries. Further applications include monitoring the
condition of landfills, controlling gas emissions and monitoring container
occupancy in real me. Integrating robotics with smart sensors and software
systems enables data collection for process optimization. Based on data analysis,
it is possible to predict failures, optimize work cycles and improve recycling
strategies. Robotics contributes te treduction of harmful gas emissions and
more rational energy consumption, which directly improves environmental
safety. The development of smart cities further increases the importance of
robotics. Robotic systems become part of urban infrastructureratdeemore
efficient management of resources. Sustainable and environmentally friendly
models of waste management are becoming realistic, while technology enables
better control and planning of all stages of the process. Robotics in the field of
municipal waste management enables efficient sorting, transportation and
processing of different types of waste. Robots can recognize and separate
materials based on color, weight, shape and other characteristics. Automating
these processes increases accuracy ahates human error. Autonomous waste
collection vehicles optimize routes and reduce fuel consumption. In this way, the
emission of harmful gases is reduced and contributes to the preservation of the
environment. Waste processing robots reduce the risk plogee injuries and
enable continuous work without interruption. Smart sensors integrated into
robotic systems enable monitoring of the state of waste in real time. Robots can
detect overfilling of containers, identify hazardous materials and automatically
adjust their activities. This increases the efficiency of the system and reduces the
number of failures. In recycling plants, robots enable precise separation of
materials, which increases the degree of recycling and the quality of final
products. Automatd systems can work continuously, without fatigue or errors,
which increases productivity. The robots can also monitor the level of gas
emissions and control temperatures during waste processing. Further
applications of robotics include working in riskydaadverse conditions, such as
landfills or facilities with hazardous chemicals. Automated systems take over
dangerous tasks and reduce human exposure to harmful factors. This increases
the security and reliability of the system. Robots are also usedalerme data
monitoring and analysis. The collected data enables optimization of the process,
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timely detection of faults and improvement of waste management strategies.
Data analytics enables predictive maintenanckrationalization of resources.

The apfication of robotics contributes to reducing the negative impact on
the environment. Accurate sorting of waste reduces the amount of material in
landfills, optimizes recycling and contributes to rational energy consumption.
Robotic systems enable integoatiwith smart city and environmental networks,
creating a sustainable urban infrastructure. Further integration of robotics with
nanotechnologies and digital systems is expected in the future. Intelligent robots
will be able to independently analyze anguatiprocesses, improving efficiency
and reducing costs. Such integration represents a new generation of
environmentally friendly municipal waste management systems.

4. APPLICATION OF NANOTECHNOLOGIES IN THE FIELD OF
WASTE AND ENVIRONMENTAL PROTECTION

Nanotechnologies enable innovative solutions in the treatment and
processing of municipal waste. The application of nanomaterials in filtration
enables the removal of micrand naneparticles from waste water, which
significantly reduces the pollution of Bvs and lakes. Nanoporous materials
improve the selectivity and efficiency of pollutant adsorption. In solid waste
processing, nanotechnologies enable better separation of waste components.
Nanomaterials are used in sensors that recognize the chemicabsitbompof
waste, which increases the precision of sorting. These materials can recognize
toxins, heavy metals and other hazardous substances in real time.
Nanotechnologies enable the development of catalysts to reduce the emission of
harmful gases. Catdlg nanomaterials accelerate the decomposition of organic
matter and reduce methane emissions from landfills. This reduces the negative
impact on climate change and improves environmental safety. Nanotechnology
enables the creation of antibacterial andf-skelaning surfaces in waste
treatment plants. These surfaces reduce the spread of microorganisms and ensure
a hygienic standard. Nanomaterials can also improve the efficiency of thermal
and chemical waste treatment. In the process of recycling plasticeetals,
nanotechnologies increase the quality and purity of the obtained materials.
Nanocoatings improve the resistance of the material and reduce the need for
additional chemical treatment. These approaches make recycled materials
competitive in industal production. The application of nanotechnologies in
municipal waste contributes to sustainable environmental protection by reducing
the amount of waste that ends up in landfills. This extends the life of existing
landfills and reduces rehabilitation ¢t®s Nanotechnologies enable precise
monitoring and control of emissions, which contributes to better environmental
policy. Nanomaterials are also used in air treatment, where they remove
polluting particles and toxins. Nanofilter systems reduce the emis$§iBM2.5
and PM10 particles, improving urban air quality. In combination with sensors,
nanotechnologies enable automatic adjustment of the system in real time.
Further applications include the development of nanosensors for the detection of
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hazardous was. These sensors can detect electronic, chemical and biological
waste, increasing the safety of workers and the public. Smart nanosensors enable
integration with robotics and digital control systems. Nanotechnologies also
enable the development of new gommentally friendly packaging materials,
which reduces the generation of waste. Biodegradable-cwated films and
composites contribute to the reduction of plastic in nature. This supports the
principle of circular economy and more rational use of ussss. The
integration of nanotechnologies with existing facilities enables the optimization
of the waste processing process. Nangparations increase the speed and
efficiency of chemical and biological reactions, reducing processing time. This
providesan economic and environmental benefit, and the system becomes more
sustainable and flexible. Nanotechnologies also enable the development of
advanced materials for the absorption of heavy metals from wastewater,
including lead, cadmium and mercury. The udfenanostructured catalysts
reduces the emission of harmful gases during the biodegradation of waste.
Nanofilter systems contribute to the preservation of local ecosystems because
they remove small particles that would otherwise contaminate soil and water
Nanomaterials also enable the improvement of therdnwediation process,
where microorganisms break down organic waste. Nanosensors can monitor the
presence of toxins and adjust the operation ofpbazesses in real time. In this
way, the efficiency ofwaste treatment increases significantly, and the negative
effects on the environment are minimized. Nanotechnology is also used in the
treatment of aerosols and patrticles in the apgeially in industrial plants.

Combined with digital systems, nanosarssenable automatic adjustment
of the air cleaning process. The application of nanotechnology in the recycling
of metals and plastics enables a more precise separation of materials and
increases the quality of the obtained products. Nanomaterials rekdececal
reactions of unwanted degradation, thus extending the durability of recycled
materials. These processes enable greater competitiveness of recycled materials
in industrial production. Nanpreparations are also used in composting
treatment, where #y accelerate the decomposition of organic matter.
Nanomaterials improve aeration and moisture retention, which contributes to
more efficient production of quality compost. This reduces the need for
chemical fertilizers and contributes to sustainable aljuce. Further
applications include the development of nanosensors for the detection of
electronic waste, batteries and hazardous chemicals. These sensors enable early
recognition of hazardous materials and prevent environmental pollution. The
integration of nanosensors with information systems enables automatic
adaptation of the processing process. Nanotechnology enables the development
of environmentally friendly packaging materials. Biodegradable {caated
composites reduce the use of plastic andrdmrie to the reduction of waste in
nature. These materials can be recycled or composted, thus supporting the
circular economy. The application of nanotechnologies in waste treatment
facilities contributes to reducing the emission of unpleasant odors.-Nano

70



adsorbents remove sulfides and ammonia from the air, thereby improving the
quality of the environment in urban areas. Nanomaterials are also used in the
development of smart detectors that recognize changes in the composition of
waste. These systems er@binely respons potentially hazardous waste.

Robotic systems and nanotechnologies together enable automatic process
optimization and reduction of the human factor. The use of nanotechnologies
also contributes to the reduction of energy consumptiowaste treatment
plants. More efficient decomposition and filtration processes reduce the need for
additional energy and thereby improve economic and environmental
performance.

5. SMART WASTE MANAGEMENT SYSTEMS: SYNERGY OF
ROBOTICS AND NANOTECHNOLOGY

The irtegration of robotics and nanotechnology represents a new
generation of municipal waste management systems. Robotic systems use
nanosensors and nanomaterials for precise recognition and sorting of materials.
This achieves greater efficiency and reducegaipgy costs. Smart robots can
analyze the chemical and physical composition of waste in real time thanks to
nanosensors. Based on the collected data, robotic algorithms adjust activities and
optimize sorting and processing processes. Integration enabiesomous
management of the entire system. Nanotechnology advances robotics by
increasing the resistance and functionality of materials. Robots can work in
aggressive conditions, at high temperatures and in contact with chemically
dangerous substances. NManatings reduce the wear of parts and extend the
service life of the equipment. Integrated systems enabldimealwaste flow
monitoring, precise gas emission control and automatic process optimization.
Robotic nanosystems reduce the human factor, sle of injuries and the
emission of harmful gases. This improves environmental safety and reduces the
negative impact on the environment. The application of these technologies
contributes to the reduction of operating costs and the increase of productivity.
Roboticnhanotechnological systems can work continuously, adapting to
changing conditions and the type of waste. These systems enable accurate
performance monitoring and predictive maintenance. The integration of robotics
and nanotechnology into modern rhanical engineering contributes to the
development of sustainable urban systems. Smart robotic systems can manage
the collection, transport and processing of waste, while nanosensors enable the
detection of hazardous materials. This ensures a high de§rsafaty and
efficiency. These systems also support the principles of the circular economy.
Materials are precisely sorted and recycled, reducing the amount of waste in
landfills. Nanotechnology enables highality processing and the creation of
new mateials, which reduces the need for exploitation of raw materials. A
further advantage of integrated systems is the ability to scale and adapt to
different urban environments. The modular design enables application in large
and small cities, as well as in instrial plants. The system can be upgraded with
new algorithms, sensors and robots. The integration of robotics and
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nanotechnology enables the development of new patterns of urban planning and
sustainable logistics systems. Intelligent systems monitorevilsts, optimize
routes, monitor container occupancy and dedaomalies in plant operation.

This contributes to the reduction of resource consumption and emissions
of harmful gases. The combination of robotics and nanotechnology lays the
foundations forthe development of smart cities. Smart waste management
systems enable better environmental policy, protection of residents' health and
preservation of natural resources. This approach represents the future of
sustainable municipal waste management. Tiegration of robotics and
nanotechnology enables the creation of intelligent systems that monitor the
entire waste stream. Robotic arms with nanosensors can precisely separate
different types of materials, including plastic, metal and organic matter. This
increases the degree of recycling and reduces the amount of waste in landfills.
Smart systems enable automatic adjustment of robot activity based on data
collected by nanosensors. Robotic systems can identify hazardous materials and
isolate them, increasy employee safety and retilng the risk of contamination.

Nanotechnology contributes to increasing the resistance of robotic
components and reducing the wear of parts. N@atings reduce friction and
extend equipment life, while robotic systems can afgerin aggressive
environments. Smart systems collect data in real time, enabling analytics and
process optimization. Automated waste flow control reduces operating costs and
increases productivity. Robotic systems can monitor the temperature, chemical
conposition and amount of waste, adjusting the processing and transport
processes. Integration enables modularity and scalability of the system. Robotic
nanotechnological systems can be applied in various urban environments, as
well as in industrial plants. fle modular design allows the upgrade of new
sensors, algorithms and robotic components. Smart systems support the concept
of a circular economy because they enable precise sorting and recycling of
materials. Nanotechnology improves the quality of recyctederials, while
robotics optimizes sorting and processing processes. These systems enable the
reduction of harmful gas emissions and rational energy consumption. Smart
systems can monitor the condition of containers and landfills in real time. Based
on cata analysis, optimal routes for waste collection can be planned and timely
response to overfilling of containers. Further applications include integration
with city information networks, where robottanotechnology systems become
part of a smart city. Sun systems enable better planning, control and monitoring
of the environmental performance of urban areas. Smart systems enable
predictive maintenance and fault identification. Robotic components with
nanosensors can detect wear or damage, preventing id@vahd increasing
system efficiency. The application of these systems contributes to the protection
of citizens' health. The risk of contact with hazardous materials and harmful
emissions is reduced, while the quality of the environment is increased. This
synergy of technologies represents a new generation of sustainable and
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intelligent municipal waste management systems, which combines
environmental efficiency, economic sustainability and technological innovation.

6. CONCLUSION

Modern municipal waste magement systems face complex challenges
that require a multidisciplinary approach and the application of advanced
technologies. The increase in the amount of waste, the growth of urban areas and
the complexity of materials make traditional methods lesgieft. The
integration of robotics and nanotechnology enables the improvement of all
stages of the procesdrom collection, through sorting, to recycling and final
disposal. Application of robotics contributes to increasing efficiency, precision
and saéty in working with waste. Robotic systems reduce the human factor and
worker exposure to hazardous materials. Autonomous vehicles and robotic arms
enable optimization of routes, continuity of work and reduction of operating
costs. Nanotechnologies enalihe development of sensors and materials that
increase the quality of waste treatment. Naoated filters and catalysts reduce
the emission of harmful gases and improve the process of material
decomposition. Nanomaterials increase the efficiency of necyaleduce wear
and tear on equipment and enable better separation of materials. The synergy of
robotics and nanotechnology creates intelligent systems that monitor the flow of
waste in real time and automatically adjust processes. Smart systems enable
predictive maintenance, failure identification and resource optimization. Such
systems contribute to reducing the negative impact on the environment and
increasing environmental safety. The application of modern technologies enables
efficient management ofifterent types of waste from organic, through metal
and plastic, to hazardous and electronic waste. Robotic nanotechnology systems
can recognize hazardous materials, isolate them and treat them in an
environmentally friendly way. Sustainable waste mansge through the
application of new technologies contributes to the preservation of natural
resources. Materials are reused, recycled or treated, reducing pressure on the
ecosystem and ensuring a circular economy. The integration of technologies
reduces th need for exploitation of raw materials and increases the economic
efficiency of the system. Smart waste management systems contribute to better
control of harmful gas emissions, optimization of energy consumption and
reduction of pollution. Robotic and anotechnology components enable
continuous process monitoring and adjustment, which is crucial for sustainable
environmental protection. These systems also support the development of smart
cities. Integration with digital networks and urban informatiortesys enables
better coordination of waste collection, sorting and recycling. Cities become
more sustainable, and the quality of life of citizens improves. The application of
robotics and nanotechnology in mechanical engineering opens up new
opportunities ér innovation and technological progress. New materials, sensors
and algorithms enable flexible, scalable and modular systems that can be applied
in different environments. Education and training of professional staff become a
key factor in the success thfese systems. Understanding and correct application
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of technologies enables maximum efficiency and safety. Public awareness and
responsible behavior of citizens also contribute to the sustainability of the
system. Effective waste management systems reitiecask of soil, water and
air contamination, which directly affects human health and biodiversity
conservation. Sustainable systems reduce operating costs and increase the
quality of recycled materials. Sustainable municipal waste management in
combinaion with modern technologies contributes to the ergn preservation
of the ecosystem and the reduction of theatigg impact on climate change.
Efficient and smart systems enable rational use of resources, reduction of
the amount of waste and lotgrm protection of nature. The application of
robotics and nanotechnology in this area lays the foundation for future
innovations. Smart systems will be able to recognize and react to changes in the
environment, optimize processes and improve plant performaktehese
innovations will contribute to the creation of sustainable, environmentally
friendly and economically profitable municipal waste management systems,
which is a key step towards the future of smart and sustainable cities.
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Abstract This paper analyzes the application of robotics and nanotechnolagies i
modern mechanical engineering with a focus on municipal waste treatment, environmental
protection, and the integration of renewable energy sources. The study examines the
automation of waste collection, sorting, and processing through advanced rolsigensy
emphasizing increased efficiency, precision, and operational safety. Particular attention is
given to the role of nanotechnologies in enhancing recycling processes, improving pollutant
detection, and reducing environmental impact through advanceeriala and nanosensors.

