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Abstract: The purpose of this contribution is the deployment of digital manufacturing through new cognitive
intelligence mechanisms. With the implementation of Industry 4.0 principles, mobile intelligent robots utilized
as transportation vehicles in the manufactgisystem need a higher degree of autonomy to fulfill all the
requirements of the contemporary market. Although industrial robots are common in manufacturing systems,
mobile robotics requires the expertise of specialists in cognitive robotics issues tintgaiational
competitiveness, particularly for small and mediamh I SR Sy G SNILINA &Sad ¢KS Ay
autonomous subsystems based on deep machine learning provide significantly more flexibility as well as more
accurate and robust redgime degsions compared to common deterministic sedAsased algorithms. The

main goal of this paper is to create artificial intelligefii@sed solutions for cognitive mobile robotics within
Industry 4.0 using a Machine Learning (ML) based approach, particutayearning (convolutional neural
networks, recurrent neural networks, etc.). The focus of the paper is the generation of Amgddlcognitive
intelligence mechanisms for obstacle avoidance, decisiaking, and visual control of intelligent mobile
robats, whereas the main goal of the paper is to demonstrate the possibility of integrating intelligent ML
based algorithms into a higlevel cognitive architecture by enabling better understanding of the environment

in realime through the processing of highquality and more complex sensory data, thereby enhancing the
overall flexibility of mobile robotic systems within intelligent manufacturing systems.

Keywords: mobile robots, intelligent control systems, digital manufacturing, cognitive intelligence
mechanisms, deep learning, autonomous systems, visual servoing.

1. INTRODUCTION robots to be effective in the manufacturing
sector, many essential skills need to be
_ acquired, such as highly accurate positioning
In the era of rapid development of 1] gpstacle avoidanc], perception[3], and
technological innovation, the cognitive mobile decisionmaking[4]. One of the most promising

robots have enormous potential to influence (egearch directions within the robotics domain
both the industrial and service sectors. In the that can fulfill the skills is the utilization of

industrial sector, intelligent mobile robots with 1.5 -hine learning techniques. The limits and
learning mechanisms can suppéne declining  potential of deep machine learning within

workforce with repetitive, dull, and physically 4potics systems are analyzed in great deitail
tiring tasks. However, for intelligent mobile [5]. The three primary axes of research
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development are learning, embodiment, and In this section, we analyze one of the
reasoning, with an aim to reach active learning, approaches for obstacle avoidance based on
active manipulation, and integration of semantic segmentatiof2]. The custom version
semantic and geometric reasoning. Active of the ResNet model is trained on the SunRGBD
learning represents the process of learning indoor dataset[10]. Since the experimental
through interaction with the environmenor evaluation is performed on the mobile robot
online learning, which differs from the standard RAICO (Robot with Artificial Intelligence based
learning pipeline where the model is trained COgnition), which has the Nvidia Jetson Nano
and statically utilized in robotics application. development board, the utilized convolutional
Active manipulation is the process of adjusting neural network needed to be lightweight. The
robots pose, to increase the accuracy of the state machine utilized for the obstacle
environment pereption and the probability of avoidance algorithm is shown in Fig. 1.

the  successful manipulation process. The path the mobile robot takes during the
Integration of semantic and geometric obstacle avoidance process can be seen in Fig.
reasoning includes the process of mapping and2. The obstacle detection is performed by
utilizing not only the geometric properties of analyzing semantic maps and checking if there
the environment but also the humacentered is something other than class "floor" in the
meaning of theobjects and their semantic mobile robot's path. An example foone
relationships. Two primary approaches to obstacle avoidance procedure, shown from
achieving the aforementioned skills include the RAICO's perspective, is illustrated in Fig. 3. As
development of individual skills and their can be seen, the floor is labeled with red, yellow
integration  trough cognitive  higlevel  represents the obstacle, black denotes the
architectures such as, subsampling architecturetables, and teal represents the walls. Images
[6], cognitive map§7], and Soaf8], or utilizing  generated by the mbile robot and the
novel deep learning based Visihanguage transformation of the image space occupancy
Action (VLA) model$9]. The main primary grid defined with a semantic map to a 2D
deficiency of the VLA models is in their lack of occupancy grid in the mobile robot frame are
reliability stemming form their black box nature shown in Fig. 4. Green represents the free
and their sensitivity to environmental factors. space, while red represents the occupied grids.
Therefore, in this paper we will analyze the
three developed deep machine learnibgsed
algorithm utilized to achieve the necessary
skills for the implementation of cognitive
mobile robots within the manufacturing
environment.

Rotate Translate

- Action

- State

- Obstacle detection

- robot velocity

- robot angular velocity

2. SEMANTIC SEGMENTATION BASED
OBSTACLE AVOIDANCE

For a mobile robot to work autonomously in
a dynamic and unstructured industrial
environment, it needs to be able to avoid CA I dNBF M YIF OKAYS F2NJ 204
different obstacles in its path. Therefore, a FfA2NRAGKY D
globally optimally planned path needs to have
local minor deviations necessary to avoid
obstacles detected with the robot's sensors.

Translate Rotate
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Mobile robot trajectories
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3. SEMANTIC SEGMENTATEASED VISUAL
SERVOING

One of the key requirements for the efficient
utilization of cognitive architectures is to reuse
the data for multiple behaviors. Having that in
mind, the second behavior considers accurate
positioning of the mobile robot, based on
semantic stereo visual esvoing. Since the
standard odometrnybased mobile robot
positioning system cannot provide high levels

Sy il o 2 pf agcpragy igedgdfy he rganipulation tasks
i a08yso in the manufacturing environment, the stereo
visual servoing based on semantic
segmentation is employefd].

The images generated in the laboratory
manufacturing environment are converted into
semantic maps by utilizing a convolutional
neural network (Fig. 6). The dataset comprises
five classes: four machine tool classes and one
background class.

Afterwards, semantic maps generated in the
desired and current pose (position and
orientation) are registered [11]. The
registration represents the process of image
transformation with an objective function to
align two images. The semantic maps
i registration can be seen in Fig. 7 for both

A4 T ~images of the stereo vision system. Combined
CAIdANbadddt Al I a2y 2T U KsemahftOfapd ofQRo imhageR (curteand

ASYySNI GSR FTNRBY (KS @lasield) dre shéwh ih3hé dirst row. One of the
initially generated semantic maps is shown with
shades of pink, while the other is shown with
green. After the registration process is
completed, the images are displayed in the

NP2 o6 2 (i

The path the mobile robot took during the
experimental evaluation can be seen in Fig. 5.



NnNuwilo AEE SMUWOUOR2 1Y IHadIW ++ YRRecqRYUWYNWAI YT e AR
second row. If the green and pink elements are a3 M k) ca
aligned accurately, they are displayed in gray. v =< 0 .ee s
mT et (e 3)
AM 2 6&
¢ - G

R

l where <is the gain value, ant N 5js the
- velocity transformation matrix from the

camera to the mobile robot frame.

Both simulation and realorld
experimental evaluations with the semantic
segmentationbased stereo visual servoing

s

] - - h
CAIdINBF 393 FYyR asYhys O,k hEse & m¥h
FTNRY UKS auSN

. algarithm show high levels. of accuragy].
° OV 9? e Of my ﬁ%Nr%b%tﬂICO in simulated
2 Ohafd feanfoRd dkpelinfent can be seen Fig.

8. The path mobile robot took during the first
experiment can be seen in Fig. 9. The accuracy
of the final pose can also be shown by

| ’ : visualizing the absolute pixel difference
between the final and the desired images (Fig.

10).
“'G- -. =R

CAIANSEYITWwa O YI LI NBIAAD

The output of the image registration process

is the transformation matrixT ¥ 533 That CA I diNBAglet LI aS 2F Y20A(S

transformation matrix is utilized to align all the aAYdd Fe2y HRIDR IOWR INEIOL
control pixels belonging to the same machine in SELISNAYSydalt asuidzdle
the current ¢¢ = (1, w 1) and desired Mobile robot pose
Cd = (u, v, 1) image (1): wb T [ [ '
c.=Tg. (1) g ol
After the registration is performed and the % ©
pixels are connected by utilizing the *-20t
transformation matrix, the difference between -40 - - s - s .
those pixels can be used to determine the -1200-100°-80 Z'i?(is [lfrfl] 200020
necessary velocities in the camera frame (2): CAIdNBS p 6K w! L/ h G221 F
C= N ?) 6INBSY0S AYGSNNYSRAFGS o00f
. . L2aSd® ¢KS RSaAANBR LRaAas?2
where C is the difference between current and 22 o y

desired control pixelsJis the image Jacobian

matrix [12],

generated in the camera frame. Finally, the
velocities in the mobile robot fram&/N 5169
are generated by utilizing a visual servoing
controller fork defined control pixels (3):

and V.am are the velocities
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i ResNet18 model
The black color represents a low difference eshetls mode

between pixels, while light blue represents the
parts of the image with noticeable differences.
An additional important feature of the
semantic segmentatiobbased stereo visual P22
servoing is the ability to utilizehe images

generated in simulation for visual servoing,
which is provided in the last experimental
evaluation[1]. The desired images (Fig. 11) are
generated in simulation and utilized in the real

world environment.

Input (image + pose) [ - Input image

@ - Mobile robot pose
@ - Addition layer
BN - BottleNeck block
BB - Basic Block

56x56x64

N N

CAIdzSaMMWNB R AYIl 3S& 3ISYSNI
6UNBRG NPBdHNI FROMBNBY G AYI 3
NR g 0O ®

aAyYdzZ a2y
a—6%S02YyR

7x7x512

1x515

The mobile robot managed to achieve the
desired pose, which opens a possibility to
change the desired image adaptably,
significantly increasing the flexibility of the
visual servoing algorithm. CAIdzNGS amwsSdd my Y2RSE F2NJ (K-

G§KS LIAO|dzLd adz00Sa8a LINB
4. ACCURACY ESTIMATION SYSTEM BASED

ON DEEP LEARNING The experimental evaluation showed that

high confidence of the model is highly

. .. correlated with the gripping success.
The last system that utilizes deep learning in 7 gripping

mobile robot applications is the accuracy 95.29% Grip
estimation system that predicts the probability
of a successful pickup procedyd. The input
variables include the pose of the mobile robot,
as well as the image of the final scene before
the pickup procedure is initiated. The standard
ResNet1l8 model (Fig. 12) is adapted and
trained on the custom dataset to predict if the
pickup procedre will be successful with a
standard softmax output function.

The output of the model is utilized to assess 2 bt { ; o
if the current pose of the mobile robot is CA JIdzeR2 OMd® NRBo2uUa UDASe 2

adequate for the pickup procedure. IANRALILAY I | OOdzNF O&8 LINBF
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However, the overall accuracy of the model

robot. For that, we utilized stereo visual

is 70%. Figures 13 and 14 show the mobileservoing based on semantic segmentation.

robot performing the pickup procedure from
the mobile robot's perspective and from the
side view, respectively.

CA 3 dzNB RMsn WA S o
0KS 3INALILAY3

5. CONCLUSION

In this paper, we have presented the results
regarding the utilization of the intelligent
learning mechanisms within the cognitive
mobile robot domain. Three primary
subsystems utilized to demonstrate the
advantages of the deep machine learning
approaches are obstacle avoidance, visual
servoing, and prediction of the accuracy of
pickup operation. The obstacle avoidance is
performed by utilizing semantic segmentation
of the scene, where the mobile robot RAICO
can determine the difference between the
classesof objects in its environment and the
floor class. After successful semantic
segmentation, the image is projected to a 2D
occupancy grid and utilized within the obstacle
avoidance procedure. The second algorithm
regards the accurate positioning of the migbi