In addition, the integration of renewable energy sources, including solar, wind, and biogas, is
considered as a key factor in achieving energy sustainability within waste management
systems. The synergy of robotics, nanotechnolegyl renewable energy enables the
development of intelligent, adaptive, and enegficient systems capable of rdahe
monitoring and optimization. The findings demonstrate that such integrated approaches
contribute significantly to sustainable enviroental protection, reduced emissions, and the
creation of smart and resilient urban infrastructures.

Keywords: robotics; nanotechnologies; municipal waste; environmental protection;
renewable energy; sustainable management; mechanical engineering; rerysimagt
systems.
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1. INTRODUCTION

Contemporary challenges of environmental protection and municipal
waste management require the application of innovative technologies that enable
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sustainability and efficiency. Traditional waste collection, treatment and
recycling systems often cannot respond to the growing demands of urban
environments, leading to soil, water and air pollution. The application of
robotics in this sector enablestlautomation of complex processes, increases
the precision of sorting and reduces the exposure of people to dangerous
substances. Nanotechnologies bring additional benefits through the development
of nanosensors and nanomaterials that increase the effi@éwaste treatment,
reduce the emission of harmful gases and enable the recycling edjuadity
materials. Nanocoated filters and catalysts improve the process of waste
processing, while nanosensors enable the detection of dangerous substances in
real time. In modern mechanical engineering, the integration of robotics and
nanotechnology creates intelligent waste management systems that can
autonomously adjust processing processes and optimize material flows. These
systems increase productivity, reducperating costs and enable better
environmental control of urban environments. For example, robotic systems and
automated waste sorting lines can use electricity from solar panels or wind
turbines, making the whole process more energy sustainable. Inoaddit
organic waste can be used to produce biogas, thereby creating an additional
renewable energy source and reducing the burden on landfills. The combination
of robotics, nanotechnologies and renewable energy sources enables the
development of smart andustainable waste management systems. These
systems not only improve the efficiency of recycling and processing, but also
contribute to the reduction of harmful gas emissions, the rational use of
resources and the preservation of the ecosystem. The imdagwdt these
technologies lays the foundation for future smart cities and sustainable urban
infrastructure. In addition, the integration of renewable energy sources into
waste management systems enables the reduction of dependence on fossil fuels
and the eduction of carbon dioxide emissions. Solar energy can power robotic
units in recycling plants, while wind turbines can provide electricity to transport
waste. By using biogas obtained from organic waste, it is possible to generate
heat and electricity, wbh closes the circle of sustainable energy production.
Smart systems, which combine robotics and nanotechnologies, can monitor
energy consumption in real time and automatically optimize processes to reduce
losses and increase efficiency. Nanomaterialenergy devices can increase
energy storage capacity and reduce maintenance costs. Robotic systems enable
the integration of multiple energy sources into one coordinated system, which
increases the flexibility and reliability of the process. In additiomettucing
energy costs, such systems also contribute to reducing the emission of harmful
gases into the atmosphere. The use of renewable energy in recycling plants
contributes to reducing the city's carbon footprint and improves air quality.
Nanotechnologyenables the development of higfiiciency solar panels and
mini-turbines that can directly power robotic units and sensors. Automated and
nanotechnologggnhanced systems can monitor energy production from waste
and its impact on the ecosystem. Intelligalyorithms enable predictive
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planning of waste processing and optimal use of energy. In urban areas, these
systems can integrate local solar or wind farms with waste treatment facilities,
creating an energy sedufficient infrastructure. Application ofamotechnologies

in solar and wind energy systems increases the efficiency of energy conversion,
reduces losses and enables longer working cycles. Robotic systems can
automatically monitor and maintain power units, which reduces the need for
human labor andincreases safety. The integration of these technologies
contributes to the creation of sustainable and ereffigient cities of the future.

This approach enables the simultaneous reduction of waste and the production
of clean energy, which achieves aneygy between environmental protection
and energy development. Intelligent management systems enable the
optimization of the flow of materials, energy and information, which increases
the overall efficiency of the entire process. The system can monitsorsda
changes and adjust energy production and waste processing according to needs,
thus increasing flexibility and reducing the risk of interruptions. By using
renewable energy, waste treatment plants can operategnicfinode, which is
especially impdant in rural or isolated areas. Further integration of
nanotechnology into energy systems enables the development-cégaetting
batteries and energy storage, while robotics enables precise control and
distribution of energy. These systems supp@tstainable economy and reduce

the negative impact of industrial processes on nature. Smart Frobotic
nanotechnological systems enable simultaneous control of the quality of waste
treatment, energy efficiency and emission of harmful substances. The imegrati

of all these technologies represents a new standard in modern mechanical
engineering and sustainable urban development.

2. MUNICIPAL WASTE, SUSTAINABLE MANAGEMENT AND
SYNERGY WITH RENEWABLE ENERGY SOURCES

Municipal waste represents one of the biggeatlehges of modern urban
environments due to population growth, urbanization and changing lifestyles.
The complexity of waste is increased due to the presence of plastics, electronics,
organic matter and chemical components. Traditional disposal and imgcycl
methods are often not efficient enough and do not provide sustainable solutions
for the future. Sustainable waste management implies the integration of various
technologies and strategies that reduce the negative impact on the environment.
The goal isto minimize waste that ends up in landfills and maximize the
recycling and reuse of materials. Efficient separation of waste enables better use
of resources and reduction of harmful gas emissions. Municipal waste can also
be a potential source of renewablgergy. The organic part of the waste can be
used for the production of biogas through anaerobic digestion. Biogas can then
be used for the production of electricity and heat, thereby reducing dependence
on fossil fuels and contributing to energy susthilitg. Robotic systems enable
automatic collection and sorting of waste, thereby increasing efficiency and
reducing human exposure to hazardous materials. Smart robots can identify
different types of waste, including plastic, metal, paper, glass anddbazar
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waste, and direct them to appropriate recycling or treatment processes.
Nanotechnologies enable precise identification and treatment of various waste
components. Nanosensors detect the presence of heavy metals, toxins and
organic pollutants, while namaterials improve the performance of filtration

and catalytic processes. These approaches increase the efficiency of recycling
and reduce the emission of harmful substances. The integration of renewable
energy sources into waste treatment systems enthlgle@sduction of electricity
consumption from fossil fuels. Solar and wind energy can power robotic units
and automated waste sorting lines. Biogas from organic waste can be used to
heat plants or produce electricity, thus achieving a circular flow oluress.

Smart waste management systems use-tiraal data to optimize waste
collection, transport and processing processes. Predictive maintenance
algorithms keep robotic systems running continuously and efficiently.
Nanotechnology makes it possible to ma&se the durability of equipment,
reduce wear and tear, and provide better protection against corrosion and
aggressive materials. In sustainable waste management, reducing the amount of
waste and its proper processing have a direct impact on the redo€tion
greenhouse gas emissions. Efficient recycling systems contribute to resource
conservation and reduce the need for exploitation of natural raw materials. The
combination of robotics, nanotechnology and renewable energy sources enables
the creation of engy seltsufficient plants for waste processing. Robotic
systems can monitor the amount and type of waste, while nanosensors optimize
processing processes and the production of biogas or electricity. Sustainable
municipal waste management requires plan@aingd coordination between local
governments, industry and citizens. Public awareness and education of the
population are key to reducing the amount of waste and proper separation at the
source. The application of new technologies also provides an ecoheneit.
Automation reduces labor costs, nanosensors reduce material losses, and waste
to-energy production reduces energy costs. This ensureddongsustainability

of the system and greater competitiveness of local communities. Smart systems
can monito seasonal and daily variations in the amount of waste, optimizing
collection routes and plant capacity. The integration of renewable energy sources
enables the operation of the plant in isolated environments, without dependence
on grid electricity. Redung waste and using energy from sustainable sources
directly contributes to reducing the city's carbon footprint and preserving the
ecosystem. Nanotechnology can improve the performance of biogas plants, solar
panels and wind turbines, while robotics pr@&d precise control and
maintenance of systems. Robotic systems can monitor and control greenhouse
gas emissions, while nanosensors enable precise detection of pollutants.
Sustainable municipal waste management and the integration of renewable
energy source enable the development of smart and environmentally friendly
cities. The synergy of robotics and nanotechnology contributes to better process
control and optimization, cost reduction and environmental protection. Smart
systems enable continuous monitgriand adaptation of processes in real time,
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which increases efficiency and flexibility in work. Such systems can be scaled
and implemented in small and large urban environments, as well as in industrial
plants.

3. THE ROLE OF ROBOTICS IN MUNICIPAL WASTE MA NAGEMENT
AND ENERGY SYSTEMS

Robotic systems play a key role in modern municipal waste management
strategies. They enable automatic collection, sorting and processing of waste,
reducing the need for human intervention in hazardous processes. The use of
robds increases the precision and efficiency of sorting various materials such as
plastic, metal, glass, paper and organic waste. Autonomous waste collection
vehicles can follow optimal routes, reducing fuel consumption and emissions.
Robotic arms in recyclo facilities enable the selective separation of hazardous
or hardto-degrade material, which reduces the risk of contamination. Robots
with integrated nanosensors can detect toxins, heavy metals and chemical
pollutants, which enables timely adjustments ttee processing process.
Automated systems can monitor the quality of waste treatment and energy
production in real time. The combination of robotics and nanotechnologies
enables integration into energy systems based on renewable energy sources. For
example robotic lines can use electricity from solar panels or biogas obtained
from the processing of organic waste. This increases energy efficiency and
reduces dependence on fossil fuels. Smart algorithms allow robotic systems to
anticipate variations in ther@unt and type of waste, adjusting the operation of
sorting and processing lines. Robotic systems can operate 24/7, which increases
productivity and reduces plant downtime. In urban areas, the integration of
robots with city information networks enablese tloptimization of waste
collection and processing. Systems can analyze data from sensors in containers,
recognize overfilling and automatically dispatch vehicles to locations where
needed. Robots can also monitor biogas production, control anaerobiemdigest
and optimize the amount of energy obtained from organic waste. Using
nanosensors, robotic systems monitor the chemical composition of waste and the
efficiency of the energy production process. Integrating robotics into recycling
systems reduces labansts and increases safety. Human workers are freed from
direct contact with hazardous materials, while robotic systems perform
hazardous tasks with precision and reliability. Robotic lines can be modular,
which allows easy upgrading of new sensors, algmstand components. Thus,
the systems remain flexible and adaptable to changes in the amount and
composition of waste. The application of robotics in combination with
renewable energy sources contributes to the energy sustainability of the plant.
Robots ca monitor the health of solar panels, wind turbines and batteries,
optimizing operation based on available energy and plant needs. In industrial
plants, robotic systems enable precise manipulation of hazardous materials and
optimization of waste transpaxwards recycling or treatment. Nanotechnology
further improves robot performance, reducing wear and increasing resistance to
corrosion and aggressive materials. Smart robotic systems contribute to the
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creation of energy seHufficient plants, where rohlatlines work in accordance

with the production of energy from waste and renewable sources. This creates a
circular flow of materials and energy, which is the basic principle of sustainable
development. The integration of robots enables continuous maogit@mnd
evaluation of the process, which increases the quality of recycled materials and
the safety of operations. Robotic systems can quickly detect and isolate
hazardous waste, thereby reducing the risk of environmental contamination. The
application of obotics in combination with nanotechnologies and renewable
energy sources represents a key step towards the development of smart and
sustainable cities of the future. Intelligent systems enable the simultaneous
control of waste, energy and pollutant enossi, which contributes to
environmental and energy sustainability. These systems can be applied both in
large urban centers and in smaller local communities, thereby increasing the
availability of sustainable technologies. Smart robotic systems conttibtite
preservation of natural resources, reducing pollution and increasing the safety of
citizens. Robotics in the management of municipal waste and energy systems
enables the creation of integrated, sustainable and eatiggnt plants. These
systemgepresent a synergy of technologies that respond to the needs of modern
society and urban environments.

4. APPLICATION OF NANOTECHNOLOGIES IN WASTE AND
ENVIRONMENTAL PROTECTION

Nanotechnologies bring revolutionary changes in municipal waste
treatment and revironmental protection. Their application enables the
development of nanosensors, nanomaterials and-tnansitions that increase
the efficiency of recycling and reduce the emission of harmful substances.
Nanosensors enable detection of heavy metalsngpwrganic pollutants and
chemicals in real time. Nanomaterials can improve the performance of filters,
catalysts and membranes in waste processing processes. For example,
nanocoated catalysts accelerate the decomposition of organic matter and reduce
thegeneration of harmful gases during waste treatment. Nanotechnology enables
the precise separation of microplastics from waste and guides that enable the
control of particulate emissions in the air. The integration of nanotechnologies
into recycling systemreduces the loss of resources and improves the quality of
recycled materials. For example, nanosensors in sorting lines can automatically
identify and classify plastic, metal and glass with high precision. This increases
the efficiency of recycling andeduces the amount of waste that ends up in
landfills. Nanotechnology enables the development of highly efficient
membranes for the filtration of waste water, which reduces the pollution of
rivers, lakes and groundwater. Nanomaterials improve the absocppacity of
heavy metals and toxins, thereby reducing the negative impact of industrial and
municipal waste on the environment. The combination of nanotechnology and
robotics enables automatic process control, monitoring and adjustment of waste
processingparameters in real time. Robotic units equipped with nanosensors can
monitor the chemical composition of waste and optimize energy production
from organic waste. Application of nanotechnologies in biogas plants enables
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higher efficiency of methane produat from organic waste. Nanomaterials can
improve enzymatic reactions and reduce energy losses during fermentation.
Biogas can then be used for heating or electricity generation, which contributes
to the integration of renewable sources into waste manageNe@notechnology

is also applied in solar and wind energy systems that power waste treatment
plants. Nanosensors can monitor the performance of solar panels, wind turbines
and batteries, while nanomaterials increase the efficiency of energy conversion
ard reduce losses. The robotic systems then distribute the energy towards the
waste processing and sorting lines. Smart nanosensor systems can monitor
pollution in real time and suggest optimizations in the waste processing process.
The integration of theseechnologies enables the simultaneous control of waste
and energy, reducing the emission of harmful gases and increasing the
sustainability of the plant. Nanotechnology enables the treatment of hazardous
and electronic waste. Nanomaterials can isolateyhe®tals and toxins, while
nanosensors monitor process efficiency. Robotic units perform hazardous tasks,
reducing the risk of contamination and worker injury. The combination of
nanotechnologies, robotics and renewable energy sources contributes to energy
sustainable and environmentally friendly systems. Smart systems can predict
variations in the composition of waste, the amount of biogas or the production of
solar and wind energy, adjusting the operation of processing and sorting lines.
Nanotechnology imroves the longevity of equipment, reduces wear, and
increases resistance to chemically aggressive materials. This reduces
maintenance costs and increases plant efficiency. Robotic units can continuously
monitor parameters and intervene when nanosensadesctderegularities.
Application of nanotechnology enables precise detection of microplastics,
chemical pollutants and toxins in air, water and soil. Nanosensors in
combination with robotic systems enable timely corrective actions, thereby
reducing the negfive impact on the ecodgsn. Nanotechnology enables the
creation of new materials that can absorb harmful gases or use waste materials
for energy production. For exampl e, r
other greenhouse gases, while energy from waste powers rolasc dnd
renewable energy sources. These systems can work in real time, predicting
changes in the amount of waste, energy production and material quality.
Intelligent algorithms optimize processes, which achieves synergy between
waste processing, energy prmtion and environmental protection. Smart
systems enable the simultaneous control of waste, energy and emissions of
harmful substances, which contributes to sustainability and environmental
safety. The integration of nanotechnology with robotics andwablke energy
sources creates efficient, safegliable and energgustainable plants. The
application of nanotechnologies in recycling, waste treatment and energy
production is the basis of smart and sustainable cities. Such systems enable
rational use ofesources, reduction of pollution and preservation of biodiversity.
Nanotechnology enables the improvement of the production process of solar
energy, wind energy and biogas, thus achieving energy efficiency and reducing
the negative impact on the enviroant. Robotic units use these energy sources

to operate lines and optimize processes, thus achieving a circular flow of
materials and energy. The combination of nanotechnologies, robotics and
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renewable energy sources contributes to the creation of envintaliyie
sustainable and energy efficient systems that can be applied in urban and rural
environments. Intelligent systems enable monitoring and control of all
processes, thereby reducing the risk of pollution and increasing efficiency. These
advanced systesnrepresent the foundations of future smart cities, where waste
management and energy production function according to the principles of
sustainability. The synergy of nanotechnologies, robotics and renewable energy
sources enables environmentally friendlgnergyefficient and longierm
sustainable infrastructures.

5. INTEGRATED SYSTEMS OF ROBOTICS, NANOTECHNOLOGY
AND RENEWABLE ENERGY SOURCES IN MODERN MECHANICAL
ENGINEERING

Modern mechanical engineering increasingly strives for the integration of
advancedtechnologies that enable efficient and sustainable management of
resources. The combination of robotics, nanotechnologies and renewable energy
sources is the basis for creating smart and ersurgtainable systems. These
integrated systems enable simuéians control of municipal waste, energy
production and environmental protection. Robotic units can automatically
collect, sort and process waste, while nanosensors monitor the chemical
composition and level of pollution. This increases the precision opribeess
and reduces human exposure to hazardous substances. The integration of
renewable energy sources, such as solar, wind and bioenergy, enables powering
robotic lines and energyustainable production. Smart algorithms optimize
system operation in reédme, adjusting line capacities, energy production and
waste processing. Robotic systems can monitor biogas production from organic
waste and direct energy to sorting and processing lines. Nanomaterials increase
the efficiency of filters, catalysts andembranes, reducing the emission of
harmful substances. Combined systems enable reduction of labor and energy
costs, increase of productivity and improvement of environmental performance
of the plant. The integration of nanosensors into robotic units endbée
detection of microplastics, heavy metals and organic pollutants, which
contributes to the preservation of the ecosystem. These systems enatiheereal
operation, adapting to changes in waste composition, energy availability and the
needs of urban emwonments. Process automation reduces downtime and
increases processing capacity, while nanotechnology improves equipment
longevity. Integrated systems contribute to the plant's energysigétfiency,
where energy production from waste and renewablecesulrives processing
lines. Robotic systems can manage energy flow, control plant parameters, and
predict needs according to seasonal changes. Nanotechnology improves the
performance of solar panels and wind turbines, increasing energy storage
capacity ad reducing losses. Robotic units can monitor battery status, biogas
production and line efficiency, optimizing the operation of the entire system.
Integrated systems enable predictive maintenance of equipment, timely
detection of faults and adaptation whste processing lines. Nanotechnology
and robotics enable precise process control, while renewable energy sources
ensure sustainable production. These systems contribute to reducing dependence
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on fossil fuels and increasing the energy efficiency of thatpRobotic units

can monitor the performance of solar panels, wind turbines and biogas plants,
while nanosensors enable the detection of chemical pollutants and the
monitoring of processing quality. The integration of nanotechnologies into
energy systesi enables the creation of materials with high energy storage
capacity, while robotics provides precise distribution control. These systems
enable the simultaneous control of waste, energy production and environmental
protection. The application of integeat systems contributes to sustainable
urbanization and the development of smart cities. Robotic units, nanotechnology
and renewable energy sources work in synergy, increasing productivity and
reducing negative impact on nature. Nanotechnology enableststogdment

of high-performance filters and catalysts, while robotic systems monitor plant
operation and adjust processing parameters in real time. Energy systems from
renewable sources power the entire process, reducing costs and emissions.
Integrated sysims enable flexible scaling of waste processing capacity and
energy production, which is key to adapting to changes in urban environments.
Robotic units can be modular, which allows easy upgrading of new sensors and
components. Smart algorithms enable dp&mization of the flow of materials,
energy and information, thus achieving the efficiency and sustainability of the
process. Nanotechnology increases the durability and resistance of equipment,
while robotics enables automated control and monitoringalbf phases.
Integrated systems contribute to the reduction of greenhouse gas emissions, the
reduction of waste and the preservation of natural resources. Robotic units can
monitor biogas production, the condition of solar panels and wind turbines, thus
ensuring energysustainable waste processing. Nanotechnology enables the
development of new materials for absorbing pollutants and converting waste
into energy. Robotic units manage these processes, enabling precise control and
optimization. These integrategystems enable the simultaneous control of
resources, waste and energy, thus achieving a synergy between technologies and
sustainable development. The application of these systems contributes to energy
efficiency, reducing the negative impact on the emmment and increasing
safety. Integrated systems of robotics, nanotechnology and renewable energy
sources represent the future of modern engineering and sustainable urban
infrastructure. They enable the development of smart cities, efficient waste
recycling and energy sustainability, which is the main goal of modern
engineering.

6. CONCLUSION

The integration of robotics, nanotechnology and renewable energy sources
into modern mechanical engineering represents a key step towards sustainable
municipal waste mnagement. The application of robotics enables automatic
collection, sorting and processing of waste, increasing the efficiency and safety
of the process. Nanotechnologies improve the precision of pollutant detection
and optimize the operation of filtersatalysts and membranes. The combination
of these technologies enables the simultaneous control of waste, energy and
emissions of harmful substances. The integration of renewable energy sources
reduces the dependence on fossil fuels and increases thg sustajnability of
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the plant. Robotic units can monitor the production of biogas, the operation of
solar panels and wind turbines, optimizing the distribution of energy. Smart
algorithms enable predictive planning, adapting waste processing and energy
production processes to changes in the amount and composition of waste.
Nanomaterials increase the durability of equipment, reduce wear and tear and
reduce maintenance costs. The application of these technologies reduces the
emission of particles and harmfgases, contributing to the preservation of the
environment. Systems based on robotics and nanotechnology contribute to the
creation of energy seHufficient and environmentally friendly plants. Process
automation reduces human exposure to hazardous sobstand increases
work safety. The integration of renewable energy sources into these systems
enables sustainable production of electricity and heat. The comprehensive
application of these technologies contributes to the development of smart cities,
efficient waste recycling and resource conservation. The synergy of robotics,
nanotechnology and renewable energy sources lays the foundation for
sustainable urban development. These systems represent the future of modern
engineering and environmental protentio

REFERENCES
1. Asadi M. Nanotechnology for Sustainable Waste Management. Elsevier, Amsterdam, 2020.
2. Kalogirou S. A. Solar Energy Engineering: Processes and Systems. Academic Press, London,
2014,
3. Siciliano B., Khatib O. Springer Handbook of Robotics. Sprirggrlin, 2016.
4. Chen G. Nanomaterials in Environmental Protection. CRC Press, Boca Raton, 2018.

5. Tchobanoglous G., Theisen H., Vigil S. Integrated Solid Waste Management. Md@Braw
New York, 2015.

6. Bogue R. Robots in Waste Management. Industrial Robdntarnational Journal, 2016. Vol.

43(6).

7. Pichtel J. Waste Management Practices. CRC Press, Boca Raton, 2019.

8. Rao C. N . R. , Mel | oer AL, Cheet ham -XCH, K. T
Weinheim, 2017.

0. Lund H. Renewable Energy Systems: A Smart ggn€ystems Approach. Academic Press,

London, 2021.

10. Zhang Y., Chen Y. Application of Nanotechnology in Environmental Engineering. Journal of
Cleaner Production, 2019. Vol. 234.

11. ISO 14001:2015 Environmental Management SysieRsquirements with Guidance fose.
International Organization for Standardization, Geneva.

12. European Commission. Waste Management and Recycling Policies. Brussels, 2020.

13. Sharma S. Green Robotics and Sustainable Automation. Springer, Cham, 2022.

14. Boyle G. Renewable Energy: Power for atainable Future. Oxford University Press, Oxford,
2017.

15. Singh R. Sustainable Engineering Solutions for Wastenergy Systems. Springer, Singapore,
2021.

84



UDC 621.9:681.5:004.94

Sapon SP., Drachuk O. O., Frolov V. K., Vakulenko M. V. (Nationd
Technical Uni versity of Ukraine #fAlgor
Kyiv, Ukraing.

METHODS FOR CREATING DIGITAL TWINS OF MANUFACTURING
EQUIPMENT

Abstract The article analyzes modern methodologies for creating digital twins of
manufacturing egipment in the context of cybphysical production systems development.
The main modeling approaches are considered, including pHyased, datadriven, and
hybrid methods, each providing different levels of accuracy and adaptability. The stages of
digital twin creation are described, including sensor integration, data processing, model
construction, and reafime synchronization with the physical object. Architectural principles
in accordance with 1SO 23247 are examined, along with the role of lloTe/Ekiyid
computing, and digital platforms in ensuring system integration and scalability. Key
implementation challenges are identified, such as the closed nature of CNC systems,
complexity of processing largec al e i ndustri al d a tnemenoa. iid t he
demonstrated that hybrid approaches provide the most effective solution for developing
adaptive digital twins that enhance production efficiency and enable predictive control
strategies in smart manufacturing environments.
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Problem Statement The fundamental basis for the transformation of
modern mechanical engineering production is the developmentybkr
Physical Production Systems (CPP$yhich ensure deep and continuous
convergence of computational resources, networking technologies, and physical
processes. [1, 2].

Despite the high level of automation, the majority of modern
manufacturing equipment, including machine tools, remain infoomagblated
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systems. They operate predominantly based on the execution of rigidly pre
programmed instructions ¢€ode), lacking the capability for advanced self
diagnostics, adaptation to stochastic disturbances during the cutting process, and
horizontal nteroperability with other elements of the production environment
[1]. This results in a critical gap between the stage of virtual process planning
within CAD/CAM/CAE systems and the actual execution of operations in the
physical domain. The consequenceks this gap include machining under
suboptimal cutting conditions, the occurrence of unpredictable thermal
deformations, premature and unpredicted tool wear, the emergence -of self
excited vibrations (chatter), and, consequently, a reduction in the overall
equipment effectiveness (OEE) [1, 3].

The concept of the Digital Twin (DT) provides a comprehensive and
systemic solution to the aforementioned problem. A Digital Twin (DT) of
manufacturing equipment is not merely a static Haiegensional model, but a
high-fidelity, multiphysics, multiscale, datategrated virtual replica that is
continuously synchronized with its physical counterpart in real tinn@][3

The implementation of DT technology has enabled the emergence of a
new generation of manufacturing @gmenti CyberPhysical Machine Tools
(CPMT) [1, 2]. Within the paradigm of Smart Manufacturing, the development
of DTs for manufacturing equipment facilitates the transition from a reactive to
a proactive control model, in which critical situations, fiahkj or deviations of
functional parameters are identified and mitigated within the virtual
environment prior to their manifestation in the physical system [4, 5].

Accordingly, the analysis and systematization of approaches to the
development of Digital Twms for manufacturing equipment make it possible to
identify the most effective methodologies and algorithms, forming the basis for
a structured and unified framework. Such a framework ensures high quality,
reliability, reproducibility, scalability, and sb efficiency in the development of
Digital Twins for manufacturing equipment and related systems.

Analysis of recent research and publications.The evolution of
scientific perspectives on the Digital Twiooncept demonstrates a rapid
transition from theaatical constructs to established industrial standards. The DT
concept was first introduced by Michael Grieves in 2002 as an informational
mirror model for product lifecycle management [7]. In 2012, the NASA space
agency integrated Digital Twin technologyprfpredicting the condition of
aerospace systems [3].

Over the past decade, there has been a significant increase in applied
research focused on the development of DT for manufacturing processes and
machine tools. In particular, in studies [1, 2], Liu, Ghet al. proposed the
concept of the Machine Tool Cyber Twin (MTCT) and developed a
methodology for transitioning from conventional CNC machine tools to eyber
physical machine tools. F. Tao and M. Zhang, in works [8, 9], introduced a
multi-layer DT architeture based on a fivéimensional model oriented toward
big data convergence.
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The monograph [10] presents simulation models of dynamic
characteristics, machining processes, energy efficiency, and related aspects,
forming the basis for the development ahachine tool DT as a cybghysical
system.

In studies [11, 12], the authors proposed a holistic concept of a Digital
Twin for a CNC milling machine, along with its implementation in the
MWorks/Modelica environment for predicting the remaining usefuldiid the
failure probability of ball screw drives.

The authors of [13] developed algorithms for identifying the parameters
of machine tool dynamic stiffness using a Digital Twin framework.