T

2T Y20AfS NRoz2i
LINE OS RdzNB o

After the registration of semantic maps, it is
possible to determine the velocities the mobile
robot needs to achieve to position itself
accurately. Lastly, the standardResNetl8
model is utilized in the image classification
problem to determine if the current pose is
adequate for the pickup procedure. Mobile
robot pose and image information represent
the input into the desired model. The future
research direction includethe integration of
the developed algorithm into a cognitive
control architecture.
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Abstract: This paper presents an application of ontologies in the manufacturing field, specifically in
collaborative process planning. To this end, it first examines the concept of ontology through its definition,
purpose, and classification. After it presents tbhel$ used to implement the developed ontologies and the
upper ontologies used for their development. Finally, a brief description of these ontologies is provided: PPDRC
ontology (ontology for collaborative Development of Products and Processes focusedsaurc®
Capabilities) and MIRC ontology (ontology for integrated Machining and Inspection process planning focusing
on Resource Capabilities).
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1. INTRODUCTION the optimal anddynamics resource allocation
based on resource capabilities.
Process planning, as a link between design
and manufacturing, is a key function to 2. ONTOLOGIES
ensuring that the characteristics of
manufactured products meet customer needs.  This section shows an overview of
Multiple factors converge in the tasks of ontologies, intended to provide a general and
manufacturing process planning. When these integrative vision of them. Since the relatively
factors are combined with the diversity of recent presence of ontologies in the field of
possible strategies and approaches, they form engineering, and particularly in manufacturing
a particularly complex scenario. engineering, means that they mayotn be
Takingas a starting pointhe above, this sufficiently well known in these fields.
paper presentsa contribution inthe field of
collaborative process planning. For this, an
ontological approach is proposed.This 2.1Definition
ontology gives supportand consistency to the Some authors agree on the extreme
co-planning tools used in creating process  difficulty of establishing a general definition for
plans especiallyin decisioamaking related to  the concept of ontology, since there are many
and diverse realities to which this term can
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refer, usually linked to their different uses: the problem of implicit and lost knowledge and
integration of data sets; the sharing of enabling the exchange of semantic content.
knowledge bases; enabling communication For other authors, the main purpose of an
between software agents; decisianaking ontology is to enable communication between
support; semantic frameworks for enterprise computer systems, making it independent of
architectures; the representation of matural  the technologies of the individual systems, the
language vocabulary; the representation of information architectures and the application
semantics for complex software services and domain [3].
applications; or the provision of a conceptual ! OO2 NRAY 3 (G2 Ddzf NAy23
framework for indexing content. 2y ldz2ft238 A& 0KS OK I NJ
According to Gruber, an ontology is an 02y OSLJidzt f ATl a2yX gAGK 0
explicit specification of a conceptualization [1]. I O2y aSy adza | 62dzi GKS 1Yy
This conceptualization can be understood as ail K ¢ f I y3dz-r 3S wneéd Ly FlI

set of objects, concepts, and other entitiesthat RSUyYy Aa2ya 2F |y R2y@2 23
are assumed to exist in some areaimterest, LI NP OA LI yda Ay (GKS R2YL}
along with the relabnships they maintain O2y aoa GdziS | o6l aira F2N 02

among themselves. Terms with a precise, R2 YI Ay @
shared interpretation and meaning are However, an ontology must be understood
established and used to refer to all of these as more than just an effective and efficient
entities and relationships. means of transmitting information. An
Formalisms facilitate the sharing of certain ontology allows us to capture knowledge in a
common knowledge between humans and domain of interest, and although in its practical
machines in a structured and precise manner, applications in engineering this haslsa
as they use a rigorous syntax for representinginvolved data storage and maintenance.
entities and relationships, ensuring Ontologies are situated at a higher level than
unambiguous interpretation of their semantics. information systems, as they also allow
Logic uses these formalisms to reach certainreasoning based on the information they
conclusions through reasoning processes. contain. Furthermore, this captured knowledge
Among the definitions of ontology that are can be shared and reused for various poses
based on logical theories or formalisms, the and applications related to its domain.
one by Uschold and Gruninger stands out: ‘an Therefore, ontologies occupy an important
ontology is a formal description of the entities place among modeling and representation
within a given domain, with the properties they techniques of knowledge.
have, the relationships inwhich they Ontologies facilitate the representation of a
participate, the restrictions to which they are body of knowledge in a formal and declarative
subject, and the patterns of behavior they manner, and constitute the foundation for

exhibit' [2]. building the bases of knowledge, representing
the terminology specific to a domain and
2.2Purpose of ontologies facilitating communication and the

transmission  of  knowledge  between
Ontologies aim to rationally establish the heterogeneous agents in a knowledgased
principles that organize and guide knowledge system.
of being, as a part of reality, through its
properties, principles, and causes. 2.3Types of ontologies and classification
Ontologies allow the relevant concepts and criteria
terms of a given domain to be identified and Based on the relationship between ontology
defined unambiguously. In this sense, they and language, Fox and Gruninger proposed
constitute the technological key to describing classifying ontologies into informal, semi
the semantics of information, overcoming the formal and formal, considering the degree of

NM
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precision with which both their syntax and 3. LANGUAGES AND TOOLS FOR THE
semantics are established. In this context, IMPLEMENTATION OF ONTOLOGIES
natural language would be an example of an  This section addresses aspects related to the
informal  ontology, logicammathematical practical use of ontologies in engineering, from
languageswould be formal ontologies and those Ilinked to applications based on
semtinformal ontologies would be found knowledge inference to those related to
halfway between the two [5]. software tools for editing, presenting, and
On the other hand, ontologies can be sharing ontologies.
classified according to their degree of
specificity [6]: upper ontologies, which define 3.10ntology editors. Protégé
concepts applicable to most or all domains;
core ontologies, which define concepts shared There are several ontology development
by several similar or related domains;rdain ~ environments or ontology editors: OntoEdit,
ontologies, which contain concepts specific to a WebODE, Hozo, etc. Among them, Protégé
particular domain of interest; and application stands out.
ontologies, which specialize the concepts of a  Protégé [7] offers significant features in the
domain ontology with applicatiospecific  ontology utilization phase. Its features include:
variants (Figure 1). extensibility, which allows users to redefine
representative primitives; a serautomatic
tool for merging and aligning ontology
components; the ability to péorm some tasks
automatically and guide the user through the
development of others; a customizable output
Core Ontologies file format capable of adapting to any formal
i language; a customizable user interface; and a
powerful and sophisticated pluig architecture
Domain Ontologies capable 6 integration with other applications.
Y Protégé, which uses, among others, the OWL
and RDF syntaxes, allows the construction of
domain ontologies, since, as can be seen in
Figure 2, with this editor you can define classes,
class hierarchies, properties, tastions for the
value of properties, relationships between
classes and the properties of these

Taking this classification as a reference, relation,ships. _
highlevel models can be obtained from the  Protége allows concepts to be described and
adaptation of a base ontology (upper ontology) a_lso provides new facilities or services. It has a
that describes the basic concepts (foundational "iCh et of operators, for example, intersection,
concepts), which are sufficiently general to be union, and negation. Since Protége is based on
applied in a wide range oflomains, and is a logical model that allows concepts to be
designed so that it can be extended and meet defined and describgo_lc_omplex concepts can
the additional requirements introduced by a P€ built on the definitions of other simpler
specific domain. concepts. Furthermore, the logical model

This aspect is fundamental when developing allows the use of a reasoner that can check

ontologies in engineering, because the use of Whether all the ontology declarations and
different ontologies without a common basis definitions are consistent with each other and

definition. The reasoner can therefore help
maintain the hierarchy correctly. This is

Upper Ontologies

3

Application Ontologies

Figure 1Types of ontologies according to the
degree of specificity [6]

NN
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particularly useful when dealing with cases the ontology is called thesserted hierarchy
where classes may have more than one while the class hierarchy resulting from the
superclass. reasoning process is called thénferred
E— hierarchy After the reasoner checkd, dan be
<€ PPDRC_vL.owl (http://www.coapp.esfontologies/2011/0/PPDRC_vLowl) - _vLowltxt] (oD ..
eeeeeeeeeeeeeee ; S seen whether any class has been reclassified
@ﬁ X C_l o ~ . . . . . .
S ] = T S S (i.e., if its superclass has changed) or if it is

e T ] [ Class Annotations || Class Usage. | InCOnSIStent.
DD D [onoations g

v ®Thing
ActivityOccurrence

»-®Arboreal uivalent ol
‘ | G complexOccurrence ActivityOceurrence
and

some Asitdsourren | 4. UPPER ONTOLOGIES

ST Upper ontologies facilitate the integration of
sesimaneaat sty Aty other, lowerlevel ontologies, as they allow for
shared vocabulary to describe the semantics of
ontological entities unambiguously and in a
machineprocessable manner. This is the case
with DOLCE (Descripti@ntology for Linguistic
and Cognitive Engineering) and PSL (Process
Figure 2User interface of the Protégé ontology  Specification Language).
editor, with the PPDRC ontology class taxonomy

and the defining axioms of the
W/ 2YLE SEhOOdzNNBYy O0SQ Of I 4apockAr OK 02y aidNI Ay Ada

semantics

The DOLCE ontology is intended to support
the design of domain ontologies and has been
successfully used in industrial and academic
projects and in diverse domains such as law,
biomedicine, and agriculture. As its name
suggests, 'Descriptive Ontology foinduistic
and Cognitive Engineering," DOLCE has a clear
cognitive bias and aims to capture the
gntological categories that underlie human
natural language and common sense. DOLCE
represents the world as it is perceived by
humans rather than as it is seemom the
perspective of scientific theories.

DOLCE is an ontology pérticularsin the

3.2Reasoners

In addition to a suitable user interface and
mechanisms to facilitate and systematize
communication between collaborators, the
main aid for the design and maintenance of
ontology provided by current tools is an
interface with reasoning systems or reasoners
most of which are based on OWL DL. Reasoner
support the testing layer of the Semantic Web
and can return examples of objects that meet
defined constraints or perform checks to
determine the veracity of an assumption. The

main function of reasoners is talassify that its d i of di : tricted
ontology concepts by establishing subclass ang>cNs€ that Its domain ot discourse 1S restricte
to particulars or entities that cannot have

superclass relationships and to detect logical .

errors that indicate modeling flaws. That is, the nstances. _Howeveunlversals or entities that
validation and analysis of ontology. can have instances, appear in an ontology of

Among the reasoners that work with particularssuch as DQLCE, to the exte_nt that
ontologies written in OWL DL are Racer andthey are used fo organize and chara_cte_rlze th_at
Fact++, which are, along with Pellet, the three ontology. In other words_, when designing th'.s
most commonly used reasoners with OWL. Asontol_ogy, the classes_of s taxonpmy and their
indicated above, they check the ontology to predlcgtes are established (predlca'Fes are the
automatically compute the classification properties of the clgsses apdehelatlonshlis
hierarchy and also to verify its logical between them), which areniversalswhile the

consistency. The class hierarchy described in'>¢ of the ontology is based on the instances of

N
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these classes and predicates,
particulars

DOLCE's ontological classification of the

world is extensive. DOLCE's four higbel
categories are:endurant perdurant quality,
and abstract (Figure 3). Endurants are
particulars in space, which participate in at
least oneperdurant Endurantsare classified as
physical versus nephysical, and agentive
versus noragentive Perdurantsare particulars
in time, which have at least one participant.
Qualities are particulars inherent in other
endurantsor perdurants Abstractsare entities
that do not exter in space or time, have no
spatial or temporal quality, and are not
qualities [8].

Figure 3DOLCE Basic Categories Taxonomy [8]
4.2PSL

PSL ontology was developed with the goal of

creating a common process representation for
all manufacturing applications, finding its most
genuine scope in discrete manufacturing

processes.
The PSL methodology is based on the
identification  of intuitions related to
manufacturing  processes, which  are

subsequently translated into elements of an
algebraic or combinatorial mathematical
structure, and finally formalized through
definitions and axams written in firstorder
logic that ensure rigorously developed
semantics.

The PSL ontology consists of a series o

interdependent modules built from a core that
captures the higHevel primitive concepts

inherent to process specification. Each module
refines this core by capturing sets of concepts

N O

which are specific to a specific area related to process

specification [9], [10].

PSL is the result of a project initiated in 1995
by the National Institute for Standards and
Technology (NIST) to create a neutral,
standardized, higievel process specification
language that would allow for the integration
of multiple related process afipations
throughout the product lifecycle, such as
CAD/CAPP/CAMICNC. This requires identifying
the semantic relationships between the terms
in these manufacturing applications.

Regarding its consideration as an exchange
language, Figure 4 illustrates the information
translation mechanism, based on the semantics
of PSL and the syntax of KIF (Knowledge
Interchange Format).

Aplicacion A

Sintaxis y
i ia de A o gia de A

Sintaxis KIF
Terminologia de A

/Ontologia PSL
SintaxisKIF <= | ;.

Terminologia PSL  ==—_ |

;Z}Zt

Sintaxis KIF
Terminologia de B

Aplicacion B

Sintaxis y

Terminologia de B . Ontologia de B

Figure 4Using KIF syntax in the process of
exchanging process information using the PSL
ontology [11]

4.3PSLECore

The purpose of the PSLore is to transform
into axioms a set of intuitive semantic
primitives suitable for describing basic
processes. These intuitive semantic primitives
are: (a) there are four types of entities required
for reasoning about processes: tadies,
factivity occurrences, timepoints, and objects;
(b) activities can have multiple realizations, and
there may be activities that never occur; (c)
points in time are ordered linearly, forward into
the future and backward into the past; and (d)
realizations and objects are associated with
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unique points in time, which mark the start and In the development of PPDRC, ontological
end of the realization or object. concepts from other proposals specific to the

Despite the simplicity of PSlore, the set of process and resource domains are
its axioms written in the formal language of PSLincorporated and integrated into the
provides a primitive semantics that is sufficient DOLCE+DnS Ultralite (DUL) base ontology.
to describe the basic processes. These include those from PSL and those from

MANDATE. The se of the DUL ontology
5. ONTOLOGIES IN THE MANUFACTURING facilitates the semantic interoperability of

DOMAIN PPDRC with ontologies from other domains.

This section is dedicated to the PPDRC and
MIRC  ontologies, both  focused on 5.2 MIRC ontology
manufacturing process planning.

MIRC (Manufacturing and Inspection
5.1 PPDRC ontology Resource Capabilities) is an ontology for
integrated machining and inspection process

PPDRC (Product and Processes Developmerglanning focusing on resource capabilities [11].
Resource Capabilities) is an ontology for MIRC is a specialization of the PPDRC
collaborative development of products and ontology (Figure 6). Therefore, it inherits from
processes focused on resource capabilities [11].the latter the ability to support collaborative

The PPDRC ontology supports the planningplanning activities developed in the context of
of the integrated new product development a virtual OKP and to represent the social and
process in collaborative environments agentic nature of the requeéd resources in
deployed within the context of a virtual OKP this case, machining and inspection equipment
(Oneof-a-Kind Production) enterprise, where and tools. The specialization of PPDRC concepts
communication and cooperation between provides the MIRC ontology with the semantic
different actors is possible thanks to the high interoperability required for its integration with
connectivity offered by Web technologies. In other ontologies in the manufacturing and
general terms, it can be stated that PPDRCproductdevelopment domains.
supports the planning of any type of process,
such as the manufacturing process of a product
or a process. A schematic represation of the
predicates of the PPDRC ontology can be seen
in Figure 5.