An analysis of the literature indicates a shift in scientific fotam the
development of purely isolated simulation models (whit& models) toward
comprehensive hybrid systems (gi®yx models), which are continuously
updated in real time through artificial intelligence algorithms and standardized
loT interfaces. In arallel, an active standardization process is underway, as
evidenced by the adoption of the 1ISO 23247 series of standards [14, 15], aimed
at addressing interoperability challenges among heterogeneous equipment in
modern manufacturing environments.

The objective of this studyis to identify, comprehensively analyze, and
systematize contemporary approaches, architectures, and methodologies for the
development of Digital Twins of manufacturing equipment.

Presentation of the main material.In contemporary scidific literature
[161 18] and regulatory documents (in particular, the ISO 23247 standard) [14],
the concept of a Digital Twin is defined as a-fit-purpose virtual
representation of an observable manufacturing element, comprising the physical
element itelf, its digital model, and bidirectional information links between
them, which ensure synchronization and continuous interaction in real time.

The fundamental distinction of a Digital Twin lies in the level of
automation of data processing, the degree dafa integration, and the
directionality of information flows between the physical object and its digital
counterpart. These differences, based on studies [4, 5, KGl8]l6are
systematized in Table 1.

Table 17 Toward the definition of concepts of digitapresentations of
physical objects

Concept Data flow | Data flow Characteristics and application
between between examples
objects objects

(physi(digi ]
digital) physical)

Digital Manual Manual | Virtual representation of an obje
Model without adomatic connection to i
Any changes in the physical object i
manually entered into the model by
engineer. Example: static 3D CA

87



model of a machine tool.

Digital | Automatic
Shadow

Manual |Oneway data flow. The mode
automatically changes its ste
synchronously with the physical obje
but cannot influence it. Exampl
SCADA system, dashboard f
monitoring spindle temperature.

Digital | Automatic
Twin

Automatic | Two-way communication. The mod

receives data, analyzes it, gener:
control commands, nal automatically
influences the physical proces
Example: adaptive adjustment

machine tool feed to avoid vibrations

The evolution of DT implementation into production infrastructure can be
assessed using maturity modelsi[29]. According to the ISDEC 30186 series
[19], ISO 22549 [21], and the MESA MOM methodology, five main maturity
levels of digital twins for technological equipment are distinguished (Fig. 1).

Level 1
(Identified /
Initial)

Level 2
(Measured /
Data
Collection)

Level 3
(Analysed /
Context-
Aware)

Level 4
(Optimized /
Predictive)

Level 5
(Autonomous /
Cognitive)

» Static identification. Presence of a digital model
only (drawings, specifications) without
connection to data flows.

Digital shadow level. Real-time data acquisition
1s provided, enabling observation of equipment
status, but without in-depth automated analysis.

Deep analytics level. The system i1s capable of
integrating data from various sources, performing
data fusion, and detecting anomalies in the
operation of technological equipment using
mathematical algorithms.

Predictive optimization level. The DT utilizes
past and current data to run what-1f’ simulation
models. The system predicts tool wear or thermal
deformations and proposes optimized solutions to
the operator.

Full autonomy level. The digital twin (Cognitive
Digital Twin) independently identifies optimal
event evolution scenarios and, without human
mtervention, transmits control directives to the
CNC system for continuous improvement of
productivity and quality.

Figure 1i Five main maturity levels of digital twins for technological

equipment
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The development of the core foundation of a DT requires the selection of
an appropriate modeling methodology capable of describing, with the necessary
accuracy, the behavior of technological equipment as a complex mechatronic
system. Current approaches améthodologies for creating DT are classified
into five main paradigms:

- Physicsbased modeling;

Datadriven methods;

Hybrid approaches;

Multi-physics and mukliscale modeling;
ModelBased Systems Engineering (MBSE).

Physicsbased modeling (Whitebox) for the mathematical description of
technical system behavior is founded on fundamental laws of physics,
mathematics, and kinematics [22, 23, 24]. The main advantages are a high level
of interpretability (transparency of cauaredeffect relationships) and théiéty
to extrapolate results to operating modes for which no experimental data have
been accumulated [24]. However, phydiased models are characterized by
high computational complexity, which makes their direct use for-tneal
process control infeddle.

Data-driven modeling (Black-box) is based on the application of
machine and deep learning algorithms to uncover hidden patterns within
industrial data arrays [22, 23]. This approach is notable for its high inference
speed, making it suitable for reahe monitoring. Nevertheless, its drawbacks
include the "blackbox effect” (low interpretability of results), dependence on
vast volumes of heterogeneous data, and an inability to adequately respond to
situations that fall outside the training dataset.

Digital twin creation methodologies based loybrid modeling (Grey
box) synergistically combine the advantages of phyb&sed and datdriven
approaches while mitigating their respective drawbacks. In the hybrid paradigm,
a physicsbased model can be usedfline to generate theoretical data for
extreme machining conditions. On this data, combined with real data;adlso
surrogate model or a physicdormed neural network is trained [24]. The
resulting surrogate model is then integrated into the dityii@a core, ensuring
the physical plausibility of the results.

Multi -physics and multiscale modeling Technological equipment
represents a typical cybphysical, mechatronic system. Developing an
adequate digital twin thereof requires a mdtimain (miti-physics) approach,
which involves the c@imulation of mechanical, electrical, hydraulic, and
algorithmic subsystems within a unified environment [26]. Msitidle
capability refers to the model's ability to handle physical processes at different
spatal and temporal levels: from the miel@vel of chip interaction with the tool
rake face to the macilevel of thermal deformations of the entire machine tool
structure.

Model-Based Systems Engineering (MBSEhvolves the use of digital
models as the prinma carrier of information throughout the system lifecycle.
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The use of standardized languages such as SysML (Systems Modeling
Language) allows for the formalization of system requirements, as well as
structural and behavioral relationships among all subsyst of the
technological equipment [25, 27]. MBSE ensures continuous and automatic
validation of any changes made to the virtual architecture of the digital twin.
This significantly reduces the risks associated with creating digital twins of
technologicakquipment.

Building upon the CPMT concept [1, 2, 11, 28], the methodology for
creating a digital twin comprises the following stages:

1. Creation of the physical integration leveletrofitting an existing
machine tool with additional sensors (vibration aecsion, temperature,
cutting force, acoustic emission, etc.) featuring enhanced embedded signal
processing capabilities.

2.Data fusion and prprocessing.raw highfrequency signals from
sensors undergo digital filtering, noise reduction, and spatiotemporal
synchronization. Disparate data streams are aggregated and linked to specific
machine tool components using a unified semantic model.

3. Construction and tuning of thremensional geometric, kinematic,
and multiphysics modelsepresenting the state of ttexhnological equipment.

4. Virtual-real mappingestablishing a continuous connection between the
physical and virtual objects via industrial protocols.

5. Validation, verification, and optimizatiortomparing values predicted
by the virtual modelwith actual sensor readings. Based on the detected
deviations, optimization algorithms adjust the internal parameters of the digital
twin model, ensuring the DT's adaptability to changes in the state of the
technological equipment or environmental conditions.

Modern dgital twin architectures are evolving toward standardization,
interoperability, and distributed computing, enabling the integration of disparate
equipment into unified production systems. ISO has developed the standard 1SO
23247 "Digital Twin Framework foManufacturing" [14, 15], which defines a
reference foutevel architecture for digital twins in mechanical engineering.

The classical digital twin architecture is incapable of handling the volume
of data generated by built and additionally integratesensors within a cyber
physical machine tool due to the vast number of Hfighuency signals.
Therefore, modern digital twin architectures are distributed across edge and
cloud computing (Edge/Cloud Computing) [10, 28].

The creation of a digital twin fatechnological equipment is impossible
without an appropriate platform (DT Platforms). Leading global develdpers
Siemens MindSphere, PTC ThingWorx, Ansys Twin Builder, and AWS IloT
TwinMaker i offer cloudbased and hybrid platforms (IoT OS) that act as
integrators for all components of the twin [28]. These platforms provide a
Digital Thread between CAD/CAE models, control systems, and sensor data
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from technological equipment, as well as offering an environment for deploying
analytics and machine learningatithms.

Despite their significant potential, the widespread industrial
implementation ofdigital twin faces a number of serious technical and
organizational obstacles.

The most significant challenge is the closed nature of most CNC systems,
which effectvely renders them information "black boxes." Industrial data are
often noisy, contain gaps, and are highly imbalanced. The number of records of
technological equipment operating under normal conditions far exceeds the
number of records containing anomaliéisereby complicating the training of
neural networks.

High-fidelity physicsbased modeling, particularly nonlinear finite
element analysis and CFD analysis of thermodynamics, demands enormous
computational resources and hours of machine time. Conseguseil direct
integration into the redaime control loop of a machine tool is currently
practically infeasible.

Due to changes in the state of technological equipment over its
operational lifetime, its initial idealized virtual model gradually losesvaghce.

This is the secalled "model drift* phenomenon. The development of reliable
automated seltalibration algorithms for digital twins throughout the entire
service life of technological equipment remains an open scientific challenge.

Despite the emgence of standards (ISO 23247, OPC UA), the
integration of diverse equipment, legacy systems, sensors from different
manufacturers, and corporate IT systems into a unified "digital thread" remains
an extremely labeintensive and costly engineering endaavo

The further development dfigital twin technologies will move toward
enhancing their cognitive capabilities, computational speed, and global
convergence.

Conclusions.The analysis of existing digital twin creation methodologies
demonstrates that theghiest efficiency is achieved through the use of a hybrid
(Grey-box) approach, which synergistically combines the reliability of
deterministic physiebased models with the speed and adaptability of artificial
intelligence algorithms for redime data proessing.

The most promising directions for future research are:

- overcoming the closed architecture problem of CNC systems (eliminating

“black boxes") to ensure unimpeded and secure access to internal

telemetry;

- developing efficient mathematical methods feelf-calibration and
adaptive modification of simulation models of technological equipment,
taking into account changes in its state throughout the lifecycle;

- advancing cognitive digital twin technologies capable of autonomous
decisiormaking and their itegration into the network architectures of
industrial metaverses.
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The implementation of these directions will ultimately transform digital
twins from a powerful analytical tool into an indispensable autonomous
intelligence for the smart manufacturing bétfuture.
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IMPROVING THE DESIGN OF INTERNAL DIMENSIONAL DEVICES
INSTALLED INSIDE A CLOSED -LOOP WIND TUNNEL IN ORDER
TO REDUCE ADDITIONAL DRAG LOSSES

Abstract This paper addresses the additional drag losses of a smoke generator and

support struts in a closeldop wind tunnel. Afunctionally and aerodynamically integrated

design method is proposed, transforming conventional cylindrical shapes into teardrop or
symmetric airfoil streamlined bodies. The smoke generator features ahswiadtvard side,
flush-mounted micreorifice nozzles, and recessed controls on the leeward side. The support
struts adopt symmetric airfoil sections, adjustable bases, conical fairings, and carbon fibre
composite. CFD and experiments demonstrate drag teohsc of 84.3% for the smoke
generator and 88.6% for the struts, with a combined additional drag reduction of
approximately 85% and significantly improved flow quality.

Keywords:industrial design, fluid mechanicsrbulentflow control closedloop wind
tunnel; smoke generator; support strut; additional drag loss; streamlined design;
aerodynamic optinsation.
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1. INTRODUCTION (SUBJECT OF STUDY, BASIC DESCRIPTION OF
RESEARH RELEVANCE, APPROACHES AND PRIORITY AREAS )

1.1 Subject of Study

The subject of this paper is thieternal dimensional devices installed
inside a closedbop (closeetestsection) wind tunnel, spdically focusing on
two key types of equipment:

1.Smoke generator (tracer particle generator): an auxiliary device used
for flow visualization and Particle Image Velocimetry (PIV) measurements. Its
function is to generate micresized tracer particles sggeam of the wind tunnel
to reveal the flow behaviour around the test model.

2.Support struts beneath the model support platform: -beeting
structures used to secure the test model and enable attitude adjustments (e.g.,
angle of attack, sideslip angle)

In conventional wind tunnel designs, these two types of devices typically
employ circular, rectangular, or other mstneamlined crossections. As a
result, they generate significant additional drag in the airflow, induce wakes,
vortices, and turbulerftuctuations, increase the total pressure loss of the wind
tunnel circuit, degrade the flow quality in the test section, and potentially affect
the accuracy and repeatability of experimental data.

1.2 Basic Description of Research Relevance
The primary advamige of a closetbop wind tunnel is its ability to
provide a highguality, lowturbulence, uniform flow field wittrelatively low
energy consumption. However, every component in the wind tunnel 8ircuit
whether active (e.g., fan section, turning vanes)assjve (e.g., measurement
and support deviced)contributes to total pressure loss. In traditional design
practice, internal dimensional devices such as smoke generators and support
struts are often installed as functional accessories in an "afterthoughtiem
with little or no consideration given to their aerodynamic shapes.
The problems arising from this neglect include:
¥ Reduced energy efficiency:The additional drag from nestreamlined
devices directly increases the fan power demand, raising opecastsy For
research or industrial wind tunnels operating over long periods, the
cumulative energy loss can be substantial.

¥ Degraded flow qualty: The K8r m8n vortex stree
generated by circular or blufody flows propagate downstream,
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contaminating the test section flow and interfering with the observation of
fine aerodynamic phenomena such as boundary layer transition and
separation.

¥ Increased measurement uncertainty:The wake from support struts may
directly impinge on the model base aiterbody, affecting the accuracy of
pressure, lift, and drag coefficient measurements. -INoform particle
distribution from the smoke generator can also introduce bias in PIV
velocity measurements.

¥ Limited test capability: Strong wake disturbances amgbrations may
restrict the operable wind speed range and the attainable model attitude
angles.

Therefore, aerodynamic optimization of these two types of internal
dimensional devicésto minimize drag and flow interference while preserving
their original functionalityd is an important technical approach for improving
overall wind tunnel performance and ensuring higlality experimental data.
This research not only offers direct economic benefits (energy savings) but also
contributes to a paradigm shift innd tunnel design, moving from "component
assembly" to "flowpath integration”.

1.3Research Approaches and Priority Areas

This study adopts a combined methodologyCofnputational Fluid
Dynamics (CFD) simulatioandwind tunnel experimental validation, follomg
a technical route of "analysisdesigni evaluationi validation". The specific
research approaches and priority areas are as follows:

(1) Functionali Structural Decoupling Analysis of Devices

The first step is to perform a functionatructural decomposin of the
smoke generator and support struts, identifying which components must be
retained (e.g., liquid reservoir, heating element, nozzles, electrical connectors,
mounting flanges) and which can be optimized or relocated. On this basis, a
functional castraint checklist is established to provide boundary conditions for
subsequent shape design.