In the case of process planning activities, the
requirements outlined are particularly
important, both due to their complexity, as
they are subject to continuous feedback and
adaptations, and due to the collaborative  Figyre 6Basic entities of the MIRC ontology
nature of the process and the agentiatare of (Resource, ActivityTyp€apability and Region) in
the actors involved. the PPDRC ontology taxonomy [11]

The MIRC ontology represents both
machining and inspection resources and their
dimensional and geometric capabilities, as well
as the activities involved in a machining and
inspection plan for a part. This is because, to
ensure that a part meets establistiequality
requirements, expressed through the

Figure 5Predicates of the PPDRC ontology [11] corresponding dimensional and geometric

N1
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requirements, it is not sufficient to assign capabilities to the characteristics of the
resources compatible with the required resulting object. This transmission of
performance level to each activity. This characteristics in the execution of the activity
assignment must be made within the context of materializes through an interface between the
a plan, which establishes the structure (phase, resource and the processed object, which
subphase, and operation) and depend&s introduces additional dispersion cotigdined
between these activities. The selection and by the type of control under which the activity
allocation of these resources within a is executed. In the second behavior (passive),
machining and inspection plan determines its the resource is the object that receives the
efficiency, especially in distributed and activity, asoccurs in Preparatictype activities
collaborative environments, such as the oriented toward resource configuration.
integrated and  collaborative  product The MIRC ontology considers two types of
devdopment process in a virtual OKP. activities: Operation activities and Preparation

In the MIRC ontology, four entities of the activities. The former include activities
PPDRC ontology are specialized: Resourceperformed on the part to modify its
ActivityType, Capability and Region (Figures 6characteristics, while the Preparation type
and 7), which represent the essential concepts includes activities performed on resources t
used in the definition of a process plan modify their characteristics (Figure 8).
(resources and types of activitieand those
that are necessary for the allocation of
resources to activities in the creation and
validation of the process plan (capabilities and
their quantification).

Figure 8 Preparation activities in the MIRC
ontology [11]

On the other hand, resources are considered
at different levels of aggregation and can be
simple or complex (Figure 9). The latter are
configured through Preparation activities,

Figure 7 Predicates of the PPDRC ontology, and  \hich modify their capacities. These capacities,
taxonomy of the entities Resource, Region and 5, poth simple and complexesources, also

ActivityType in the MIRC ontology [11] vary over time depending on the performance

of their functions. In this sense, the preparation

In the ontology, a resource is an object that activities (loading and setup) of machining and
can perform an activity by exhibiting active inspection resources (Figure 8) are essential for
behavior. However, it can also exhibit passive determining the adequacy of the assigned
behavior when, while involved in the activity, it resour@s according to technological criteria
iS not responsible for its execution. Active related to their dimensional and geometric
behavior corresponds tca mechanisype capacities. Therefore, it can be stated that the
participation role in the activity, while input, MIRC ontology supports all the necessary
output, and control roles correspond to passive knowledge for decisiomaking concerning the
behavior. preparation and allocation of resourcesiring

In the first of these behaviors (active), the the development of an integrated machining
resource transmits the valudgbat quantify its  and inspection process plan, and is capable of

— >
Variabiity Estimated_Valua ] m
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supporting the evaluation and validation of any
plan.

For this evaluation and validation of the
plan, a methodology is established that
facilitates understanding of the conceptual
framework of the MIRC ontology. This
methodology is supported by graphical
representations (Figure 9) that allow viewing
both theplan as a whole, showing the sequence
of processing activiies and resource
configuration, and the details of each of its
component stages. Furthermore, the detailed
graphical representations show the type and
guantification of the characteristics asso@dt
with the resources and objects involved in the
execution of the activities. Specifically, these
graphs serve to show the effect of resource
capabilities and activity execution (interface)
on the characteristics of the resulting objects or
resources.

Tool

_ v
pf

Machine_Base

(b) Slot
_Depth

Figure 9Physical representation of the resource
participating in the machining of the slot (left) and
graph with the characteristics of the machined slot

(right) [11]

6. CONCLUSION

The PPDRC ontology provides an efficient
response to the needs arising from product
development in distributed and collaborative
environments.

The MIRC ontology, which is a specialization
of PPDR, supports the planning of machining
and inspection processes in the field of
integrated and collaborative product, process,
and resource development.

Both ontologies, PPDRC and MIRC, have,

been built from upper ontologies (DOLCE and

PSL), taking advantage of its semantic richness

and bringing together concepts from these and

NZ

other nonontological initiatives. Among them,
the consideration of the social nature inherent
to the DOLCE ontology, the treatment of
resources and roles derived from the
MANDATE initiative, and the description of
activities and process plans derived frdhe
PSL ontology stand out.
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Abstract: Additive Manufacturing (AM) has transformed the medical domain by enabling the creation of
patient-specific implants, prosthetics, surgical tools and bioprinted scaffolds. This paper critically reviews the
main AM technologies applied in medicine, hidftiigg their advantages, limitations and future development
needs. Material extrusion, photopolymerization, powder bed fusion and bioprinting methods are discussed
with emphasis on their applicability in producing medical applications. Speciatiatiés given to issues such

as biocompatibility, sterilization, regulatory frameworks and mechanical reliability. Based on the realized
analysis opportunities for design improvements, material innovation and technological optimization are
emphasized. Laang ahead, emerging approaches such as 4D printing, -maliérial systems, Adriven

design and advanced bioprinting are explored as potential solutions that are considered as reliable
alternatives to address the current limitations of AM technologicdlitions that are used for medical
applications. This paper emphasizes therefore the ongoing need for innovation to meet evolving medical
requirements and ensure safe, sustainable and personalized healthcare solutions.

Keywords:Additive manufacturing, biomedical engineering, medical applications, innovations, future trends

1. INTRODUCTION Fdzy OG A2yl f NBIlj dzA NBYSy (i a
capacity to produce porous and patiegpecific
Additive Manufacturing (AM), commonly structures allows for improved

known as 3D printing enables the fabrication of osseointegration, comfort and surgical
complex medical applications with a level of outcomes [3]. Despite its growing success, AM
customization such as cranial implants, dental technologies face significant limitations
restorations, prosthetics, surgical guides, and regarding material biocompatibility,
tissue engineering scaffoldsittv one design  mechanical performance, regulatory approval
freedom that is hard to be reached by and scalability. This paper aims to provide one
conventional methods [1]. In recent years, the synthetic presentation of current AM
integration of digital imaging, computaided  technologies that are used for medical
design and advanced simulation tools has applications, in order to identify liitations
further enhanced the ability to create patient while proposing directions for future
specific devices thamatch anatomical and innovations aligned with the medical needs.

NY
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2. ADDITIVE MANUFACTURING SOLUTIONS complex geometries and, in the case of PolyJet,
FOR MEDICAL APPLICATIONS the capability to print withmultiple materials
simultaneously. Despite these advantages,
several limitations persist. The resins used are

often brittle, they have restricted lorterm
Material extrusion (MEX) includes Fused biocompatibility and the materials and
Deposition Modeling (FDM), Fused Filamentequipment tend to be costly. Moreover,
Fabrication (FFF) and Metal Extrusion (ME).extensive posprocesing steps such as
These are among the most widely used AM washing and curing add both time and
processes due to their accessibility. complexity to the workflow [5]. Addressing
Applications range from anatomical models these challenges requires the development of
and orthoes made of PLA, ABS or TPU to-highstronger and more durable biocompatible
performance implants produced from PEEK orresins, scalable and efficient pegstocessing
PEKK material. Metal Extrusion further extends methods, and materials Wi improved
the possibilities of this approach to titanium resistance to degradation in biological
and stainlessteel components, which are environments.
consolidated after debinding and sinterinthe
main advantages of material extrusion 2.3Powder Bed Fusion Technologies
technologies lie in their relatively low cost, the
wide range of available materials and the ease Powder Bed Fusion (PBF) comprises several
capacity to produce patiemspecific ~ technologies, including Selective Laser Sintering
prototypes. However, these processes are not (SLS), Selective Laser Melting (SLM), Electron
free of drawbacks. Componentstef display = Beam Melting (EBM), Binder Jetting and Multi
anisotropic mechanical behavior, a rough JetFusion (MJF). Among additive manufacturing
surface finish and limited options for processes, PBF has estahed itself as one of
sterilization, while their mechanical strength is the standard alternative for producing metallic
generally inferior to that of parts obtained implants, particularly those made from titanium
through powder bed fusion methods [4]. To and cobakchrome alloys, which are widely
overcome these limitationsmprovements are  used in orthopedic and dental applications. The
needed in several directions. Stronger major advantages of PBF lie in its ability to
composites and improved interlayer adhesion deliver high mechanical strength and to design
could enhance performance, while hybrid porous structures that promote
reinforcement  strategies and validated Osseointegration, thereby improving the long

medicalgrade extrusion systems are essential term stability and functionality of implants.
for meeting the strict requirments of  These characteristics contribute significantly to

2.1 Material Extrusion Technologies

biomedical applications. the reliability and longevity of medal devices
manufactured with this technology. However,
2.2 Photopolymerization Technologies PBF also presents important drawbacks. The

equipment and raw materials are costly,
Photopolymerization processes include powder recycling remains a challenge and the
Stereolithography (SLA), Digital Light process is exposed to the development of
Processing (DLP), PolyJet and Carbon Digitdesidual stresses that may comngmise
Light Synthesis (DLS). These methods arénechanical characteristics of realized parts [6].
widely used in the medical field for the Furthermore, extensive pogirocessing steps,
production of surgical guides, dental devices, such as support removal and surface finishing
prosthetics and highly accurate anatomical are often required to achieve clinically
models. The strengths of photopolymerization acceptable results. Future improvements
technologies lie in their high precision, smooth should therefore focus othe establishment of
surface finish, the ability to fabricate highly standardized powder reuse protocols, the

N @
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development of advanced finishing techniques,
methods to reduce residual stresses and
simulation tools that enable optimized process
control for medical applications.

2.4Bioprinting Technologies

Bioprinting extends additive manufacturing
into the field of regenerative medicine by using

in digital design methods. The use of generative
design, topology optimization and patient
specific modeling is already redefining the way
implants and scaffolds are conceived [8].
Artificial Intelligence (Al) is expected to play a
key role by enabling pdictive models for
defect detection, automated optimization of
process parameters and rapid customization of
devices based on patient data. Coupled with

bioinks composed of living cells, hydrogels anddigital twins andsimulation tools, Adriven

growth factors. Several approaches exist,
including extrusiorbased bioprinting, inkjet
printing, photopolymerizatia techniques and
laserassisted methods. More recently, 4D
printing has emerged as a promising frontier,
introducing constructs that can adapt their
shape or function over time in response to
environmental stimuli. The advantages of
bioprinting are particlarly significant in the
biomedical context. It enables the fabrication of
tissue scaffolds and orgdike constructs,
provides patientspecific regenerative solutions
and allows for the deposition of multiple
materials in a single structure. Nevertheleb®
technology still faces important challenges.
Bioinks typically lack sufficient mechanical
strength, scalability remains limited and
maintaining high levels of cell viability
throughout the printing process is difficult [7].
Moreover, standardized protcols for clinical
translation are still lacking. To move forward,
research and development must focus on
creating robust bioinks with customizable
properties, developing reliable vascularization
technigues and implementing retime
monitoring systems. T integration of
bioreactors for tissue maturation is also crucial
to bridge the gap between laboratory research
and clinical application.

3. FUTURE DIRECTIONS IN ADDITIVE
MANUFACTURING FOR MEDICAL
APPLICATIONS

3.1 Design Innovations using Artificial
Intelligence
Future progress in biomedical additive
manufacturing will be closely tied to advances

M

design will allow for virtual validation of
implants  before fabrication, significantly
reducing trialand-error approaches and
accelerating clinical translation [9]. The key
challenge in this area is integrating medical
imaging data, computational design and
process control into a seamless workflow that
meets regulatory standards.
0PHS PGSt 2LIVYSY | RGlI yOS
Another major direction for innovation lies
in the development of new customized
materials which are adapted to medical needs.
Multi-material printing is gaining importance,
as it allows the combination of rigid structural
materials with flexible or bioadte ones in a
single construct. Smart and intelligent
materials, such as shagsemory polymers or
stimuli-responsive  hydrogels are  being
investigated for their potential to adapt to
physiological conditions and improve patient
outcomes [10]. In the field fobioprinting,
research is focused on bioinks that combine
mechanical strength with high cell viability, as
well as functional additives like nanoparticles
or growth factors [11]. Despite these promising
directions, challenges remain in ensuring leng
term stability, biocompatibility and regulatory
approval of novel materials. Standardization
and scalability will be critical for widespread
adoption in clinical practice.
OPOYSNHEHAYI ¢SOKy2f23A0L f

2T

. S82yR YFEGSNRI £ & I VR
G§SOKy2t23A0Ft @I NRARFyGa |
2T O0OA2YSRAOI lad® | &6 N
aeaisSvyaszr GKAOK AYGSINF G
GAGK &adz N} Oa @S YI OKAYAY
GNBlFdYSyida 20SNI I L GKgl



NnNuwilo AEE SMUWOUR2 1Y HadIW ++ YRRecqRYUWYNWAI YT 2 #qR

j dz £ A G @& ' YR  Fdzy Oa 2y lExchangéS NJh2aN6 | Pyof@& dNo. 2628-
LINAYay3ds 4 KAOKIREYIS Y REBIYRKA2ZDHEDOSOZI5929.

OGN YaAT2NXIFa2ya Ayl?2 LJNJ\yGéR a0 NHzO G dzNB a = Kszé
LINEYA&S TF2NJ RSQSf 2LJ)\3/E l:\LJa@S AYLX Fyda | yR
4002t R4 uKI NB & L2 vV R l?z[e%/ FA9FEle G2 OKKy3ISa

Ay GKS oA

f 237100 LJN&W%W%J@ Y AP plocdssed in Medical

- - ) f;‘v Y2OAy3 ﬂkp‘b‘h@atloﬁéfﬁ&enaﬁlv& "_r‘t'?\1@1 2?)2%3/ 2T
@l aodzf I NA T SR aaaszaZ 2 N Yy Oa 2y

2NHlIY Y2RSta GKN2dakPE rbe é/ag g‘p'a”%
X A0a FyR 0A2NBf é:n Voluri‘/?%f rg'c BENE
a ol t A YTZ,I UKS avS b LILINE | g]gzg@qras |N§\>€1hld| ﬁﬂ]ﬁ %@S’é&fo\‘ﬂ@f&l‘b
A 2ya teéeiz NBO Bbne Regeneration: A Systematic
I LILX A Ol a2y a NJ,S YEAya | Ii'é\ﬁeWMbé%lbno MaferialsKdorfiplitafidhad S
FYR £SI@gSa t2d 2F 2LSY oA Biotechidibgh 3Bibehdhbeing, Y & @
hyE2Ay 3 NBASFNODK gAff vVKI2Z8o0.8, ip219§200R RE & &
NB LINE R dzO A a8Vt OiRys0 & O 21-&y@R Debredeki,3\., Z. Buri, S. Bodzas: Linking Process
AYyiS3aINrezy 2F (KSaS (S OnanetarspSauct@en& Prgeries in Materjaly o y -

YSRAOIt ¢2 Nazb®N®B® Ay K SEXtgsion AM of Polymers & Composites: A
Review, Journal of Manufacturing & Materials

Processing, Vol. 9, Art. 286, 2025.
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reshaped biomedical engineering by enabling  Optimization, Biomacromolecules, Vol. 25, pp.
customized, patienspecific solutions. Each 1023;1045, 2024.
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crucial to unlock the full potential of AM Metals, Vol. 13, 424, 2023, -
technologies. Emerging innovations such as[7] J. Halper: Narrative Review & Guide: State of

. : _ . . the Art & Emerging Opportunities of Bioprinting
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Abstract: Additive Manufacturing (AM) has evolved into a robust industrial production technology, but its
inherent process complexity poses significant challenges to ensuring consistent part quality and repeatability.
Traditional quality control methods often talpdace in the posprocess phase, being tiro®nsuming and

costly. This paper argues that the future of AM lies in the adoption ofine@) in-situ monitoring and closed

loop control systems and offers several examples to fundament this clagnANIhsystems leverage a
network of sensors to collect vast amounts of data during the build process, enabling immediate analysis and
corrective measures to prevent defect propagation. The methodology of thisdde&m approach is
explored, distinguishindgetween different irsitu monitoring solutions (optical, acoustic, and infrared
sensors) and their practical implementation. A robust data management pipeline, incorporating advanced
data reduction and AI/ML models, is essential to make this approaclevile paper is discussed through

four key research projeatsCUSTODIAN, QuBED, WAVETAILOR, and crystfdillustrate these concepts

in practice. These projects collectively demonstrate the importance of sensor fusioiveAlmodels and

digital twins in establishing a sediptimising ecosystem that can significantly reduce scrap, accelerate
development, and pave the way for a zelefect manufacturing paradigm in AM. The conclusion is that
digitalisation in AM is a critical shift that will secure th& OKy 2f 238 Q& FdzidzNBE Ay | ROl

Keywords:additive manufacturing, digital technologies, monitoring, sensors

significant portion of the global AM market in
1. INTRODUCTION 2025, that is 74% of all installed systems [1].

Additive Manufacturing (AM), commonly The increasing adoption of AM in critical
known as 3D printing, has transitioned from a sectors, such as aerospace, medical devices,
rapid prototyping technology to an established and energy, highlights the need for robust
industrial production method, covering the quality assurance and process control [2].
applications that conventional processes However, the complexity of AM processes,
cannot attend. This shift is particuladyident  \yhich involve numerous interdependent
in processes like Laser Powder Bed Fusioen (Lparameters like laser power, scan speed,

PBF) and Laser Directed Energy Deposition (Lpowder flow, and temperature, makes it
DED), which together accounted for a
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challenging to ensure part quality and ensure the production of zerdefect

repeatability [3, 4]. components.
The cavity here may be too Real time monitoring in AM Closed-loop control in AM
deep to machine
\ Data processing
acess Daclaion

AM pre e

The undercut here cannot be

performed without more than C"“”" v
3 axis machining n

Curved features cannot be
machined without a form
mill cutter

Base cannot be machined
without holding the cup in a

ﬁ o iu The present paper outlines a dathiven
) approach to enhance AM process control. It

(4 /6
" "‘0 q (<) details the methodologies for data collection
and analysis and presents a discussion of four

key research projects that demonstrate the

Figure2. Schematic view and comparison of real
time monitoring and closetbop control in AM.

2 STL conversion

5 I

3 File transfer to machine =

T ilig application of these concepts in reaorld
7 Post-process

e scenarios.

2. METHODOLOGY
Figurel. The niche of AM technologies [2] and the

AM production steps [3]
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monitoring and closedbop control systems. (KS NBIKKS/ RY Aydz2f B&EA Y3 ¢
These systems rely on a network of sensorstoj kg |1 4 (INPOSS5a AGaSt

collect vast amounts of data during the build 5 5 o 1 V(i SN S Vi KBy LJJN&%)S 33
process, enalig instantaneous analysis and | 8 G &R o6& | y S8@8yid ¢K
decisionmaking. Reafime monitoring can  § N3 VyaAASY(d LINROSaa S¢Syda
detect critical errors and stop the process, x y NBI ¢ SYSD / 2YYEA GABY 2
thereby preventing further defects from -5 YAG2NRAY3 AyOf dRSY
propagating. Alternatively, by necritical 5 A o j A
errors, it can register an alert and notifytheend T h LJe OF f & SWaBNRY OF X3 K

a
user that an error has occurred at a specific LB NBYSGSNA | NB dzaSR 02
S

location. The ideal scenario, as illustrated ina G KS  YSt 4 L2tz &aLd §SH
simplified closedoop model (Figure 2), 0SKIQJAZNP  CKA a RI Gl
involves sensors providing re@ne feedback AyoOz2yarauSyOAsSa Ay Y <
to a data processing unit, which in turn can RS¥SOuUaz | yR USYLISNI U dz
implement corrective measures on the AM 71 02dz800 aSyaz2NBY aiON2|
machine to prevent defect propagation and SYyraarzy asSyazNa Oly R
I3SYySN}IGSR 6& GKS LINROS3
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3. RESULTS & DISCUSSION architecture and MWIR sensor in CUSTODIAN (up).
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Abstract:: Light Amplification by Stimulated Emission of Radiation or LASER, is a thermabaseryy
unconventional machining method. g@ser cutting of AISI 314 Stainless steel is carried out to evaluate
the variation of kerf width in the cut section. Bamlopagation Artificial Neural Networks are used to
analyse and predict the kerf width during Z&ser cutting. In this study, input parameters considered
were cutting speed, power, stand dftance and gas pressure. For experimental database of artificial
neural network s taguchi orthogonal array with four levels for each input parameter was proposed.
Among the 16 datasets, 12 datasets were used for training the network and the remaining 4 datasets
were used for testing the network. The results of predicted roughness emidvidth by back
propagation neural network were compared with experimental data and the average predicting error
on training datas was 0.37% and the average predicéngr on testing datas was 4.34%, which
confirms that the predicted ANN model might be utilised to study the impact pla€#d cutting
settings on kerf width.

Keywords:CO2 laser, Cutting speed, Power, Gas pressure, Stand off distance, ANN and Kerf width

1. INTRODUCTION devices, where both efficiency and cut
guality are critical.

Laser cutting has emerged as a widely
adopted manufacturing technique because
of its ability to produce intricate
geometries  with  high  dimensional
accuracy, minimal hesadffected zones, and
reduced need for secondary finishing
operations. It is extensivelapplied in
industries such as shipbuilding,
automotive, aerospace, and medical

Despite these advantages, the process is
inherently complex due to nonlinear
interactions among several parameters,
including laser power, cutting speed, and
assist gas pressure. These factors
significantly influence the quality metrics
such as surface rghness (Ra) and kerf
width (Kw). Achieving an optimal balance
between these responses is challenging

oM
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since improvements in one often leadto Y2 RSt Ay3 2F y2yfAySIN S
trade-offs in another. NHzy & O2 YL} NBR G2 I Fdzf f
Recent research highlights major B A 4 oA .
progress in optimization and decision " Qry Lddzi t F N} YSUSNR YR -]
support methods for lasebased ¢ K? a va SOUSR . LJ'L N‘]L YSuSI
machining. Statistical tools such as LJ2 g ? 'v\"}: AO dzk vaI P a ':‘]S S B > A I')i
principal  component  analysis and NbaadNBZ a UKSeé RANBOL
orthogonal arrays have been applied in AyLidzux Y2t usSy YEUSNRALT
Nd:YAG laser cutting of nickel alloys to RAYS 3[? A 2 yht 1 OOdzNY vOe CDV 9
enhance machining accuracy [1]. Studies PONEda UKNbS fS5@5ta Fa
2y FAOSNI YR [/ hi f | TadkeNBaramR@SASIR fevelsd G NB y 3
parameter sensitivity and its impact on Parameter | Level 1 | Level 2 | Level 3
stainlesssteel cut quality [2]. Multcriteria
decisionmaking (MCDM) frameworks, (lT((:/\\//v)er 1.6 1.8 2
such as AHRIARCOS and fuzzy AHP, are Speed
increasingly being raployed for tool (m/min) 0.3 0.35 0.4
selection, process planning, and qddltlve Pressure
manufacturing [3,4]. Evolutionary (bar) 0.6 0.8 1
algorithms, ANFIBased predictive
models, and hybrid optimization methods  Response Measurements
have also shown promise for reliable
parameter tuning in nofraditional ) _
machining [&9]. For quality evaluation, two responses
were measured:
Furthermore, decisioranalysis
methods such as AHP and TOPSIS are Surface Roughness (Ra, pm): Recorded
gaining traction in advanced using a contact profilometer with a cutoff
manufacturing due to their ability to assign ~ 1€ngth of 0.8 mm. Three readings were
priority weights and rank alternatives averaged for each specimen. L_ower values
based on proximity to ideal solutions g0 correspond  to  smoother finishes and
12]. Integration of clougbdge cokiborative superior quality.
manufacturing further strengthens Kerf Width (Kw, mm): Determined using
optimization by enabling remote decision an optical microscope (10x magnification).
making and adaptive production planning A smaller and consistent kerf width
[13¢15]. indicates higher dimensional precision.
The input parameter combinations for
2. METHODOLOGY each trial are summarized in Table 2.
. . Table 2 Experimental Trial Matrix (Input
2.1Experimental Design Parameters)
¢KS ¢. 28y 1Sy 5S8aArdy |Brt 5 poweryl| Speed | Pressure
58t SOGSR G2 addRe §kE-oavEW NG 5@ o7
0KNBS LItN) ¥XSUNBNBH2 6 SNE1 Odzk V18 0.35 0.6
A&LISSRZ YR1HG &0KNBE & &GERBSf 3g | o3 1 o
0f 26X YSRAdzYZ KAITIKUL P |t KAgG—RSEAT+—NEIdzA NBR
MT SELISNAYSYyGEFE GNRAIFF3az |[LINE gA RFRy|3 0BV OA Sy
4 2 0.32 1
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5 1.6 032 0.6 Expt. No. Ra (um) | Kw (mm)
6 1.8 0.32 0.8
14 2.1 0.34
7 1.8 0.32 0.8
15 2.85 0.4
8 2 0.3 0.8
16 2.32 0.36
9 1.6 0.35 0.8
17 2.5 0.37
10 1.6 0.32 1
11 1.8 0.35 1 3. RESULTS AND DISCUSSIONS
12 1.8 0.32 0.8 A s . a . |
¢ KS E LIS J\YS)/qu UNMIF
13 1.8 0.3 0.6 0KSc. 2y 1Sy RSaAaday NBGSI
14 2 0.35 0.8 I?é |:J§ y Iv? S y QAA v2 T ¢ dZvl.’J |] dzl £ A
Odzk y 3 aLISSRZ FYR |aaAaAai
15 1.6 0.3 0.8 { dzNF I OS NRdZAKYy S&aa owlk o |
16 18 | 032 | 08 6SNBE OKz2&aSy & GKS LINA
ary oS ARSIt & RSGSN)YAYy
17 2 0.32 0.6 RAYSyaArz2yl f F ©OdzNI O& |
NBIljdZANBYSyia 2F GKS 0O2Yl
CSt2s NBalLRyasSa sSNE OIS 5 aNBER T2 NI
SIHOK SELISNRYSyla YR |akedk, &y &dEtdn$ efo®
- . i _ No. pm pm (%)
ClF Of9SELGSINA YSY Ul f Npbadz pao
1| 2.05 2 2.4
Expt. No. Ra (um) | Kw (mm) 2 26 555 19
1 295 0.34 3| 225 2.3 2.2
41 25 2.45 2
2 2.7 0.32 5| 215 21 23
3 2.4 0.36 6| 23 2.25 2.2
4 265 0.33 7 2.2 2.18 0.9
c >3 037 8| 27 2.65 1.9
' ' 9| 1.95 1.9 2.6
6 2.42 0.35 10| 24 2.35 2.1
7 235 0.35 11| 2.18 2.2 0.9
12| 2.22 2.2 0.9
8 2.8 0.34
13| 255 2.5 2
9 2.05 0.38 14| 21 2.05 2.4
10 2.55 0.33 15| 275 2.7 1.8
1
1 5 18 031 6| 225 2.2 2.2
17| 235 2.3 2.1
12 2.36 0.36
13 2.68 0.39 ¢K$ EOéSN:ﬁSRvﬁl'de{i aK:
fraSNI] LI2Z6SN) O2YO0AYSR ¢
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| 26 SOSNE SEOS&aa&aA DS LIprésSud 21yl /tha o t & WSBR DOzl G Ay
OFdzaSR t 20t AT SR 2 0SadS ITey IKkey fe§bnRes,y Surfabe?
GARSNI 1SNF TF2N¥Ioa2y doughnasg @RS)Mﬁd&érfeV\Edth (Kw&), Ankre
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4. CONCLUSION industrial environments. By accurately
This investigation employed the Bpx  forecasting  surface  quéy  and
Behnken design to systematically study the dimensional characteristics, the model
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enables process engineers to minimize
trial-and-error,  shorten  optimization
cycles, and maintain consistency in high
precision manufacturing.