(2) Streamlined Aerodynamic Shape Design

¥ Smoke generator: Replace the traditional cylindrical/rectangular housing
with an airfoil (e.g., NACA 00 series), teardrop, spindle shape; replace
protruding nozzles with flusmounted micreorifice arrays or porous
sintered metal plates; relocate all control elements (power switch, indicators,
filler port, communication connectors) to the leeward side with recessed or
flush mounting.

¥ Support struts: Replace circular crossections with symmetric airfoll
sections (e.g., NACA 0@)(Fig. 1), optimising the thicknes®-chord ratio;
design conical streamlined fairings to eliminate stefuced separation; for
multi-strut systemspptimise the relative positions and spacing to avoid
wake superposition and resonance.
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Figure1 NACA 0015
(3) Prototype Manufacturing and Experimental Validation

Additive manufacturing (3D printing) or precision machining is used to
fabricate prototypes ofhe optimised devices. Force balance measurements
(drag), flow visualisation (smokeire/laser sheet), and PIV measurements are
conducted in a small closédop wind tunnel to validate the drag reduction and
flow quality improvement, and to compare with CF3ults for calibration.

(4) System Integration and Cumulative Loss Assessment

The optimised smoke generator and support struts are installed
simultaneously in the wind tunnel circuit. The mutual wake interactions and the
combined interference with the testcton flow are evaluated. The total
additional drag reduction and the reduction in total circuit pressure loss are
calculated.

Priority areas:

¥ Compact integration technology for internal components (reservaoir,
electronics, heating element) within a stréaed housing for the smoke
generator;

¥ Uniform outflow design and antlogging measures for flusmounted
micro-orifice nozzles;

¥ Multi-objective optimisation of airfoil support struts considering load,
stiffness, and drag;

¥ General design guidelines thatncbe extended to other internal dimensional
devices (e.g., total pressure rakes;\iwe probes).

Through the above research, this paper aims to develop a set of
"functionally and aerodynamically integrated" design methods for internal
dimensional devicg providing theoretical foundations and engineering
examples for efficient, lovdisturbance operation of closémbp wind tunnels.

2. THE STUDIED PROBLEM STATEMENT AND IMPORTANCE

2.1Problem Statement

In typical small to mediurscale closedoop wind tunnels,smoke
generators (tracer particle generators) and support struts beneath the model
support platform are two types of internal devices that are indispensable yet
whose aerodynamic impact is generally overlooked. Existing designs usually
prioritise functionéty and manufacturing cost, with almost no consideration
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given to the interference caused by their shape. The specific problems arising

from this situation can be summarised as follows.
2.1.1Smoke Generator Aspects

¥ Non-streamlined shape: Commercially availald or custorrbuilt smoke
generators mostly adopt cylindrical tanks, rectangular boxes, or irregular
housings with pronounced edges. Under oncoming flow, such shapes
generate large pressure drag, with drag coefficients (Cd) typically between
1.0 and 1.2 (b&sl on frontal area).

¥ Severe local protrusions: To meet operational and connection
requirements, the device surface often features protruding power switches,
adjustment knobs, indicator light covers, aviation connectors, filler caps, and
injection nozzles.Each of these protrusions acts as a small bluff body,
inducing local vortices and increasing total drag.

¥ Crude nozzle designConventional smoke injection tubes are usually metal
or plastic tubes protruding from the housing, with diameters ranging from a
few millimeters to over ten millimeters. These protruding structures not only
generate drag themselves but also produce slender wake jets downstream,
interfering with the uniformity of the flow field behind them.

¥ Sensitive upstream installation position:Snoke generators are typically
installed near the settling chamber exit or the contraction section inlet, i.e.,
directly upstream of the test section. Their wakes and turbulent fluctuations
propagate directly downstream, contaminating the entire flow fielthe
test section and thereby affecting the accuracy of aerodynamic force
measurements on the model.
2.1.2Support Strut Aspects

¥ Unfavorable crosssectional shape:The struts beneath the model support
platform are often constasection circular cylinders, wit diameters
typically between 10 mm and 20 mm. Flow past a circular cylinder exhibits
a classic K8rm8n vortex street; t h
wind speed, which may induce structural vibration and leave a wide,
turbulent wake downstream.

¥ Abrupt connections: The junctions between the struts and the platform, as
well as between the struts and the tunnel wall, often employ-aiggie
welding or direct bolting, creating steps or gaps. These geometric
discontinuities trigger flow separation anteattachment, generating
additional local losses.

¥ Mutual interference between multiple struts: When two or more parallel
support struts are present (e.g., in tsirut configurations), their wakes
interact. This can lead to vortex shedding latkwake broadening, or a
sharp increase in turbulence intensity, further deteriorating the flow
environment in the model region.

¥ Insufficient stiffness and damping: Slender circular cylinders are prone to
bending and torsional vibrations under aerodynamic loasfsecally near

the vortex shedding resonance frequency. These vibrations are transmitted
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through the support platform to the model, introducing spurious fluctuations
in the measured signals.

2.2 Importance

Aerodynamic optimization of smoke generators and supgtruts to

reduce their additional drag losses has multiple important implications, spanning
energy economy, experimental accuracy, testing capability, and design
methodology.

¥

2.2.1Energy Efficiency and Operating Costs

The total pressure loss in a wind tehmlirectly determines the fan power
required to maintain a given wind speed. Reducing the additional drag of
internal devices decreases circuit losses and thereby saves energy.

For research or industrial wind tunnels operating more than 8 hours per day,
annual electricity savings can reach thousands to tens of thousands of
kilowatt-hours, while also reducing the Iload on fan motors,
variablefrequency drives, and other equipment, extending their service life.
The energy saving effect is even more pronouncedind tunnels that
require longduration continuous operation (e.g., material fatigue testing,
climatic simulation).

2.2.2Flow Quality and Data Accuracy

The wakes of smoke generators and support struts are among the main
sources of additional turbulence the test section. Through streamlined
optimisation, the downstream turbulence intensity can be reduced by 60%
75%, bringing the test section flow closer to an ideal uniform flow.

After reducing the interference of support strut wakes on model base
pressurethe measurement uncertainty of drag coefficient can be lowered by
approximately 30%, which is critical for accurately determining key
quantities such as aircraft drag increments and automotive drag coefficients.
Flushmount nozzles and uniform particlelease improve the homogeneity

of tracer particle distribution for PIV measurements, reducing velocity errors
caused by concentration gradients.

2.2.3Safety and Reliability

Streamlined designs eliminate sharp edges and protrusions, reducing
component vibrationand stress concentrations under ksgieed flow,
thereby lowering the risk of fatigue failure.

By optimising damping and stiffness, voriexiuced vibrations can be
effectively suppressed, preventing resonance between the support system
and the tunnel sficture and ensuring lorigrm operational safety.
2.2.4Methodological Value for Design

The Afunctionally and aerodynamic
proposed in this studyincluding functionalstructural decoupling,
leewardside integration, flusimount nazles, and airfoibection struid

can be extended to other intrusive devices in wind tunnels, such as total
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pressure rakes, hatire probes, anglef-attack mechanisms, and turning
vanes.

¥ The resulting design guidelines and optimisation procedures camd@rov
theoretical foundations and engineering examples for thedtag design of
new wind tunnels and the retrofitting of existing facilities.

¥ The methodology may also be applicable to other fluid experiment facilities,
such as recirculating water channadsd cavitation tunnels, offering
crossdomain generality.
2.2.5Filling Research Gaps

¥ As noted in the literature analysis, there is almost no existing work on the
aerodynamic design of smoke generators, and studies on support struts have
focused mainly on modeinterference rather than circuit losses. This
research directly addresses these neglected gaps by providing systematic
optimisation schemes and experimental data.

¥ By optimising two types of devices simultaneously and evaluating their
cumulative effects,his study fills the gap in research on mdlévice joint
optimisation and system integration.

In summary, addressing the additional drag problem of smoke generators
and support struts is not only a direct means of improving wind tunnel
performance and enomy, but also an important undertaking for ensuring
high-accuracy aerodynamic measurements, expanding wind tunnel testing
capabilities, and advancing the design philosophy of wind tunnels. Therefore,
this research has clear engineering value and acadegnificance.

3. PRINCIPAL IDEAS AND RESEARCH RESULTS DESCRIPTION
3.1Principal ideas

The core idea of this research is to transform the smoke generator and
support st r u tfist, atrodgnamichieghetcit ed 0 auxi |
into Afunctrioadnyanlalmi cahdyaentegrated?o
This is embodied itwo design principles:
¥ Streamlined shape: Replace traditional cylindrical or rectangular
crosssections with aerodynamically optimal shapes (airfoil, teardrop) to
reduce drag at the saa.

¥ Flush surfaces:Convert all protruding nozzles, switches, connectors, and
sight glasses into flusmounted or embedded features, or relocate them to
the leeward side, eliminating local flow disturbances.
3.1.1Design considerations: continuous versus discbnuous curvature

Before finalising the teardrop shape for the smoke generator housing,
alternative fairing geometries were examined. In particular, a convex shape with
discontinuous curvature (e.g., a blunt front end followed by an abrupt change in
slopecreating a fAipolylined profile) was
offer certain practical advantages:
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¥ Structural strength and stiffness: A discontinuous curvature can act as an
integral rib, increasing the local bending stiffness without addingaextr
weight. This is especially beneficial at the connection between the fairing
and the functional main body of the smoke generator.

¥ Internal space utilisaton:A s hape with a distinct
provide a more regular rectangular cavity instbe housing, making it
easier to accommodate components such as the liquid reservoir, motor, and
control board.

¥ Flow control potential: In certain bluffbody or moderately slender fairings,
a deliberate small step or sharp corner can generate a fixethts@pa
bubble. This bubble acts I ike a Aro
causing downstream reattachment, which may suppress the periodic
shedding of t he K8r m&8n vortex Stroe
Discontinuous curvature can alsot aa&s a transition trigger, promoting
earlier transition to turbulence and thereby delaying faogde separation, a
strategy used in vehicle side mirrors and building rounded corners.

Given that the primary goal of this study is to minimise additionay dra
and flow disturbance for highuality PIV experiments, continuous curvature
(teardrop profile) was selected for the windward side and the main body of the
smoke generator. Nevertheless, at the-eritical leeward side connections
(e.q., where the fairgn attaches to the functional main body), a small step
(discontinuous curvature) is intentionally retained to create alikab
reinforcement, improving structural integrity without significantly affecting the
upstream flow. This hybrid approach balancesodgnamic performance with
practical manufacturability and internal space utilisation.

3.20ptimised Design of the Smoke Generator

3.2.1Functional Components That Must Be Retained
Before performing shape optimisation, it is necessary to identify which
componentsof the smoke generator must be retained, because optimisation
cannot sacrifice basic functionality. These components include: the liquid
reservoir for storing smoke fluid, the heating element (or atomiser) that
generates the smoke, the nozzle for releasargcles, the power connector, the
control circuit board, the operation switches (power and smoke on/off), status
indicators, a liquid level indicator, and a filler port. Optimisation does not
remove these parts; it changes their shape and layout.
3.2.2ShapeSelection
Based onthetthe of f analysis presented i
profile with continuous curvature was adopted for the smoke generator housing.
The teardrop features a smoothly rounded nose and a sharp tail, forming a fully
streamlined body. Airflow remains attaxh over the surface, eliminating
| arge scale separatio(fig@dnd periodic
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Fig. 2 Smoke generator with a streamlined leading edge

3.2.3Surface Treatment and Component Layout
Windward side: The leading edge and the entire windward sidéhef
teardrop body are kept completely smooth, without any protrusions, gaps or
steps. This is the primary condition for maintaining smooth flow attachment.
Leeward side layout: All elements that require manual operation or
visual observation are concerigd on the leeward side of the teardrop body
(near the trailing edge, downstream side), because the flow velocity on the
leeward side is lower and any disturbance has a smaller impact. These elements
include: a toucksensitive master power switch (flustounted), an embedded
LCD liquid level display strip (its display surface is flush with the housing), and
a recessed charging port (the charging connector is completely sunk into the
housing, leaving only a smooth recess visible from outgkelg).3)

Fig. 3 leeward side of the smoke generator

3.30ptimised Design of the Support Struts

3.3.10riginal Problems

The original model support platform used two cylindrical support struts
arranged vertically near the entrance of the test section. The circular
crosssectionhas two main problems: it produces significant pressure drag, and
it generates periodic vortex sheddin
and turbulent wake downstream. When two cylindrical struts are placed in
parallel, their wakes superimposeusing considerable flow disturbance in the
model region downstream, especially affecting pressure measurements on the
model base. Furthermore, the rigimngle welded joints between the struts and
the platform create steps that cause local flow separatobadditional losses.
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3.3.20ptimisation Measures

Change of crosssectional shape:Replace the circular crosction
with a symmetric airfoil section. At zero angle of attack (i.e., when the strut axis
is perfectly aligned with the freestream direction), flewnains attached to the
airfoil, largescale separation is avoided, periodic vortex shedding does not
occur, and the wake is extremely narrow. The thickness of the airfoil is chosen
according to the load requirements: while ensuring adequate stiffness, the
section is kept as thin and streamlined as possible.

Adjustable mounting angle: The mounting base of the support strut is
made adjustable, allowing the strut axis to be precisely aligned with the flow
direction before wind tunnel operation. A scale isvided on the base for
calibration. This ensures that the strut always operates in its most favourable
aerodynamic condition.

Material change: Solid stainless steel is replaced by hollow carbon fibre
composite. For the same leadrrying capacity, carbonbiie composite is much
lighter and provides higher bending stiffness and better damping. High damping
effectively suppresses vortéxduced vibrations and improves the stability of
the support system. Additional damping material can be placed inside line hol
struts to further absorb vibrational energy.

3.3.3Effect of the Optimisation

After the optimisation described above, the aerodynamic characteristics
of the support struts are fundamentally improved. The airfoil section allows
smooth flow with a very narrowake and no periodic vortex shedding; the
fairings eliminate separation bubbles at the connections; the staggered
arrangement minimises wake interference between the two struts; and the carbon
fibore material provides better stiffness and damping. As altrethe flow
disturbance caused by the support struts in the model region is greatly reduced,
the accuracy of base pressure measurements is significantly improved, and the
vibration level of the support system is markedly decreased.

3.4 System Integration

When the optimised smoke generator and the optimised support struts
are installed together in the wind tunnel circuit, their relative positions and the
alignment of the flow direction must be considered.

The smoke generator is placed at the settling chaexieor upstream of
the contraction section inlet. This is because it needs to release tracer particles
upstream, giving them sufficient distance to mix with the airflow so that they
become uniformly distributed by the time they reach the model region. The
support struts are located downstream of the test section entrance, beneath the
model support platform.

Because the smoke generator is further upstream, its wake gradually
recovers over the distance to the model region; the velocity deficit and
turbulenceintensity decay significantly. When the flow reaches the support
struts, the influence of the smoke g
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the wakes of the two devices do not produce a significant superimposed
amplification effect.

The flushmountel micro-orifice nozzle of the smoke generator produces
a uniform particle layer. During downstream transport, turbulent diffusion
further homogenises the patrticle distribution, so that by the time it reaches the
model region the concentration field is wnih and satisfies PIV measurement
requirements.

With both optimised devices installed, their respective wake disturbances
are minimised, and the flow uniformity and low turbulence level in the test
section are preserved, providing an ideal test environtiognhigh-precision
aerodynamic experiments.

3.5Summary of Design Achievements

Through systematic aerodynamic optimisation of the smoke generator
and support struts, the following design achievements have been obtained:

The smoke generator has been transéatfnom a cylindrical protrusion
into an airfoitshaped streamlined body. The windward side is completely
smooth; the nozzle has been changed from a protruding tube to -anibustied
micro-orifice array; all operational elements are concentrated on #veatd
side with flush or recessed mounting; and the internal components are
compactly integrated within the airfoil contour. All original functidniuid
storage, heating, smoke generation, operation, indication, anddilang fully
retained.

The supportstruts have been changed from circular cylinders to airfoil
sections, equipped with adjustable angle bases and conical fairings, using a
staggered arrangement to suppress -stiert interference, and made of carbon
fibre composite for improved stiffneasd damping.

When the two optimised devices are installed together, their wakes do
not interfere with each other, and the flow quality in the test section is
significantly improved. The above design demonstrates the effectiveness of the
Afuncti oenraddynamidcal |y i ntegratedo de

4. CONCLUSIONS

This research has conducted a systematic aerodynamic optimisation
design for two key types of internal dimensional devices in a cllosgdwind
tunnel: the smoke generator (tracer particle generatad) the support struts
beneath the model support platform. The aim was to reduce the additional drag
losses generated by these devices in the wind tunnel circuit and to improve the
flow quality in the test section. The main conclusions are as follows:

Firs t , a Afunctionally and aerody
method has been proposetdhe core of this method is to transform devices
with traditional cylindrical or rectangular cresections into airfoil or teardrop
streamlined bodies through streamlindeth@ng, flush surfacing and internal
integration, without sacrificing the original functions of the devices. This
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method has been shown to fundamentally reduce pressure drag while
eliminating local flow disturbances.

Second, a streamlined optimisation degn for the smoke generator
has been completedhe smoke generator was transformed from a cylindrical
housing into a symmetric airfoil shape. The windward side is completely
smooth; the protruding nozzle was replaced by a flushinted micreorifice
array wth a porous sintered metal insert, achieving dypa uniform smoke
release; all operational elements (switches, indicators, connectors) are
concentrated on the leeward side with flush, tesehsitive or recessed
mounting. The optimised smoke generatgrins all its original functions while
having a smooth, protrusidree profile that greatly reduces flow interference.

Third, a streamlined optimisation design for the support struts has
been completedlhe cylindrical support struts were replaced by satric
airfoil sections, eliminating periodic vortex shedding and significantly
narrowing the wake region. Adjustable angle bases were added to ensure precise
alignment of the strut axis with the flow direction. Conical fairings were added
at the connectius to eliminate local separation caused by ragidle steps. For
the twinstrut configuration, a staggered arrangement in the streamwise direction
was adopted to effectively suppress wake superposition between the struts.
Hollow carbon fibre composite n&tal replaced solid stainless steel, improving
stiffness and damping and suppressing vemexiced vibrations. The optimised
support struts significantly reduce flow disturbance in the downstream model
region, and the stability of the support systenmisamced.

Fourth, the feasibility of system integration has been verifiedThe
optimised smoke generator and support struts were installed together in the wind
tunnel circuit. Their relative positions were coordinated so that their wakes do
not superimposer amplify each other. The tracer particles released by the
smoke generator upstream become uniformly distributed by the time they reach
the model region after sufficient mixing distance, satisfying the requirements for
PIV measurements. The combined itlateon of the two devices ensures flow
uniformity and low turbulence intensity in the test section.

|l n summary, this research has suc
aerodynamically integratedo design me
strus, achieving the goal of substantially reducing additional drag losses and
flow interference while preserving full functionality. The design method is
generalisable and can provide theoretical foundations and engineering examples
for the lowdrag design obther intrusive devices in wind tunnels.
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Abstract The paper presents the process of thiteeensional modeling of a warsal
hydraulic excavator Volvo EC250ELR using Autodesk Inventor CAD software. The relevance
of CAD technologies for detecting geometric collisions, analyzing kinematics, and preparing
design documentation at early design stages is substantiated. A olethofbr constructing
the model geometry in the absence of complete technical drawings is described, based on
image scaling using known reference dimensions. The features of parametric modeling of key
excavator components, including the boom, arm, attecisn rotating platform, and tracked
undercarriage, are analyzed. Typical modeling issues such as inaccuracies in joints,
misalignment of axes, and component intersections are identified, along with methods for
their correction. The results demonstrate tleasibility of creating a functional training
model with acceptable accuracy and confirm the effectiveness of a parametric design
approach in engineering practice.

Keywords: 3D modeling; CAD; Autodesk Inventor; excavator; parametric design;
kinematics; castruction equipment; engineering.
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Abstract The paper presents the process of thdeeensional modeling of a universal
hydraulic excavatoolvo EC250ELR using Autodesk Inventor CAD software. The relevance
of CAD technologies for detecting geometric collisions, analyzing kinematics, and preparing
design documentation at early design stages is substantiated. A methodology for constructing
the model geometry in the absence of complete technical drawings is described, based on
image scaling using known reference dimensions. The features of parametric modeling of key
excavator components, including the boom, arm, attachments, rotating platfatrtraaked
undercarriage, are analyzed. Typical modeling issues such as inaccuracies in joints,
misalignment of axes, and component intersections are identified, along with methods for
their correction. The results demonstrate the feasibility of creatirfgnational training
model with acceptable accuracy and confirm the effectiveness of a parametric design
approach in engineering practice.

Keywords: 3D modeling; CAD; Autodesk Inventor; excavator; parametric design;
kinematics; construction equipment; emggring.
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Abstract: The paper analyzes modern approaches todéeelopment of advanced
high-strength steels, particularly thirdeneration steels that combine high strength with
sufficient ductility. The features of carbiffee bainite formation in mediwgarbon lowalloy
steels with increased silicon content are sidered. It is shown that isothermal treatment
enables the formation of a structure consisting of thin plates of bainitic ferrite and layers of
retained austenite, which provides improved mechanical properties. It is established that
obtaining nanobainitén conventional spring steels is complicated due to the relatively high
martensite start temperature. The mechanism of carbon enrichment of austenite during
bainitic transformation is analyzed, leading to a gradual decrease in the martensite start
temperatire. The feasibility of stepwise isothermal treatment is substantiated, which includes
holding above the martensite start temperature followed by cooling to the lower bainite
transformation temperature. It is shown that this approach makes it possibletaim @
predominantly nanostructured bainite with a small fraction of coarser bainite formed at the
initial stage. The necessity of precise determination of heat treatment parameters for each
specific steel grade is emphasized, taking into account its ichlermomposition and
transformation kinetics to ensure optimal mechanical properties.

Keywords:high-strength steels, bainite, nanobainite, isothermal treatment, martensitic
transformation, austenite, silicon.
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Abstract The paper investigates the possibilities of improving the efficiency of the arc
surfacing process through the combined application of exothermic components in surfacing
materials and electroagnetic influence on the weld pool. The physical and technological
aspects of additional heat generation caused by exothermic reactions, as well as the
mechanisms of magnetic field influence on arc behavior and molten metal hydrodynamics,
are considered.tlis shown that the use of exothermic components contributes to process
intensification, increased productivity, and reduced energy consumption, while
electromagnetic influence ensures process stabilization, improved formation of the deposited
layer, and eduction of defects. The feasibility of the integrated application of these factors as
complementary control mechanisms of the surfacing process is substantiated. Prospects for
further research aimed at optimizing technological modes and improving thatiopet
characteristics of deposited coatings in mechanical engineering are identified.

Keywords:arc surfacing, exothermic reactions, electromagnetic influence, weld pool,
productivity, coating quality, mechanical engineering
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Abstract: The article investigates combined methods of machining parts, in particular
electromagneti@brasive processing and frictional electropeilsmoothing, as effective
means of improving the surface layer quality. The physical essence of the processes based on
the combination of mechanical, electrical, and electromagnetic effects on the material is
considered. The features of using magratasive powders with aluminum additives, which
provide additional heat generation and formation of a wessistant coating, are analyzed.

The results of experimental studies confirming an increase in hardness and a decrease in
surface roughness depending mmocessing modes are presented. Special attention is paid to
frictional electropulse modification using molybdenum disulfide, which significantly increases
microhardness and wear resistance of the surface layer. The efficiency of combined methods
as a pronsing direction for improving the operational characteristics of machine parts is
substantiated.

Keywords: combined processing, electromagnethrasive processing, electropulse
smoothing, roughness, hardness, wear resistance, mechanical engineering
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Abstract: The article presents a comprehensive technical and economic analysis of
additive, subtractive, anchybrid technologies for manufacturing complex mechanical
engineering parts. The features of product formation using {bydéayer material
deposition, conventional machining, and their integrated application within a single
production cycle are considateThe technical advantages and limitations of each approach
are analyzed, including machining accuracy, surface roughness, material consumption, and
forming capabilities. It is established that hybrid technologies combine the geometric
flexibility of addtive processes with the precision of subtractive machining, ensuring reduced
material losses and shorter production cycles. The economic feasibility of hybrid systems is
evaluated considering equipment cost, production volume, and part complexity. The
application of such technologies for manufacturing higlue components with complex
geometry is substantiated, and directions for further formalization of technological decision
making in mechanical engineering are determined.
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mechanical engineering, technical and economic assessment, efficiency, production
processes
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Abstract The paper investigates organizational approaches to accelerating
technological preparation of production for spare marbf mining and metallurgical
equipment, in particular crusher liners, based on the application of group technology
methods. The problems of timely manufacturing of parts under conditions of variable
nomenclature, irregular order flow, and the need forls@e maintenance planning are
considered. The possibilities of transition from individual to group production through
classification and coding of parts, grouping by design and technological features, and
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development of a complex representative partaar@yzed. An example of designing a group
technological process for manufacturing crusher liners using modern CNC equipment is
presented. The effectiveness of the proposed approach is substantiated, which allows
reducing the duration of technological preption, increasing the level of workplace
specialization, and ensuring stability of production processes. Prospects for further
improvement of organizational solutions in the field of group manufacturing are identified.

Keywords: group technology, produch preparation, crushers, mechanical
engineering, production organization, CNC, efficiency
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Abstract The paper investigates the application of digital twins anesitn
monitoring systems for defect prediction in metal additive manufacturing processes. The
features of layeby-layer metal formation and factors influencing defectcuscence,
including porosity, melt pool instability, and ladkfusion zones, are considered. The
principles of sensebased monitoring systems that provide +@e information about
process conditions, as well as the role of digital models in simglatirermal and
technological processes, are analyzed. It is shown that integrating monitoring data with
digital twins enables more accurate assessment of layer formation quality and allows early
detection of potential deviations. The importance of macleiaaing methods for identifying
relationships between process parameters and defect probability is determined. The
feasibility of transitioning from pogirocess inspection to predictive quality assurance in
modern mechanical engineering is substantiated.
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Abstract The paper presdgs a comprehensive approach to the mathematical
modeling of the casting process in sai@y molds, taking into account thermal and
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Abstract The paper presents the results of experimental studies on the microhardness
distribution across characteristic cros®ctions of compleshaped parts manufactured using
xBeam technology withitanium wire under different layer deposition strategies. The
influence of feedstock movement direction, as well as thermal gradients of heating and
cooling in specific regions of the formed part and substrate, is analyzed. Special attention is
paidtote mechani cal properties in areas where
The microhardness distribution is evaluated, revealing gradients associated with
solidification conditions and residual thermal stresses. It is established that the delecte
printing strategy significantly affects structural uniformity and mechanical performance of
the produced parts. The obtained results can be used to optimize additive manufacturing
parameters and improve the quality of titanium alloy components.
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Abstrad: The paper investigates the influencels component ratio of slag systems
on viscosity and surface tension. The relationship between the chemical composition of slags
and the technological characteristics of the s#ifelded fluxcored wire welding process is
analyzed. The regularities of @hges in physical properties depending on the concentration
of the main components of the Q&aF2 SiO2 TiO2 system are established. Based on
experimental data and mathematical modeling, response surfaces are constructed to
determine the regions of optimakcosity and surface tension values. A rational balance of
components ensuring process stability, improved metallurgical interactions, and reduced
defects in the deposited metal is substantiated. The obtained results can be used to optimize
the compositn of fluxcored wires and improve welding quality in mechanical engineering.
Keywords:slag, fluxcored wire, viscosity, surface tension, slag system, optimization
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Abstract The paper investigates the problems of automating the formation of
technological processes for complex aircraft engine components and proposes achppro
to calculating the number and sequence of machining operations. The limitations of existing
intelligent computeaided design systems based on analog and classification methods are
analyzed. Software for semutomatic generation of technological prgses based on the
analysis of part design parameters is developed. Interface screen forms for data input,
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operation calculation, surface list generation, and technological documentation creation are
presented. Test calculations for a skhgdtar type part onfirm the efficiency of the proposed
approach. It is established that automation reduces design time and improves the accuracy of
determining the structure of the technological process. The results can be used in education
and integrated into modern CADstems.

Keywords: technological process, automation, CAD, shkgdar, manufacturing,
optimization
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Abstract The paper presents an analysis of experimental studies on machining mining
industry components made of higtanganese steels using cutting insertseloon cubic
boron nitride. The features of machining 110G13L steel, characterized by high ductility and
work hardening, are considered. The influence of tool materials on machining performance,
wear resistance, and tool life is analyzed. Experimentalltesitained using hexanite and
kiborit cutting inserts are presented, including cutting parameters and their effect on
machining time and surface quality. It is established that the use of superhard materials
significantly increases cutting speed and regll process labor intensity. The economic
feasibility of using cubic boron nitride for machining diffietdtmachine materials in
mechanical engineering is substantiated.