In conclusion, ANFIS serves as a robust
and practical tool for predicting and
2LIGAYATAY3 [ hi t I
alloys. Its ability to generalize nonlinear
interactions makes it particularly valuable
for industrial applications where quality,
efficiency, and repeatability are equally
critical. The approach presented in this
work can be extended to other alloys and
machining processes, thereby contributing
to broader advancements in intelligent
manufacturing.
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Abstract: The functional performance and-éervice quality of products are strongly influenced by surface
roughness, which is a direct outcome of material removal processes. In general, surface roughness is function
by the input parameters of the machining procass the extent of tool wear, the increase of which leads to

an increase cutting forces, torque, acoustic emission level, vibrations, and temperature. Finding the
dependence between machining parameters, tool wear indicators, and surface rougiaresseters

enables reatime prediction of surface quality and contributes to appropriate processing quality. In this study,
based on data obtained through experiment conducted using the Taguchi design of experiment, predictive
models were developed usingltiple regression analysis and artificial neural networks (ANN). These models
establish a relationship between input drilling parameters, axial drilling force, and the maximum height of
the surface roughness profile.

Keywords:Drilling, Surface roughness, Axial force, Multiple regression, ANN

1. INTRODUCTION A substantial number of research has
_ established a relationship between surface
In the manufacturing of products,  roughness most commonly characterized by

particular emphasis is placed on dimensional  the arithmetic mean deviation of the surface
accuracy and the surfaces roughness in terms  roughness profile and the parameters of the
of  processing  quality.  Accordingly,  cutting process. Numerous researchers5|1
establishing a relationship between surface have employed regression analysis to derive
roughness parameters- which serve as mathematical models that relate machining
indicators ofsurface roughnessand the input input parameters to surface roughness, or

parameters of the machining process, while  have utilized artificial neural networks to
accounting for the level of tool wear, becomes  predict surface roughness.

increasingly significant.

-
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Previous models demonstrated excellent
performance in predicting surface roughness
based on machining input parameters;
however, they did not account for the
combined effect of input parameters and tool
wear level on surface roughness.

Tool wear, its prediction, and the
establishment  of  correlations  with
measurable process parameters (such as
cutting force, torque, vibrations, and acoustic
emission level) have also been the subject of
extensive research {8].

Based on conducted experimental studies and
existing literature, several authors-EL] have
applied multiple regression analysis and
artificial neural networks to establish relatio
nships among machining input parameters,
measurable process parameters assted
with tool wear, and the arithmetic mean
deviation of the surface roughness profile.

While predicting the arithmetic mean
deviation of the surface roughness profile
provides insight into average roughness level,
in order to detect specific surface
irregularities, it is also important to predict
the maximum height of the surface roughness
profile.

Considering the above, as well as existing
models for surface roughness prediction [12,
13], this study develops models that establish
a relationship between drilling process input
parameters, drilling axial force, and the
maximum height of the surface rghness
profile.

2. EXPERIMENTAL DESIGN

The maximum height of the surface
roughness profile, which results from the
cutting process, is a function of the machining
input parameters and the wear of the cutting
tool. Considering that the input parameters of
the drilling process include the nominal
diameter of the twist drill ), spindle speed
(n), and feed ratef§, and that the angle of
workpiece positioning®) can be considered
an additional input parameter, the
experiment was designed in accordance with

no

Taguchi's orthogonal array method, withe
experimental factors varied at three levels.
Given that the variation of experimental
factors at three levels corresponds to
¢ I 3 dzOK bribdgonal array with nine
combinations of  machining  process
parameters, and by treating the drilling input
parameters as experimental factors, the
resulting experimental design matrix is
presented in the following table (Table 1).

Table 1 Experimental Design Matrix

d n f
No. [mMm] | [rev/imm] | [mm/rev] “[]
1. ch N1 f1 1
2. ch N2 f2 B2
3. ch N3 fs 83
4. d> Ny fa B3
5. d2 N2 f B1
6. d2 N3 f1 B2
7. ds N1 fs K2
8. ds N2 f1 B3
9. ds N3 fo 1

The specific values of the experimental
factors, categorized by levels, are presented in
the following table (Table 2).

Table 2 Factor Values by Levels

Level| d n f 5[]
[mm] | [rev/min] | [mm/rev]

1. 3 300 0.03 0

2. 5 500 0.05 3

3. 8 800 0.10 5

The experiment was planned to be
conducted on a CNC milling machine MILL
250, manufactured by EMCO, by drilling holes
to a depth ofl = ™ in test tubes made of
enhancement steel EN 42CrMo4, heagated
to a hardness of 28 HRC.

Twist drills made of higbpeed steel EN HS6
5-2, in black version with a cruciform blade,
manufactured using grinding technology and
heattreated to a hardness of 688 HRC, were
provided for the experimental procedure.

Measurement of flank wear on the twist
drills is planned to be performed using the
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GUHRING PG 100 optical device for measuring
the geometrical elements of twist drills,
featuring digital readout capability.

To measure the maximum height of the
surface roughness profile, the SURTRONIC 25
surface roughness tester manufactured by
TAYLOR HOBSON was provided, with a
YSIF AdzNBYSyd NI y3aS dzJ
measurement of axial drilling force, a
measurement chain biKISTLER was provided,
having a measuring range of up to 20,000 N.

3. RESULTS AND ANALYSIS

The experiment was conducted in
accordance with the experimental design
matrix, with measurements taken of the axial
drilling force &) and the maximum height of
the surface roughness profil&] after drilling
with a sharp tool YB= 0 mm), at the point
when tool wear reaches the average valwd(
= 0.02l), and at the point of tool blunting,
when wear reaches the maximum val\éB=
0.04d).

The measurement of the maximum height
of the surface roughness profile was
performed at four characteristic locations by
rotating the test tube by 90°, with the mean
value of the measured results taken as
representative.

The measurement results are presented in

the following table (Table 3).
Table 3 Measurement Results
N | VB=0 mm VB=0.0 VB=0.04
0. | K R | R R |k R
1 218.3|2.6 | 263.3| 3.6 | 418.2|4.6
16 8 3 6 3 4
2 275.3|4.7 | 356.9| 5.7 | 456.5]| 6.6
10 5 1 1 1 7
3 621.4|14. | 684.5|15. | 719.9 | 109.
14 32 |5 85 |9 60
4 478.0| 5.0 | 538.2|59 |889.8|7.5
15 7 6 3 6 1
5 888.6 | 13. | 919.2 | 16. | 1289. | 16.
4 65 |1 27 |59 55
6 352.419.0 | 368.0| 10. | 398.0 | 14.
10 9 9 34 |1 63
7 1138.| 13. | 1237.| 17. | 1336. | 21.
" | 50 05 |37 10 | 23 15

mnn

8 345.7 | 10. | 405.1|12. | 464.4| 14.
|6 61 |0 71 |4 80
9 538.0 | 12. | 556.0 | 13. | 602.4 | 16.
|3 63 |7 83 |6 70

Based on the experimental results, a
multiple linear regression (MLR) model and a
(ede! Hase o grifficiap el Heggrks
(ANN) were developed.

Since the primary task in forming the
multiple linear regression model involves
determining the estimated values of the
parametershbo, b1, b2, ..., b, using the least
squares method and utilizing the
experimental results at the point of tool
blunting VB=0.04l), a model was formulated
with machining process input parameterd; (
n, f, ¥) and axial drilling force~) as inputs, in
the following form:

R =by +b, @+, Qrb; @ +b, vy G5
1)

The parameter values of the model, along
with the regression erros, the coefficient of
determination R, the adjusted coefficient of

determination R? and the standard error of

the parametersSbj (G =1,..5) are presented
in the following table (Table 4).

Table 4 Multiple Regression Model Parameters

Model | Value b. | S
parame | paramet | S t=<" 2708
ter er i
bo -8.0672 | - - R
b1 1.5805 | 0.4390 | 3.6002
by 0.0104 | 0.0044 | 2.3680 2.921
bs 148.137 | 30.642 | 4.8345

4 0 R?
b4 0.2471 | 0.4390 | 0.5628
be -0.0026 | 0.0026 | -0.9810 2.790

Taking into account the fact that the values are

ti| <t

‘ “ , for a given significance levet0.01 [14],
the estimation of the dependent variabl® based
on the variablegl, n, f, ¥ andF; makes sense.
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The artificial neural network (ANN) model
(Figure 1) with multiple inputd( n, f, ¥ and
R) and a single outputR) was developed
using a Backpropagation neural network

consisting of two hidden layers with sigmoid
transfer functions and a
function in the output layer.

linear transfer

Figure 1 Artificial Neural Network8ased Model

The model development was performed
using combinations of machining input
parameters and axial drilling force values
obtained for different levels of flank wear on
twist drills prior to tool blunting. The best
training, validation, and testing results were
achieved with a neural network consisting of
10 neurons in the first hidden layer and 5
neurons in the second hidden layer.
Simulation of the trained artificial neural
network was conducted for all combinations
of input parameters and axial drilling force
values obtained at the tool blunting
(VB=0.04).

A comparative analysis of the experimental
results, multiple linear regression (MLR)
model results, and artificial neural network
(ANN) model results is presented in the
following table (Table 5).

Table 5.Comparative Analysis of Results

NoO R R w > Yr8odel | Error [%)]

"| > Y MLR | ANN MLR | ANN
1. |4.64 |3.17 4.32 31.68 | 6.90
2. |6.67 |8.85 6.22 32.68 | 6.75
3. 39'6 19.20 | 21.08 | 2.04 |7.55
4, | 751 |9.32 7.09 24.10 | 5.59
5. 26'5 16.55 |16.72 | 0.00 | 1.03

npe

6. é4'6 12.32 | 15.88 | 15.79 | 8.54
7. 21.1 19.83 | 21.53 | 6.24 |1.80
8. | o9 |1427 |1490 |358 | 068
9. (1)6'7 18.76 | 16.97 | 12.34 | 1.62
Average error [%0] 14.27 | 4.49

Based on the comparative analysis of the
experimental results and the models, it is
observed that the individual errors of the
multiple linear regression model range from
0.00% to 32.68%, while the errors of the
artificial neural networksased model range
from 0.68% to 8.54%. The average error of the
multiple linear regression model is 14.27%,
whereas the average error of the atrtificial
neural network model is 4.49%.

By comparing the experimental results
with the model outcomes and analyzing the
model errors, it is evident that better
prediction accuracy is achieved using the
artificial neural networksased model. A
comparative presentation of the experimental
results and the aforementioned model is
shown in the following figure (Figure 2).

——EXP ——-ANN

25

20 A

15

1: J y

1 2 3 4 5 6 7 8 9

Rz [pum]

Figure 2. Comparative Presentation of Results
4. CONCLUSION

The maximum height of the surface
roughness profile, as a parameter chara
cterizing certain irregularities of the
roughness profile, is a function of the
machining process input parameters and the
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extent of tool wear which is correlated with
some measurable process parameter.

By developing prediction models for the
maximum height of the surface roughness
profile using multiple linear regression and
artificial neural networks, it is possible to
predict the maximum height of the surface
roughness profile as a function of the dnig
process input parameters and axial drilling
force.

Comparative analysis of the developed
models leads to the conclusion that better
prediction results are achieved using the
artificial neural networksased model.
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Abstract: Cutting forces during milling can be measured using severatjiglity, though expensive, devices
available on the market. In this study, an attempt was made to measure the cutting forces using two C9C
force transducers. The results obtained from thesasurements are discussed in this paper.

Keywordsmilling force measurement, C9C force transducer

1. INTRODUCTION g6l & dzASR® LG 6F&a RSGSNY
|-yﬁz N} RAFf Odzky3a F2NDS

L 5 SONBI &SR 6AGK GKS AYyONZ

abye NBaStH NCpK NBR KI QJS dz@/ d @3 SIRE UIKS Kot § A YF2 NI
F2NDS& HAGK RAD SNBy agfkéﬁagb a;g@(g,\,@ﬁégrqs[y dzg § R
a2vYS$s le)\vertexra uFKé\I;BISY2¢YKSSuSNJ] I d&i K O N y TR A

LyomiBKS NB &S NDKSNA dzaD@FYUW&YsSlRf SNKIgw p 1 KS G y3
REYI Y2YSiSND2¥LRIY 8 K KB DUAYIINA v 3 O2YLEZysSyua A
F2NDS YSIAdNBYSyido ¢KISONBdER R 10K G diSy = Y ONB
FT2NDS LISNI dzy Odzii OKA LI HNSI RISBNBET a S&2 YoLAZGYKS YK S 7
AYONBEFaAYy3I FTSSR LISNI (2y@byatad aNJHW\IUt“n yluy’%z
RSONBF &S KILIWSya Ay i rOR YII3ES ylofi it RAMNSDI25R 4
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direction of the workpiece during the
machining) is represented with +.v The
workpiece material was S235JRG2 steel. All
cuttings were made in dry condition (without
cooling). Two, four, five and six flute endmills
were used. The depth of cutdlawas 0,5mm,
Imm and 2 mm, while the feed was
vi=14mm/min. The width of cut & was in
every case equal to the tool diameter. The
number of the rotation per minute was 400
minfor D=5mm, 248 mitfor tool diameters
D=9mm and D=10mm, and 120minfor
diameter D=22mm. After clamping the
workpiece, the force transducer M1 showed
12350 N, and force transducer M2 showed
8713 N. These values were set as reference
zero.

M g 2

O]

[ w2 |
J:_
Figure5 Top view of the vice setup for

measuring force in Y direction

| |

L“ N |~v!ﬁ

|

Figure6 Front view of the workpiece holding
with clamp straps

[ 1]

During the measurement of;fwo clamp
straps were used instead of a vice.

2.2The results

As a first step,fwas measured, both in the
case of up milling and down milling.

PN

Fx I

‘»il

| 1AW
n-‘l“l‘\ ‘)il‘[' v‘n I
\‘/“ t [s]

Figure7 K component of the cutting force, with
vi down direction (D5; z2;:8; 80,5)

M- | t [s]

I/l . A i (l"“\

|!l’ ?“‘m’, [.H’l|" ”‘ 0

Fx [kN]

Figure8 K component of the cutting force, with
v up direction (D5; z2;.8; 80,5)

Figure7 presents the case where, at the
beginning of the cut, the direction of the tool
tooth motion and the workpiece motion were
identical. In this case the tangential force of
the mill pushed the workpiece onto the
measuring elements. (in +X directionFigure
4). In contrast,Figure 8 displays the case
where, at the beginning of the cut, the
direction of the tool motion and the
workpiece motion were opposite. In this case
the tangential force pulls down the workpiece
from the measuring elements. (kX direction
in Figure4)

In Figure7 on the vertical axis the sum of
the reaction force changes &pM1+H1M2) is
in kilonewton (kN, on horizontal axis the time
is presented in seconds (s). Figure7 the
peek value of the JHorce is about +80 N, in
Figure8 the peek value is50 N (the-60N can
be treated as extreme peek). It can be seen
that in both cases the amplitude of thefBrce
is about 35 N. So, the force that periodically
pushes the workpiece in X direction is about
35 N. As a twélute (z=2) mill was used, this
value is in fact the average tangential force on
one tooth (kzm). In both figures a slight force
increasing trend can be observed, which is due
to the thermal expansion, since dry cuts were
made.

Pt YHREqRYUWYNWAL YT e RqF
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Figure9 presents the case when the feed OF &S 6KSy GKS [RBIIXKY 231 (
direction of the machine table points irY 0SS aS8SSyod LG Ol yirdS 20020300
direction (inFigureb), and the Ffeed force LU b®
pulls down the workpiece from the measuring
elements. Fz [kN]

03 Fy

02 [kN]

tis

Rinm _ _ Figurell. k. component of the cutting force

Figure9. I:ycom_pongnt of the cutting force, with (D5: n400; z2:&: 3 0,5)
vi down direction (D9; z2;e8; & 0,5)

=y
[kN] In Figurel2the case when the depth of cut
was a=3,5 mm is indicated. It can be observed
04 that the k is about -300 N. These cases
2o indicate when the depth of cut is small, the
o endmill pushes the workpiece down, yet at a

: t [s] larger depth of cut the tool pulls the

n" YREARABIERRTSRRTE workpiece up. This is due to the helix angle of

. _ _ the cutting edges.
Figurel0. , component of the cutting force, with ;

v up direction (D9; z2;.8; &0,5)
CAIoeNBA\a LI Fea GKS OF as S —
RANBOs2Yy LRAYyla Ay b, '
LJdza KS&a GKS $2NJLASOS

§t SY S \ChBdlaNBy Fz [kN]
. ) ) Figurel2 F,component of the cutting force
O O qm oMU (D5; n400; z2;8; 8 3,5)
Iy RC A ¥idzhl B In Figurel3 milling with a 9 mm tweflute
endmill, with 0,5 mm depth of cut is shown.
0 O @M 0 HU The horizontal axis represents time in 20 ms

steps, while the vertical axjs showsllﬁNkN

Oy 6S aSSyo LT Sljdzlazya OMU YR OHU
I RRSRX GKS F2ftf2¢6Ay3a N tmxestepsnzeZOms}
o YT THOED ¢ s

(p)

tKS 620S YSya2ySR GNB
OFyy2li 0SS ORIENWNHF KBNBY a U
LINB a WA (Bnaanyb _“Fx [kN] , _

Figurel3. k.component of the cutting force, with

CA IMaNPRA IMAOByYy (i Ay (@S G ¥ upGrechor (D10z=2 =0,5; a=10)

¢CKS LI NI 2F (GKS OdzNID $h&Figuréls thd thne step i alsbl@Mdsjiark
NELINB&Syida GKS FEALt e &hicalpxs alyopresents bot hieBme s  § K
GF1Ay3 2F (KS GREOmdaikg 32 72 19 K8 shityigandralll waspused. The depth
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of cut was 0,5 mm. In both cases the peek
value of the force is abouB0 N, but for six
flute endmill the amplitude is about 20 N,
while for the twoflute about 60 N. This is
logical, as in the fully immersed state (i.e.,
when a=D), one tooth is engaged with the
workpiece in the case of a twitute mill,
whereas three teeth are engaged in the case
of a sixflute mill. As for the fluctuation, in this
way, is three times smaller when one tooth
leaves, and another enters the cut.

Fx [kN]

|
|
|

i3 U La..&.!ﬂli’“

¥ time step size 20ms

Figureld K component of the cutting force,
with v up direction (D9z=6 8=0,5; a=9;)

The increasing trend mentioned above for
both Figure13 and Figure14 can be clearly
recognised. In Figure 11, it can be observed at
the end of the diagram that the force drop
RdAdZNAY3I GKS G22fQa
also approximately 80 N, which is comparable
G2 GKS T2NDS
into the worlpiece at the beginning of the
diagram.

Tablel Force comparison

2P | ?2® [?2NN?2® |?2==
A=z |A= |A= |AZ |AP
CcMA| ccMA| ccMA| ccMA| ccM AR
™ ™ ™ ™ ™
MAM| MAM| MAM| MAM| MA M3
Hedre §[ne |[no |[no |[wo | [+
nYl HOJLO= NP (MNP |[PZT |[NZ=P
2c U2 Y [waa|[rnaa|[raa| [raa|[rAaa
= Nd (MNP | N =
Dt qRAOW [y |[r |[[v |[v |Ir
binl YGLULPM|EM|YM|YM|NPM
T RENI ¢ [e [¢ [¢ [¢
2¢c e DyOP MM |ZM|=ZM |TM

Tablel contains the tool diameter (D) in mm,
the number of tooths (z), the depth of cutpfan
mm, and the feed per tooth {fin mm/tooth. The
presented force values refer to full immerse

PO

SEA

AYONBI a8

cutting, i.e., when the width of the cutdgis equal
to the tool diameter.

l dzl K2 NBR dzASR YAyl f SQ&
GKS I @SN} 3S Odzk y3o6i62 NDS
YR GKS | gSNF 3%v @dzk K3
RAF3INIYa aSNBS (G2 Daos VYl (
G SyYyGSNAy3a I|yR €SI OAyY
I Y LI A i0dzZRSTeSERND SC 02 YLI2 Y Sy
Oy 68 y280SR {(KIFi GKS

' YL A ldzZRSA A6 ANBt I s @St & O
f Odzt (SR YSI Yy sFRINBAXK R y
daYlFIiSR T2HDS NBdzvalday Sé
F NBESNJ GKFy GKS OF f Odz I (
2y (KS SyRYAffao ¢K
SR GKIG GKS& NBLINK
3 TaWREY G&S G22f @

<,

3. CONCLUSION

The main goal of these experiments was to
test if the milling forces can be measure, and
if so, how they can be measured with two
force,t cers.. The resyl nfi <
%ey%aﬁ%i%ea@uﬁeg Tf?é %tggfa?g&néag%f Aa
thig MROY 15 the, trndactyr. namelyliis oy g
way the measurement takes three times
f2y3SNI GKIY gAGK YAadft St
cases when it is sufficient to measure one
force component, or to present the force
changes during milling in a teaching
environment, this can be an affordable
solution.

w9 C9O9w9b/ 9/
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DIMENSIONAL ANALYSIS BASED PREDICTION MODEL OF THE MAIN
CUTTING FORCE: COMPARISON AND VALIDATION
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Abstract: Cutting force acting on the cutting tool is an important aspect in machining. Its knowledge provides
information about the machinability of the workpiece material and also enables determination of cutting
power and cutting energy. Empirical modelling oftiog forces and the development of prediction models
remain active area of research. For the purpose of cutting force model development, researchers have used
various methods and approaches of various levels of complexity. This study presents thesoongveari
validation results of the dimensional analysis (DA) based model for the main cutting force prediction. The aim
was to demonstrate the applicability of the BAsed cutting force prediction model on different case studies

that have used different epirical models of different complexity.

Keywordszturning, cutting force, dimensional analysis, prediction, comparison.

1.INTRODUCTION machine tool elements, cutting tool holders,
and fixture assemblies to be sufficiently rigid

Today, machining processes should satisfyand to prevent vibrations [2]. Cutting force
all the strictest production requirements, plays a significant role in improving machining
including: productivity, efficiency, machining performance, as it affects the tool wear and
quality, reliability, and economy. The turning tool life, surface finishdimensional accuracy
process, as one of the oldest and most widely and energy onsumption to obtain the final
used machining processes, iglstidely used in  product [3]. Moreover, a priori estimation of
industry and is a field of research for many cutting forces helps prevent chatter and allows
researchers [1]. for achieving higher production rates.

Cutting force plays a key role in the turning  Accurate prediction of cutting forces during
process. Knowledge of -cutting force is turning, therefore, becomes an essential factor
necessary for machine tool manufacturers to for process optimization and characterization,
assess the requirements for power, bearing and above all for improving machining
loads on machine tools, as well as for designingefficiency [2, 4]. Moreover, monitoring of

PP
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cutting forces is often used to detect tool wear & i NS yi#ib & I OKAY Ay 3 LINR OSa
and breakage. In the literature, there are & LIST®RS SR @t 2RLAGKY 21Ty R dzi
various methods and models used for FSSRMTMNE 68y R 3IS2YSGNER 27

modelling the cutting force [5]. For cutting 0 Odzk Y3 S®I3IF RI WAH S O\ BEPS

force estimation in turning, different models ¢ K$S dzy 1y 26y /SBIEBNORISY i &
are used, ranging from simple anabgtimodels | N5 (G2 6S RSUSNXAYSR ol
to datadriven models, such as empirical RF G o0& YAYAYAIl Ay3d (GKS a

models, FEM models, Al models, as well as

hybrid models [6], which combine different 3. CASE STUDIES
modelling paradigms. The aforementioned
types of cutting force prediction models differ
in complexity, required data fo model
development, prediction accuracy,
interpolation and extrapolation capabilities,

Six case studies were considered to validate
and compare the prediction results of the DA
based models of the main cutting force. These
case studies were taken from the referential
interpretability, etc. Empirical models are literature, and they originally used different
widely used for predicting cutting force with types of prediction modelf the estimation of
appropriate accuracy [2, 7]. The estimation of the main cutting force in turning of steels (Table
cutting force values based ommpirical models  1).
is common in practice due to the ease of Based on the analysis of results from
application and satisfactory accuracy for a wide previous research [2] it was observed that the
range of workpiece materials, as well as the ratio of the depth of cut and feed rate, which
interval of variation of the cutting parameters represents the chip slenderness ratio, was the

[2].
This paper analyses the applicability of the

most important parameter affecting the main
cutting force. Therefore, by ugin an

dimensional analysis (DA) based models for theexperimental design with only 6 trials, for all six

main cutting force prediction. To this aim, six
case studies from the literature, that used
different empirical models, different process
parameters, different worgiece materials and

cutting tools, different types of turning

operations etc., were considered for
comparison and validation of the proposed-DA

case studies, thanknowncoefficients C X1, x2
and x3) of the DAbased models for predicting
the main cutting force were determined. The
tensile strength Rn) values of workpiece
materials were t&en from the manual [8].

Table 1.Considered case studies

based cutting force prediction models. Case |\ del| EXP. | Workpiece | tior
study trials material
2.DA-BASED MODEL OF THE MAIN CUTTING 1 | RSM| 27 AISI 4340 | roughing
FORCE 2 %I‘PS 20 AISI 1045 | roughing
I Y2RSt 2F (GKS YIAYy |Odk|yeBR|F2NDS Ay |[GdzNY]A Y3
g a RSOSt2LISR dzaay3a | y 31 LMW 1600 K AGSI 4448 l?rou@nmg 51
WHBX YR OFy 06S NBLNBASYSADR 0608 (GKS F2if26Ay3
Slidz 2y Y 4 FL | 27 AISI 1040 | roughing
C45
Ay 6 8a..8 3 Power _—
.. avy .0 ak
F=C f e o B 1 5 21 KO36 finishing
c B, %@ f §ae—og f g ?gg % (1) model AS12
A . . A4 R < o ok A
14 FIAGSY Ay 9o wmr |(K SKies% A2 | B4RRNYIEH ﬁﬁ.eg‘.l\bns
LINERAO22yO2yaRIBNEIRY S S NE——— — ) regression anal
NBEFGSR G2 GKS 4B MR U S e pIEERED ;
enetic programmlng au33|an Proc
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Regression (GRP), Support Vector Machine (S Given that selected six trials for estimation
Artificial Neural Network (ANN), Fuzzy Logic of model coefficients considered the same
Response Surface Methodology (RSM) cutting speed, the results indicate that the

cutting speed has no significant effect on the
4.1 Case Study 1 main cutting force.