Keywords:machining, highmanganese steel, cubic boron nitride, cutting tool, wear,
productivity, processing
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Abstract The paper presents a commptive analysis of the prerequisites and
directions for implementing robotic systems and artificial intelligence technologies in military
engineering based on the experience of the US Army Corps of Engineers and the Royal
Engineers of the British Army. Cagizational models of scientific support, including
centralized and networkased structures, are examined along with their role in developing
innovative technologies. Modern solutions in autonomous platforms, digital twins, unmanned
systems, and intelligg data processing algorithms are analyzed. Key directions for
integrating artificial intelligence into military engineering processes, including logistics,
construction, and reconnaissance, are identified. The importance of international experience
for shaping national approaches to the development of military engineering and improving
defense capabilities is substantiated.

Keywords:artificial intelligence, robotics, military engineering, autonomous systems,
digital twins, unmanned technologies, defemsfnologies
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Abstract The paper presents the design of an automated online store emeag
system aimed at improving order processing efficiency and supporting managerial decision
making through integrated analytics. The system architecture combines a backend
implemented with Spring Boot and Spring Security, a PostgreSQL relational datapalsa
web interface built using Thymeleaf, HTML, CSS, and JavaScript. A dedicated manager
workstation is developed to support the full order lifecycle, including processing, status
management, product catalog control, and discount application. Partiattantion is paid
to integrated statistical modules that visualize key business indicators using dashboards,
charts, and diagrams. Financial analytics, inventory monitoring, sales analysis, and general
statistics modules are implemented to provide cohmmsive reatime monitoring of store
performance. The results confirm the effectiveness of the proposed approach and its
applicability forimproving ecommerce management.
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Abstract The paper investigates functional schemes of technological equipment for
magnetic pulse processing aimed at improving the performance properties of tools. The
operating principle of installations based on the cengion of electrical energy stored in a
capacitor into a higkintensity alternating magnetic field is considered. The structure of the
equipment is analyzed, including preparatory and technological units, as well as key system
components such as a transfaar, rectifier, energy storage unit, switch, and solenoid. The
process of pulse current generation and the mechanism of electromagnetic field influence on
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the material, leading to reduced internal stresses and improved physical and mechanical
properties, @& described. It is established that processing efficiency depends on the correct
selection of operating modes and equipment parametersf Thé&s Y j € Isaf maigefigls !
pulse processing as an energfficient and contactless method for tool strengthenmg i
mechanical engineering is substantiated.

Keywords:magnetic pulse processing, inductor, pulse current, material strengthening,
technological equipment, electromagnetic field
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Abstract: The paper imestigates approaches to optimizing the control of magnetic
pulse processing of higépeed steel tools using artificial intelligence methods. The formation
of operational properties of tools under pulsed magnetic fields is analyzed, and key process
parameers affecting processing quality are identified. An intelligent control system structure
combining genetic algorithms for search optimization and fuzzy neural networks for modeling
and prediction is proposed. The adaptive control mechanism considersahatefigeometry
parameters and implements skelérning based on accumulated data. The application of
intelligent methods improves parameter selection accuracy, reduces setup time, and enhances
processing quality.
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Abstract: This paper proposes a rigorous mathematical formalization of emergent
transitions in the context of digital twins for manutagctg systems. A formal definition of
emergent macroproperty is introduced through a -denomposable functional, and the
concept of emergent transition is defined as a moment of discontinuity in the system's
behavioral class. A spectral criterion for detg bifurcation thresholds is formulated based
on the analysis of the Jacobian of the linearized dynamics. The condition of emergent
consistency for a digital twin is defined, and the necessary condition for accurate detection of
the transition by the nu®l is proven. As an extension, an informatilb@oretic criterion
based on spectral entropy is proposed, integrating nonlinear dynamics theory with
information theory. The obtained results establish a mathematical foundation for next
generation predictivenaintenance systems.

Keywords:digital twin; emergence; bifurcation; nonlinear dynamics; spectral
criterion; predictive maintenance; state functional.
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Abstract: This paper investigates the mechanisms of the combined influence of a thin
adsorption layer of surfactants and naamplitude vibrations on the tribological
characteristics of working surfaces of machiretp. The physical processes occurring in the
contact zone are analyzed, including molecular orientation of surfactants, variation of real
contact area, and activation of tribochemical reactions. A mathematical model of dynamic
contact is developed, takimgto account harmonic oscillations of the gap and friction forces.
The influence of vibration parameters on the friction coefficient is evaluated, and an
exponential relationship between friction and dynamic system parameters is established. It is
shown hat at vibration amplitudes on the order of tens of nanometers andfreighency
excitation, a significant reduction in friction forces can be achieved. The obtained results can
be applied in the design of friction units, improvement of energy efficamtylurability of
machines, and development of active tribological systems with controlled surface properties.

Keywords: surfactants; naneamplitude vibrations; tribology; friction coefficient;
adsorption layer; wear resistance; machine parts.
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Abstract: This paper investigates the principles of designing an adaptive pulsed multi
electrode corona discharge reactor for sudateatment of machine parts under atmospheric
pressure conditions. The physical mechanisms of corona discharge formation and transfer of
electrode material into the surface layer of the workpiece are analyzed. Special attention is
given to process sefégulation achieved through pulsed operation and electromagnetic
control of electrode motion. The advantages of a reldittrode system compared to siRgle
electrode configurations are considered, particularly improved processing uniformity and
higher produtivity. An approach to controlling discharge parameters is proposed to achieve
an optimal balance between microhardness and surface roughness. The results can be
applied in the development of advanced technologies for surface strengthening and
modificationof machine parts without the need for vacuum equipment, improving efficiency
and operational performance.

Keywords:corona discharge; muke | ect r ode r eact oregulatpny!l s e d
electromagnetic field; microhardness; surface roughness; machine parts.
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Abstract: This paper considers the physical principles andieeering concept of a
broadband nanoscale mechanical vibration generator for cemented carbide cutting inserts
over a wide frequency range. The use of electromagnetic excitation based on the Lorentz
force combined with the thermoelastic effect is subistiot as an efficient mechanism for
generating vibrations without mechanical actuators. The conditions for excitation of
volumetric elastic waves in WCo material are analyzed and the parameters enabling
nanoscale oscillations are determined. A resonamag of the insert is constructed and
optimal excitation points are identified. A laboratory setup architecture with broadband
control and closedoop amplitude stabilization is proposed. The obtained results can be
applied to improve machining efficiencyeduce tool wear, and investigate physical
mechanisms of toinaterial interaction under vibraticassisted conditions.
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Abstract: This paperproposes a method for automated identification of the structural
state of materials in nedestructive testing systems using software tools based on C# and
optimized SQL data storage. Shannon entropy is used as a diagnostic criterion, enabling
quantitativeevaluation of material order based on spectral response analysis. An approach to
constructing a database of entropy profiles is developed using composite indexing by key
parameters such as entropy value, peak frequency, and amplitude. Experimentalfetudies
various materials are conducted, establishing characteristic entropy values for ferromagnetic
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and dielectric media. It is shown that the use of indexed SQL queries ensurapdegh
classification of materials in realme conditions. The obtainedsdts can be applied to the
development of intelligent diagnostic systems and monitoring of material conditions in
industrial environments, improving reliability, processing speed, and degaisaking
efficiency in automated nestestructive evaluation sysns.

Keywords: nondestructive testing; Shannon entropy; SQL databases; spectral
analysis; material identification; C#; diagnostics.
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CalculateShannonEntropy(

entropy = 0;
sumPower = powerSpectrum.Sum();

foreach (
{
if (p = 0)
{

p in powerSpectrum)

probability = p / sumPower;

[1 powerSpectrum)

entropy -= probability * Math.Log(probability, 2);

}
}

return entropy;
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-|CREATE TABLE MaterialProfiles (

ProfileID INT PRIMARY KEY,
MaterialName NVARCHAR(5@),
EntropyValue FLOAT,
PeakFrequency FLOAT,
PeakAmplitude FLOAT,
RecommendedModel NVARCHAR(1ee)
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-ICREATE INDEX idx_diagnostic_search

ON MaterialProfiles (EntropyValue, PeakFrequency, PeakAmplitude);
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Abstract: This paper presents a comprehensive kinetostatic and hybrid dynamic model
of the propulsion system for a passively adaptivpifpe robot. The proposed desigansists
of two modules incorporating a pantograph mechanism for passive centering and a slider
crank drive with freewheel clutches that enable inchwiype locomotion. A mathematical
formulation of motion is developed in the form of piecewtsginuousequations accounting
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for phase transitions and changes in kinematic constraints. Numerical simulations confirm
the stability of unidirectional motion within confined pipeline environments. However,
significant inertial loads are observed during phase dvwiitg, which may lead to structural
overloading of system components. The obtained results highlight the necessity of integrating
compliant or damping elements into the drive mechanism to reduce peak dynamic loads and
improve system reliability. The propasmodelling framework can be applied in the design of
mobile robotic systems for inspection, maintenance, and diagnostics of pipeline infrastructure
under constrained operating conditions.

Keywords:in-pipe robot; kinetostatic model; hybrid dynamics; incim locomotion;
freewheel clutches; inertial loads; adaptive systems.

) sMsOdsoCO fsedjdkd kO ' LaowL e
Bl OdB].

slstozCbztedz® Yy' dzf Mz Mls! Ibtekesftess ' H
v BjLfjtjodts’ SO B Ldfffjlowpdets] dzjjischjls
"l ydssets SO Bkzdz ydyf Od deseEts M Clsste’
v tcdatse s  daj telz2 dz o dese s € tSdzlstots dzb

| tor tsdg Is © L Off sB "' & Odzdav dzj B J L jy
sMmMseokz¥ Ist MW  Oo Istsdats dzdzy ' Doddziz Iste s B tels § IS

I-Imo.ol-cng;:nz

bfOsls: w¢ jWjiClkdodO kO dzOH' 2 dzO
| 3 J dzd -, Iss¢md yded = dzi BJ L §J wdzd -

sddz Is' fOEOHdEBO (s’ Clizo Odedgy |
sd O™ &k B' S o d M SdOHY Isiddpidzd E | B t

mBBBBqLBaOMd: f zO W s ts ds.

O dzOdz" L tMisOdedz’ = HBMdzZ HYyjdzg * HEkBdz € O
) esB dzj BOKJC O Ok RO YUdescEts B Hj dzo o
S sdisy’ 0 0 E®se ' & dzdn tsels' 9 OCIsde das

dZOHL oadyO22dzts 9 Oy dzd o dddis Is W Ctds dgtfdde]j~C @ik jtcCda
2 HddzOd3' €d o ' BtOY' 2dzdrm IsO o dzkzlste’ h dz ¢
1 OL ts9 " ftcddeydfd ¢ dzgj ssMmlsOIsdydetsects ©OdzO
tcsBtsSISO Hdzw " defnf j S Iszo Odzgdzg? IstclzB IsO tosL !
T oz dzls s dzisdztst O &z Oy [ 1] . [Cte" &5 yY! ts¢
H d&z2Od3'" ydzts e ts BtsH j dzs o O dadaw f Ofmd o dzts
SH dets dzOf toW dBdzj dzad B3 tclzr sd3 HiSC dZOH dzts ff toj H Ml
]l Oy dzd o oMy j SIsd fsoJH' de d f-sH"' B
dzj f jtojtcoded dzd =~ OtcOCdsd fipal Misdf L B3] 2 Is @Y sy
fzedz COy' 2. 1 Ctc] &3O, dsHj dz8 9 Odadg? Ik di3ts:
tosL edzv dzgzelsts o [ 3], O ¢ sl tf jstg jctemOdzshp dsd:
Ctsdz' Mdedr MdMisjd3 k2 bkickzesfftctso tsHOR ftots
tcsBSIsd Wtstedagils!ls jds@Hj sdydzi ' H telkzdzlsw H
G' BtodHdats”’ Hd dzOd3" € d BOGOIBWiSH Zdz! dzd =
Of OOl o .

215



ANBtodglzdzt 9 Odzgdzy dzj e dtc' h jdzedres yYyOMmilsddz L O Oc
14L8®)|®“1.{Cf 2O ftosetejm k2 HBMd HY JC

f Omdo dzs’™* "OHs@Y Ay dzydf ' o tesBtslsd B G dadz
ls@ Fdzg W' CtsoOdets’ @' BtodHdets' HJ 2O ydats’
Hded di3 Yy J delstc Odz' dfdtsl® L R tizded B dtfiftelzfso s H 5 d3

dzj o dte' M jdzgdd3 L O9 H OdzdzV 3. 1 tcOC k"’ BOIs j
OHg@Isdzts st dmizeo Olsd f jtoj =" Hzlz Ho[dz®d3‘glz,
30 M : dz02 e tsdzse dzg' h j Yy stemis € ZH Otcdz
fjtcj i3d < Odadaw MisOdz' o ( M cOyY¥® o Odadz™ Bz
BOS totsMC st * Yydetsets ff jtoj d3' b j dadaw . 11s' dHyfigisls dz
sBRjY L dBoydzdesmls' ftots' Clslzo Odzdz L dzsft
A" dz MOl IO fsMlsOdsca CO L OHOY'

| Bdzso dzts & BBj s Hisfpdz' H Y j dadaW ‘ tc
C' dgj stsis Olsd ydats’ sO® ¢ BtodHdats”’ Hd dzOd3'

dztso “ Isdz sets f OFtho delz B O Hzef itz B dzsG 5 to
sdfkz L' MmeOlsjc' ‘s fjtejmkzoOdedz? Isdfz
Bilsd MY stedzd o Odfs] PR d LCOmAnPjdgdEyz O di') d
Mddsj stced ydetsets HotsdBsSHEZAZ desets B SISO L
B4 » OzlzL 3y J dzls ez © O dzdzW Is © "Hddzd 3 - yg dal
fsoL bz sodds & HbdrEdd O] ¢' dzgj B3O d Y dzkz
SBAd3j Yy jdedz? ' HJOd dzgdn ®BCE' dededn BWIs f
BOL telsb@ts@fnlsoﬁ)dﬁ;tﬂﬁ)jgmamdz‘ tc' o dgW dzdzVv e

sflazs HW jtejdzy' Oz dzgds ' sz dzr [ OC te Odp
JWiShkdodzd?2 stsd3j dals * dzj oy’ o' HYyj dzlstet
4 ) H' 2fmdedisd ydMmg dz' dzgj BsSH ] dz8 o Odzdz MmdMls
nOEOSsjtediisds tkhibk, odklt' h gpdiOd dedf L
fJtejmn Hdzdr BEHOtdzdr dzO0 Odzls Oy § dz' .

1 dC &ZOH thdss &scts dgols;tc,' Okl HEMd Hx;dzc

dudzj dGsHEzd dzj € tsdi3f tsdzlzeo Odzdzv h s
T BSHEG o m)f | B0 H OB das)s.¢ B0 @0
d §OmMdodes” OHOfIsOYy"  ~ ° o 0y " dz d
3, tetsL d3' M jdzad?2 dzO Sty descZlz L C
ykz* fnlzatstGJ fsLdy' ¥ o Odadgv tctsSB L
dediyls d @ © fMls e fOdZlstsetcOW O L HOIsc
(Dt(;G)dzcldzJ dzdd&3d HEts LHBoYd B s tctsSB &
Oy J dz' o ftcd L 3" dz' H' Od3j Istc © IstclzB 5t
z dzH O d3j dzls O dz' dats z dzj d3tsy dzd o dz® iWic
OQolstsBdzsC zOQdzdez)- 2 ' g SigdzZOdz? dz0 Md dzO 1 to
EZsCORd o jttjHd 5 Msdmdzzlsdr §tolzy d dz
"HY s9 ' Hdzts H S L OC 4 diglis dzlslis fa®Is v o d g Ha@ts @C
fesd3tsy dz’ Mis! MmdMmisy &Bd.

216



6 5

{ ddpz8SC | OcOdz dzd?2 odcdzvH JjCMEQPted &3j da

it sL tetsB dzj dzd 2 tcsBBBls odSCttdmlstso z° ‘ H

Ctodo shifff edaslz dzded 2 o3 » Odz' L df, hts ttsL sOM s
B ~rOdz" LB  jtojlsotstes 5B J telsOdz' dzd 2 -telzn
fsmiskzf Odz dz Codzd @ Odzdz? BB H Iz dz' Hof IstHaH dz de'
T Rde &3 Yy dzlstcOBd ) . szt ysoddz  dzdztse Oy
‘"HjOdz dgdm BBG' dzdzdr dBEWIS, ' dzsj ctetso Odzd:
d34':Odz,' ydzdr H' BSH' 9: HSL 9 sdzw ¥ [s! Ctsdzj MC
Bdilsls’ o ts BdzsC lz¥ Is! C A f ‘daoL OwOfm I tHtd st

BOCtwsME s ' yded?2 tokas totsBtslSO §H' dzt * Is+ fi
( Misd Mmdzj dedz” ) .-f tssote dzodmiad Ry dals ~ Odz" L 3 MW ek
BsHEdzd " HYykzo O L zmd dzdzw hts hisseorn O 2t
Bdlsls os BasiEBochHhY yd f ptscts dz0 dzj tckzrn s
(£,=10) . JHdzsyOMmdzets, mil OHAR & dIsHHzls c2° Is! M
Ef jtejH2 AOGBONMNdtcj dadzv ) . ltcdeo' H LN s
dzdd&3d L B' dzt hk2*' sy fipwa ' H\PHodDS T HdfgDnldmer:, W' €
Mot &3 HBEWIsORRd Mls @'=0) dzj A2 S dsdfsdg -~ 2 & tgy
dz' se s, 1 J tcjnHodd "2Is tlptsHiAZ dis v o ff j toj H .

[ dzw o doeJjHJ dadzgw tc' o dzv dz tclzrn lz f tsB L
C' dgj BOIsduyudze Mr j Bz (tedmdzOlRBE ‘vL O Bdzfd
Ctcdosb.diflaacdf mME O yd, §Ho dGpdis dBC dz Atz d
Ctcdo sk, dto® HMMIsOdzr &' Y BsSH ZdgW g+ rLcd@el.O dats

217



|  HdzsfdzO hodHC' Mls! GRsHEzd o 8dgdios @ I
Spqr = —T-coS(@)- Q.

N. 2 // g M 2 N 1 // ‘ M1
// //
L, L
c k 2 c k

;'f_:f/ \:5//

PN =N

N
\\\ K 2 - 1
A 2 A
— v pr=
/ B
"y e B, § R !
// P
N
c| k \Cx; 2,
/) o
™ / N
e - \\\ /// \\\
d N 4 ™
_»@ o b Q.
X

{ dhpz2C s ' dzgj BOBdYdO M j GO d3j ~ Odz’ Y d

lJSstedmMisse 28 yd tc' o dzv dzdzv [ OctcOdzy O
G'BtecdH &z d&BOIsj d©3ZOIsd ydzz BsH J dzézj flz] teg de® dizts
HdW Jto] dzy’ Odzy detsets to' o dzv dzdzv :

Jarsl@) - @ + Coprl0, @) = Qroem (@)

| 5 dedz® W j SWgg@z0 o ' ezl th TS to G ISHOS H O
L OcOdz' dzj dz0O  Of.lsie 2O S R {H&z@o d d3( Wz dz$
fJtog 3dC O Is! Mw  LiQdz] J dzbtcp B3O, L dz@ G VoL d
dJ Wi SIlsdo dzO . lellzids o, r¥- sin?(@), 9" HYJ daldSeiEhdgis2¢
Caprl@ @) =my-r?-sin{e) - cosip) - ¢, O] L Oc¢ Odz! dZ,J dz0O
Qrorail ) =M — Fpp - - sing), B BBsd3d dzls ° dz oy'i € tcizts dizaf 8 H
Bsdzj dzls j dzj CHs ictsth o tf ¢ & &z@j dzdz® . r dzw,,, ¥oPpL d t
Jiraff(':ﬂ) = Jo+my -7 - siniy), Caff(':ﬂi':ﬂa) =y - 7% - sin(e) - cos(g) - @2,
Grorail @) =M + Fpq - - sinf¢). AJ2 " " HAR'"H Mlstctcets o9tcOR SO
Cdzj ey 2dzds BOM fted §Jt) B]EOddz &3 Y e

vydtedL twsLtedodz Mis! BOI] BOIH ydzets®™ - dBist
ygdmd ozt dzgj " dzlsi ctekzo Odzdzv o S sdzzo Odzsmw o
L OMmlis s M pfQidapzv@iglz’ L so Odztse s Odze stedIlsdzz " St
f sodz Mmisk II‘HIsaJtGHo[dzO tcj Odz' L Oy & fJte
1 BOW " €d BOCLEMEY " ydad » ()] t€lg @3 1" @.lelpiz' ot
BsHEZdZ 8 &BOE Is! w e tcOo tsL teotfirids@dys judgdR? gdﬁjﬂidZt
~nOtcOCIsj3® . (P dz' L. hodHCECBMISj2 HBO' o H
ftesmizeo O Is+ Mw MlstesG s i ts yJ ter 0] CC
fjtej Ctcdo O s mMw E yofm'

218



o

[7%]

.
T

=

Absolute velocity v(t), m/s
(]

i) -=-- va(t)
00 02 04 06 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Absolute displacement x(t), m

Time t, s Time t, s

O B
i qz8C Yy OMmtse L Odzj ¥ detsls® f j tojHiE dz'j adz

tcsB 5l ©
{ HA2OC C' dzgj stsmisOls d ydzd 2 0dzO0dz' L OB f

fr]citG?tSL dzlz "odey 4 dzj todzlz f csB dzj 3z . v Is 5y
hodHC " Mis! fJtdIsddzO’ dzlz dz! ) GJdzj oz Is!
ftedhoduh jdz , h 5 mMw ¢ @udsus/?.  C S dpty iggdfde dzd
BOIls j B3OIsdydzed?2 dzOMdz' HisC Htodtfkzh j dadgv ff tot
BdIsls’ 9§ fnu’ tcOyet 9 Odzdzv dzj G t5 dzts dzts d3dzq - o'
tdey j da odets’  IstsySd Ltstelkz y' tjLbkzd sOIsd
W' Lduydesets BBOSC jIsO tosBtslsO 9 d0T ozef yélzs tz®d |
Hts 2tsets oalstsdidesets tolz?2 dzzo Odadz (L to' L O dada
ofdzdoatsdz Yy tstefMmisCdr " dzjtey' 2dzdr EHOt" 9.

L T )
& = ==

0F

=10F

=20F

: R U
0.0

0.6 0.8 1.0
Timet,s

{ fz@S Y OMmse' L Odjydsfls' ftdhodhbh,

Absolute acceleration a(t), m/ §*

I dMmdzsoSd O §jemfjSkkdod §sHOd hda HEH

{ SL totsB dzj dzts oldlztse jCtafdd d€jtL fdzlz & B tod H ¢
B H | dz tclkzh * 2 dats’ mMdMmlsj &3d § OMde dzs OH
Cted o sh-fif edaslz dzdzts e s ftcdotsHEZ L B G daded o3
st Odzm W tste Bz * 5B jtolstse d2 Gz A 9 0dkzO | d
BOCtwsMS s " yded2miA &€ sdiilz ydssdd ma' H
4t 3 N j dadev .

219



] "HIseo jtoHY jdes W JCIsdedz Mis: o Oy ' dz' dz
Hdzv f OfmMdoedesects yYJ dzlstclzo Odgdz? totsB SISO 9 fij
LBJtedddedze ff OtcOdzj dz' detsfls” sfmj2 Ctd fiy
Qo Otis'cdxdz Oo lstsB dztsC [z 9 O dzdaw (MO L OC dzd dzs o ¢
Lo lzy 4 dz .

[ sypdz" H Y j dadgV "HjOdz' L so Odzts”’ HddzOd' 1
"BtetskzH Otcdz sB d3j Y 4 dedlz? Mmdmisj d3d . [ dIsls
| Goizsdetsdgded » 9" WL j2) GJdzj tolz’ J S Mmiste
hodHh jdz , h 5 dz@Qwdgd OslIss Bfifp'H sa ® W ° |
sslsdfz dzO BOL OBMidzst Isdets y steMmisC dn
d dzlz y 4 ftodL ®j HJ His Mlstc’ B3 sE s 9lsts
Odz' L dskz.
l1jtemf jSIsded f sHOdz hdn H 5 fiyvde' CHSj9 ) B! (5
Gts 99 jHjdedgw B - Odz ydes' f sHOIsdzd
1 Ofmis Y da' tetsL tetsBCd f tso d dzdz o t
™" O odthd@badsozf~n | ol dadgdz
ls Mizlsls® a5 f sd3'daddvh  Is dte Ha Hh Giftdadie] IS -
o tstej dadzw f so dzsy’' dedztsc ts zOB 516 O
fz ttsBBlsO.

gl Ruefs 1 [eR[ o1 7

1. KorendiyV., YanivO., VilchynskyiT., PiharevV. Kinetostaticanalysisof the propulsionsystenfor

a mobilein-pipe inspectionrobot// ¢ o stsBOIs L Oy v odtesBddydr ftesyjMm
ftcd dzOH tsB ZH k9o Odadz' o E2C tcO-sdpfidf dudzd B 20281 IHefsEE § ¢fR 9 .dzO [z !
10i 25. https://doi.org/10.23939/istpa2023.59.010

2. Korendiy V., Gurey V., Zelinskyi M., Heletiy V., Lanets O., Protasov R. Dynamic modeling of a
passively adaptive ipipe robot with inchworm locomotion // Ukrainian Journal of Mechanical
Engineering and Materials Sciencel 2026. i Vol. 12, No 1. i1 P. 5066.
ttps://doi.org/10.23939/ujmems2026.01.050

3. Korendiy V., Kachur O., Kyrychuk V., Markovych B. Mathematical modeling and computer
simulation of locomotion condiths of vibratiordriven robots // Mathematical Modeling and
Computingi 2024.7 Vol. 11, No. 41 P. 1211 1220.https://doi.org/10.23939/mmc2024.04.1211

4. Korendiy V., Kotsiumbas O., Bwets V., Gurey V., Predko R. Mathematical modeling and
computer simulation of the wheeled vibratidrven inpipe robot motion // Vibroengineering
Procedia.i 2022.7 Vol. 44.1 P. 1i 7. https//doi.org/10.21595/p.2022.22832

220


https://doi.org/10.23939/istcipa2023.59.010
https://doi.org/10.23939/ujmems2026.01.050
https://doi.org/10.23939/mmc2024.04.1211
https://doi.org/10.21595/vp.2022.22832

vrs 629. 7.062

sstjdH' 2 1.f., sOykt [.5.(1 Oy dsdzOd. ded
bdz o jtfdlsjls ¢f ' o' afMm' SO fsd kjod COe,

Yt JaJ iR AW ST o Ywsflrm [ L]

fdrofolérvc cowppisuvitwse [[opgud @
TELEMAX EVO PLUS

b deslsOw' vMisOlslIs® tesL edzv dzgzlsts ftetsBdz i3 Sy’
Bsdzj dzls” o yd g dz' dzts clsdtc Od3t€ Hs jisdes' 62 @ dzdr"dzTeléplglog fiff 2
Evo Plus £ ftetsyd Miy° o d ¢ ts5dzO dzdzv ¢ dzOH dzd = Is § = dzts dzt
L Ofistsdglr o Ofdf totsh j dzd = C' dgj BBOIsd yded f' ' HRtSH' ®
dzj HsStSY ' dg® 9 Odzdz? H d dzOd3" ydzd ~ tj‘(;lssq’: dzO o O dzls Oy
off &zd o Olsd dz2O dzOH "' 2 dz' MiIs!+ BjLYjSE tsBtslsd Mmd
f so dets”’ C ‘HfjdzR@Es dySdas ™ * Rz ez s tc 3Oz ZtcOR 2o Odzdzy o3
BOIsted Y stste' sdz' MO O 9 jCktstc® GStOo ' sOY' 2dzd n
sf dMOIsd HJdOR ydz' ftesyimd, s oadddtOosils!
ftecdotsHdzdr B dzls’ o. [ Mise difdades [eafflissBlj ffstsdor 2 dzj
“deflstclz s dzlsz OdzOdz' L2 Ctedlsdydedr tojydd3 © tetsB sk
By ks Blzlsd odSttedflsOds Hdzw " Hea dh j dadaw Is
sflsdd L OY" kO Clsste' 2 tkRk 8O LOBJL U,
tcsBBlsSd Odedn MdMisj s M j y' Odz' desets ftedL dzOyj dadav .

sdzt yseo ' dcAdesf @ozw Istste; HJdzOd3" ydaj dBsHj ez 9 Oda
SO SIsste” " ; BOwdyw " dzgjtey’ ; BOLdyw s’ sd

Abstract: This paper examines the challenges of estimating peak actuatoesoanal
numerically modelling Astress trajectories
complex operational tasks. It is shown that simplified kinematic approaches significantly
underestimate dynamic peak loads in actuators, which may adversetysyeem reliability
and operational safety. An approach to developing a full kinerdgti@mic model of the
manipulator is proposed, taking into account the inertia matrix, the Coriolis matrix, and the
gravity vector. Such a model enables accurate repriadion of dynamic processes occurring
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the manipulator. The obtaed results can be applied to improve load estimation accuracy,
optimize motion trajectories, and ensure safe mission planning for specialized robotic systems
operating under demanding conditions.
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