The DAbased model of the main cutting
For case study 1, experimental data from the force provides satisfactory results, although the
study of Suresh et al. [9] were used. The chip slenderness was very low (below 5) in over
authors developed the model of the main half of the experimental trials.
cutting force for hard turning of AlISI 4340 steel
using RSM. The cutting parameters were varied4.2 Case Study 2
at three levels: cutting speed/)(= [140, 200,

260] m/min, feed rate f) = [0.1, 0.18, 0.26] The experimental study conducted by Cukor
mm/rev, depth of cut4,) = [0.6, 0.8, 1.0 mm. and Jurkovic [10] was considered as case study
The predicted values of the Based main 2. In their study, the authors usedLS
cutting force model were compared with the regressionand GP models for predicting the

experimentally obtained values to determine main cutting force imough longitudinal turning

the mean absolute percentage error (MAPE). of AISI 1045 steel. Rotatable central composite

The MAPE value for 6 trials, which were useddesign with 20 trials was used to arrange three

for estimation of unknown model coeffents,  cutting parameterscutting speed\), feed rate

is about 3.02%. (f) and the depth of cutdp) at five levelsThe
The MAPE values for the RSM model and thepredictive capabilities of the developed models

DAbased prediction model for the entire were tested with an additional set of 26

experimental plan of 27 trials, as well as the expermental trials.

minimum and maximum absolute percentage

error of the DAbased prediction model, are 3 wosL
shown in Figure 1. " GP
7 = DA
« RSM 6.5%
6 =DA 2
&
5 ot
w
o
= <
K4 s
w
< 1
2 3
2
: 0 46 trials
‘ min absolute pércentage error ‘ ’ 0.0002% ‘
e 27 tri DA model
trials
; ‘max absolute percentage error ‘ ‘ 6.373% ‘
’ min absolute percentage error ‘ ‘ 0.15% ‘
DA model .
}max absolute percentage error ‘ ‘ 18.56% ‘ Figure 2ZMAPE values Of_ OLS,. GP anebged
models of the main cutting force
Figure 1 MAPE values of RSM and-bdsed The MAPE value of the Ebased prediction
model of the main cutting force model for initial 6 trials is below 0.05% and for

PT
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the initial experimental plan with 20 trials is Figure 3MAPE values of GPR, SVM, ANN and DA
about 2.18%. based models of the main cutting force

The MAPE values for the initial experimental  The MAPE values for the entire 60 trials are
design with 20 trials andn additional set of 26 shown in Figure 3.
trials are shown in Figure 2. Even though the range of chip slenderness
Again, the application of the DBased ratio in the experiment was high (from 4 to
model in this study showed that the cutting 37.5) and the effect ofool nose radius was
speed doesn't play a decisive role in the gmjtted, the DAbased modelprovided very

prediction of the main cutting force. good prediction results.
4.3 Case Study 3 4.4 Case Study 4

C2NJ OF&asS &aidR& oz OKScSPLIWRSY G&lifzra 0 dzRe 25
Ptr2aYA FydvMeE YolaKI 02y SERBSNRRByEKE RIGF 206G AY
I dzi K2NE RSO@St 2LISR LINBRIN® 2 &2 W2 RS NS Rfe2 N [U Kpa R
YEAY Odky3 F2NDS AY U4NYLAYIT2R) LNBERADEFA Likb2
ausst daAy3 DE@2UKza (EHNFAPHPas 1 L{L mnnn a0
SELSNAYSyualrt RSaA3day élj,?\f@,\[gggcn“dk 3t Ay g RS R

GKALS O2yaARSNAY3I T2 vAY lgizs F@dlqdﬁJzY%q-,%l\i Y4
Odzk y 3 BLITS Rorép = dn 6 DY KGAMS 16 &3 Bt Nk U § Sc s n o
r: (pn ennx ndéncz noeényz &G o PYwdn ZYYMQINSBZ@ZH cBrsg_J IS
Odztip 6T  dn®pI mMPNZ  MPp brhe UKPE vdiu¥ & thelmBadel prefiiéionS
N} RNHzal 6ON¥®T n oy 8 model for 6 trials is about 2.89 %.

The MAPE value of the Based prediction The MAPE values for the entire 27 trials are
model for 6 trials is below 0.05% and for the ghown in Figure 4.
initial experimental plan with 20 trials is about

2.18%.
10
12 = FL
= GPR
= SVM 1085 = DA 8.31%
10 ANN 8
= DA
8 7.91% _ 6
- X
i g
& ¢ < 4
3 s
b
4.16%
4 2
2 0
27 trials
‘min absolute pércentage error ‘ l 0.21% ‘
0
60 trials DA model
‘max absolute percentage error ‘ ‘ 23.17%
’ min absolute percentage error ’ 0.121%
DA model .
‘max absolute percentage error ‘ ’ 21.16% } Flgure 4MAPE values of FL and-based

models of the main cutting force
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4.5 Case Study 5 The MAPE values for the entire 21 trials for
all workpiece materials are shown in Figures 5
The experimental study conducted by 7.
Horvath and Lukacs [13] was considered as casr 5

study 5. The authors created the adapted * Horvath
model of cutting force based dhe theoretical = DA
parameters of the undeformed chip cress 4
SR 3.61%

section feqis equivalent chip thickness argt
effective length of the edge of the tool) fme
turning of three different workpiece materials
(C45 and KO36 steels and AS12-cdist
aluminum alloy).

The VictorKienzle model is suitable for
estimating the main cutting force in the case of
roughing,where the effect of the nose radius
on the chip crossection is neglected
However, in the case of finishing, where the
chip removal takes places primarily not on the 0.

MAPE [%]

side cutting edge, but also on the tool nose 21 trials

radius @p >r.), or only on the tool nose radius ‘minabsolute iR R \ ‘ 0.13%
(@ <<rv), the abovementioned/ictor-Kienzle DAcqidel

model cannot be USE[jL?), 14] ‘maxabsolute percentage error ‘ ’ 12.58%

The MAPE value of the Ebased prediction  Figure 6 MAPE values of proposed and-Dased
model for 6 trials is 2.68% for C45 steel, 4.57% models of the main cutting force (KO36 steel)
for KO36 steel, and 1.68% for cast aluminum

3
alloy AS12. * Horvath
= Horvath
= DA 4.4%

13
w
%’ e
i =
o
<
= 1
2
3
0
21 trials
0! i : .
21trials T ‘ min absolute percentage error ‘ ‘ 0.05%
’min absolute percentage error ‘ ’ 0.18% ‘ ’max absolute percentage error ‘ ‘ 6.2%
DA model
)max absolute percentage error \ ’ 10.81% ‘ Figure 7 MAPE values of proposed and-Désed
. models of the main cutting force (cast aluminium
Figure 5MAPE values of proposed and-based AS12)

models of the main cutting force (C45 steel)
The DAbased model provided similar results

to the newly proposed model for estimating the
P
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main cutting force in finishing based on 5.CONCLUSION
geometrical parameters, such as equivalent
chip thickness and effective cutting length. This study presents the results of the
comparison and validation of the Eased
models for predicting the main cutting force in
turning operations. The BBased models were
not developed through a designed experiment,
but only using a small fraction of @afrom
previously conducted turning experiments.
From the analysis of the application of DA
based main cutting force prediction models to
various case studies, the following conclusions
can be drawn:

4.6 Case Study 6

For case study 6, experimental data from the
study of Cebalo et al. [18lere consideredThe
authors usedRSM and welknown Victor
Kienzlemodelsfor predicting the main cutting
force insemtifinishturning of 34CrNiMo6 steel
The three cutting parameters were varied at
five levels cutting speed \() = [0.401, 0.821,
1,437, 2.0525, 2.4727] m/s, feed rafp [0.12, T In general, the DAvased models at least
0.16, 0.22, 0.28, 0.32] mm/rev and depth of cut provide comparable_ _results to other,
(ap) = [0.4, 0.6, 0.9, 1.12, 1.4] mm. more complex empirical models. One

The MAPE value of the Ebased prediction may argue that pow_ebased models_ma_y
model for 6 trials is about 2.04%. be sufficient for cutting force modeling in

The MAPE values for the entire 20 trials are turnlng: o o
shown in Figure 8. 1 The chip slenderness ratio is a significant
parameter in the DAased model and is
of essential importance for the prediction
of the main cutting force in turning.

10« RsM
" 1 The DAbased model yields good results
Kienzle 8.6% s i

| across a wide range of cutting parameter

values, workpiece materials, chip
slenderness ratios, and can be applied in
6 roughing, semfinishing, and even
= finishing operations, where the removed
chip crosssection is sigificantly smaller
3.3% compared to roughing.

1 The effects of the cutting speed and the
tool nose radius on the resulting main
cutting force are not so pronounced.

From the stated conclusions, it can be

20 trials observed that the DA model is easily adaptable
; . for incorporating additional factors that are
'DA model shown to have a significant influence on the
| _ !maxabsolute percentage error \ | 1534% | main cutting force. Since the DA approach for
Figure 8MAPE values of RSMictorKienzle and ~ Predicting the main cutting forcen turning
DAbased models of the main cutting force uses a smaller number of eXperimental trials
with satisfactory accuracy, it plays an important
role with high cosefficiency ratio, reduced
experimentation time and material and energy
savings. The proposed Epased cutting force
models are 8geful in the planning of
technological processes to estimate the

‘ min absolute pércentage error ‘ ’ 0.16%

Again, given that selected six trials for
estimation of model coefficients considered
the same cutting speed, the results indicate
minor effect of the cutting speed on the
resulting main cutting force.

M
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generated cutting force with satisfactory

accuracy.
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Abstract: Micromachining is taking an increasing area in the mechanical engineering and production
technologies. Understanding the workpiece material mechanical removal process during micromilling
is one of the main tasks on the way to successful optimizationaritht of the cutting process. In this
paper, the micromilling process of the superalloy Inconel 718 is analysed. This superalloy has low
machinability, due to its special mechanical and chemical properties. In the framework of the
experimental reearch, the depth of cut and feed per tooth were varied on tree level, while the milling
width and cutting speed were kept at the constant level. Based on the experimental data, a significant
influence of the depth of cut and feed per tooth on the cutforges, and the feed per tooth on the
roughness of the machined surface was observed. Using logarithmic transformation and the least
squares method, exponential models with sufficient response accuracy were developed. Using the
models, the input cutting pcess parameters were optimized using the classical gradient method.
Optimization resulted in parameters that ensure maximizing the quality of the machined surface and
minimizing dimensional errors.

Keywords:micromilling, supealloy, roughness, accuracy, analysis, modelling.
aluminium alloys, composites, etc.,
1. INTRODUCTION contributes to enhanced reliability and
Microcomponents i.e. parts with at functionality under extremal exploitation
least two perpendicular dimensions below ~ conditions. On the other hand, mentioned
1 mm, are occupying an increasingly materials are characterized by difficulties
significant area of the global industrial M Mmachining. The high efficiency and
market [1]. The use of special materials for ~SUCCess offte machining process depend

microcomponents manufacturing, such are  ©" thé workpiece material properties
heattreated steels, superallay largely. These market trends are
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accompanied by increasingly strictly
demands for development of new, and
improvement of existing micromachining
methods and processes.

The micromilling process enables rough,
semtfinish, and finish machining of
metallic microcomponents. Due to the
complex kinematics of relative
movements, it allows for relatively more
flexible process, and more productive
manufacturing of microparts witbomplex
geometries. Compared to other production
methods, micromilling provides relative
high machined surface quality, high
dimensional accuracy, avoidance of
thermal effects on the part surface layers
which are typical for nomonventional
methods, ancetc.

The mechanism of mechanical
workpiece material removal process, and
consequently, the dependence of cutting
process output parameters differs
between machining on macro and micro
level significantly. In microcutting process,
a phenomenon known as the siaffect
occurs (Figure 1).

Removed
Tool
thickness

/" Edge radius Tool

hl._..

Workpiece * Workpiece

Elastic recovery Elastic recovery

c)
Removed
thickness
Tool

g

Workpiece _‘

Figure 1Size effect [2]

This effect refers to the disproportion
between the technological cutting process
parameters and the cutting tool
geometrical parameters, as well as the
workpiece material crystal structure. As a
result of the size effect, the workpiece

material ploughing phenomenon becomes
increasingly significant during machining,
and cannot be neglected.

In accordance with the above, it can be
concluded that the special alloys
micromilling process efficiency depends on
the synergistic interaction between cutting
process  parameters, cutting  tool
properties, and machining conditions [3,
4]. The analysis of gsformance and the
characterization of micromilling process
behaviour indicators is one of the key
factors in achieving maximum machining
efficiency. At the microscale, the influence
of indicators, such as surface roughness
and dimensional accuracy on the
functionality of microcomponents
becomes even more pronounced. The key
performance indicators of the machining
process include factors connected to
machined surface quality, part dimension
accuracy, process productivity and
economy, ecology, and similarctars.

Numerous scientific studies have
focused on the analysis, modelling, and
optimization of the special alloys
micromilling process, with the aim of
establishing a foundation for production
process control, and achieving the required
part properties. These stlies have
examined the influence of machining
parameters, cutting tool properties, and
cooling strategies on the machining
process indicators that define the
microcomponent quality and accuracy, as
well as on the productivity, cosfficiency,
and envirommental sustainability of the
cutting process. In [5], the micromilling of
Inconel 718 alloy was analysed. A dynamic
analysis was performed, and a part
deformation model based on cutting forces
was established. Authors developed
surface roughness model coacted to tool
deformation. In [6], experimental analysis
and modelling of deformation in thin
walled microcomponents was conducted.
Appropriate wall deflection models were

>0
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developed using the scalled birth/death
technique. Lu et al. [7] employed a Taguchi
experimental design to modelling the
effect of cutting process parameters on
surface roughness and material removal
rate. The developed firsbrder models
served as the #sis for genetic algorithm
optimization.The study identified depth of
cut as the most influential factor affecting
surface roughness. In [8], the influence of
cutting process parameters and various
tool coatings on the surface topography of
Inconel 718 wa investigated. Similar to the
previous study, a significant impact of both
depth of cut and cutting speed was
observed. In addition to cutting process
parameters, also considered the initial
surface condition of the workpiece in [9].
Among other findingsthe study revealed
that the initial surface condition
significantly affects the final surface
roughness. The results also indicated that
high tool loading leads to poorer surface
quality and increased tool wear. In [10], the
influence of process and toglarameters
on the geometry of the dead metal zone
and cutting forces was examined. The
authors developed mechanistic models,
which were then integrated into a finite
element micromilling model. The analysis
showed a significant influence of feed per
tooth and cutting edge radius on cutting
forces. Kiswanto et al. [11] studied
micromachining of Inconel 718 at low
cutting speeds. They found a notable
influence of both feed per tooth and
cutting speed on surface roughness. A
comprehensive experimental performee
analysis of the micromilling process for
Inconel 718 was conducted in [12]. There
are highlighting the significant impact of
milling parameters and cooling strategies
on process performance. Liang et al. [13]
analysed and optimized micromilling
performance wusing a finite element
method model to simulate chip formation,

and to conclude the output cutting
parameters values.

The aim of this research is to analyse the
machining quality and accuracy in the
micromilling of Inconel 718. The focus is
placed on the development of appropriate
mathematical models that describe the
influence of cutting process input
parameters on dimesional accuracy and
surface quality indicators. Furthermore,
the goal is to use the developed models as
a basis for the cutting parameters
optimization. Machining time is analysed in
order to provide a reference for the
micromilling process productivity, nd
comparison with other manufacturing
methods.

2. EXPERIMENTAL SETUP

For experimental setup machining
centre Sodick MC430L with LN2X control
was used (Figure 2). It is three axis micro
milling CNC tool machine, with high speed
main spindle. In experiments was used
coated two flute extrdong end micremill
cuter, with diamé& SNJ 2 F cnn
length of 8 mm. Its cutting edge length is
0.8 mm, helix revolution angle is 7.25°, and
tool tip corner radius 0.05 mm. Cutting tool
was mounted in HSK holder.

Workpiece was nickethromium super
alloy Inconel 718, with tensile strength
1350 MPa, and hardness 40 HRc. Its
chemical composition consist next
chemical elements: 53% Ni, 19% Cr, 18%
Fe, 5.1% Nb, 3% Mo, 1.1% Ti, 1% Co, 0.5%
Al, 0.35% Si, and 0.08% C)comel has
excellent oxidation and high temperature
resistance. Regard to this, it is used for
responsible mechanical parts that operates
in extreme mechanical and thermal
conditions.

As experimental plan full factorial plan is
used [14]. Two controlled milling process
input parameters, was used: depth of cut
ap (mm), and feed per tootl, (mm/tooth),

>n
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each on tree level. Varied values of depth
of cut were: 0.01, 0.02, and 0.03 mm.
Varied values of feed per tooth were:
0.008, 0.012, and 0.018 mm/tooth.

Figure 2 Experimental setup

Experimental plan was results in nine
experimental combinations (runs). Cutting
speed was set to constant value wf= 40
m/min (spindle speech = 21222 rev/min),
and milling width of 0.6 mm. Microchannel
milling was used for each experimental run.
Channel was 10 mm long. MQL technique
was used for lubrication of cutting zone.
The synthetic oil aerosol was supplied
under flow ratio of Q = 25 ml/h, and
pressure ofp =5 bar.

For measuring of cutting force
component Kistler 9257B dynamometer
was used. It was mounted on machine
table, and aligned with the axis of the tool
machine. Measuring axis for cutting force
component i, is directed in milling tool
auxiliary movement. Cutting force signals
were collected using A/D devices and
LabViewsoftware. Measuring of surface
roughness was performed orAlicona
Infinite Focus SHevice optical scanning
device. It measures according to the
standard ISO 4287. This device work on
principle photographing of machined
surface with focus variations, and image
sharped regions separating. Based on
separated regions on images, algorithm

> P

generates a threelimensional
representation of scanned surface, on
micro-level resolution. Experimental and
measuring data processing, statistical
analysis, model development, and
optimization were carried out using Design
Express 7 software.

3. RESULTS AND DISCUSSION

On Figure 3, the dependence d%
cutting force component values on the
variation of feed per tooth and depth of cut
is shown. It can be observed that cutting
forces component increase with the
increase of both depth of cut and feed per
tooth. For the smallest depth of cut value,
the cutting force component exhibits an
almost linear dependence on the feed per
tooth. However, at higher depths of cut, a
nonlinear relationship becomes evident. At
lower feed per tooth values, the cutting
forces component values that
corresponding to minimum and medium
depth of cuts are relatively close. On the
other hand, at higher feed per tooth values,
the cutting forces component values
associated with medium and maximum
depth of cuts are closer in values.

3.8
—tr—ap = 0.010 mm
33 —@—ap =0.020 mm
= ——ap = 0.030 mm
w8
-
oy
)
5
9 23
£
8
o 18
2
L
o 1.3
£
e
=]
O 0.8 /
0.3
0.005 0.010 0.015 0.020

Feed per tooth f, (mm)

Figure 3.Cutting force componenf
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Similar conclusions can be noted for the
K cutting force component, as cutting
force component that acts along the
direction of the -cutting tool auxiliary
movement, by examining the dependency
diagram shown in Figure 4. A relative more
uniform variation of the cutting force
component values, withespect to changes
in the depth of cut, can be observed.
Similar to previous, at lower feed per tooth
values, the cutting forces component
values that corresponding to minimum and
medium depth of cuts are relatile close.
At higher feed per tooth values, the cutting
forces component valuehiave a more
uniform difference.

4.3

—fe=qp = 0.010 mm
—@—ap =0.020 mm
—f—ap = 0.030 mm

3.8

3.3

2.8

2.3

1.8

13

Cutting force component F, (N)

0.8

0.3

0.005 0.010 0.015 0.020

Feed per tooth f, (mm)

Figure 4 Cutting force componenf

For cutting force values, it is evident that
both analyzed components increase with
the increase of depth of cut and feed per
tooth. However, an increase in these
cutting process parameters leads to a
largeruncut chip crossection areaAs the
uncut chip crossection areancreases, so
the force required forchip mechanical
separation increases. The influence of
depth of cut, and especially feed per tooth
cannot be considered as lineaihis is
consequences of mechanistic and the
complex thermemechanich phenomena
occurring in the cutting zone During

>z

microcutting process, not only mechanical
chip separation occur, but alsmaterial
deformation through the ploughing
mechanism which is primarily caused by
the size effect

The influence of depth of cut and feed
per tooth on the average surface
roughness heightR, is shown on the
diagram in Figure 5. Analysis of the diagram
reveals a significant impact of feed per
tooth on mentioned output parameter. In
most cases, an increase in feed per tooth
results in a sudden increase in surface
roughness. Changes in depthaift do not
lead to sudden variations in surface
roughness. Although minimal, the effect of
depth of cut varies depending on the feed
per tooth value. As can be obsed, at
different feed levels, maximum surface
roughness occurs at different depth of cut
values. At the lowest feed per tooth, the
maximum surface roughness is recorded at
a medium depth of cut. At this point, the
maximum of surface roughness parameter
vaue deviates significantly from the values
that corresponding to the other two depth
of cut levels. At the medium feed per tooth,
the highest surface roughness occurs at the
smallest depth of cut, while at the
maximum feed per tooth, it is observed at
the maximum depth of cut value.

0.70

== ap = 0.010 mm
e=@==3p = 0.020 mm

0.60 e=fi==ap = 0.030 mm

0.50

0.40

Surface roughness R, (Lm)

0.30

0.20

0.005 0.010 0.015

Feed per tooth f, (mm)

0.020

Figure 5Surface roughnedx:
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Previous concluded variations in the
influence of feed per tooth and depth of
cut on average surface roughness height
can be attributed to the pronounced
influence of the size effect. It becomes
more significant at lower uncut chip
thicknesses, i.e., at lower feed per tooth
values. Size effect may also be intensified
by the disproportion between the feed per
tooth and depth of cut values. Such
significant variations and data dispersion
can lead to difficulties in the mathematical
modelling of the influenceof cutting
process parameters on the process output
indicators.

3.1 Modelling and optimisation
As the initial model function that
describing the influence of input

parameters on the output variables of the
micromilling process, an exponential
function was selected. This function
includes one coefficient and exponents of
the two input variables: depth of cut and
feed per tooth. For the purpose of
determining the model coefficient and
exponents, the initial foction was
linearized to enable the application of the
least squares method.

Based on experimentally obtained data,
a model for the cutting force component in
the direction perpendicular to the cutting
tool auxiliary movement K [N] was
developed. It is mathematical function with
variables depth of cut, [mm], and feed

per toothf, [mm/toothl]:
- 731.005 £4.95
R =589Za; 8] (1)
A statistical analysis of variance

(ANOVA) was conducted based on the
experimental data and the response of the
developed model. Based on thevplues,
the model was determined to be

significant, with a notable significant

influence of depth of cut and feed per

tooth (Table 1). The given abbreviations
refer to statistical next parameters: sum of

squares (SoS), degree of freedom (DoF),
and mean square (MSQ).

Table 1. Statistical parameters foFx
model

Source |SoS [DoAMSQ || P
value |value
277 |2 |1.38 [79.92 |<
Model 0.0001
ngy W87 [ [187 [108.13[<
0.0001
In@) |0.90 |1 [0.90 [51.71 |0.0004
Residug0.10 |6 [0.017
Total [2.87 |8

Mean value of data i€y= 1.79, and
standard deviation 06D= 1.01. Coefficient
of determination isR?= 0.97, and signal to
noise value iS/N= 24.7. Model response
mean absolute percentage errorNAPE=
8%. Based on previous statistical
parameters, can be concluded that model
is adequate. Model response diagraph is
given on Figure 6.

Figure 6 Response ok model

Following a same procedure, a model
was developed for the -cutting force
component in the direction of the cutting
tool auxiliary movemenk, [N]. Model is in
form of mathematical function with

=T
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variables depth of cut, [mm], and feed
per toothf, [mm/toothl]:

— 730.784  £3.09(
Fy =5244837% Q3 2

The results of the statistical analysis of
the model and variables significance are
presented in Table 2. Based on the given
data, a significant influence of both depth
of cut and feed per tooth can be concluded.

Table 2 Statistical parameters fdf, model

Source| SoS |DoA MSQ Vatlue Vaﬁ’ue
Model |2.31 |2 |1.15 116.81 |< 0.0001
In () 1.14 |1 |1.14 115.05 |< 0.0001
In@) [1.17 |1 |1.17 118.58 |< 0.0001
Residua/0.059 |6 [9.9-10 3
Total [2.37 |8

The other determined statistical

parameters are: mean value & 2.07,
standard deviation 08D= 1.09, coefficient

of determination of R2=0.98, signal to
noise value o5/N= 30.4. Model response
mean absolute percentage errorNAPE=
6%. On Figure 6 is shown model response
diagraph.

0.01 o “~ ~—
fz 0008 001

ap
Figure 7.Response ofy model

" o015

The surface roughness model was
developed using the previous procedure.
Statistical analysis showed that the depth
2T Odzi R2SayQi KI @S

the values ofR.. To avoid large model
errors and low correlation between
experimental data and corresponding
model responses, the depth of cut, was
excluded from the model. Consequently,
model of RRw> Y 8 A a
on feed per toothf, [mm/tooth]:

Ra=234610%

Statistical parameters values for surface
roughness parameter are given in Table 3.
It is evident that feed per tooth has a
statistically significant influence on model
responses.

Table 3.Statistical parameters fdRa
model

Source| SoS|DoF MSQ Vatlue Vaﬁ’ue
Model [0.81 |1 |0.81 |15.19 |0.0059
In@;) |0.8L |1 |0.81 |15.19 |0.0059
Residug0.37 |7 |0.053

Total [1.18 |8

Based on obtained data, there are
calculated: mean value offr= 0.43,
standard deviation of SD = 0.13, coefficient
R2 = 0.87, signal to noise value of S/IN =
6.75. Surface roughness model response
hasMAPE= 13%. Despite a slightly higher
model response error, it can be concluded
that the previous model is adequate.
Model response graph is shown on Figure
8.
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Figure 8 Response dRs model
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In addition to the previously mentioned
output parameters of the micromilling
process, the machining time was also taken
into consideration. There, it is referred to
the time required to machining of the one
micro-channel. The machining timig[min]
was  obtained through  analytical
calculation, as the ratio of the channel
length to the feed rate. The feed rate is the
product of the cutter teeth number, feed
per tooth, and spindle speed.

The optimization was carried out with
the aim of minimizing dimensional error
during machining and maximizing the
quality of the machined surface.
Minimization of machining time was
considered as an objective also. The
mathematical framework for the proces
parameters optimization is shown in Table
4.

Table 4.0Optimization framework

0.010 mm, and feed per tooth = 0.011
mm/tooth. Optimisation aims
achievement is 61%. The optimization
results desirability diagram, with respect to
the values of the input process parameters,
is shown in Figure 9.

Desirability

3 Infz

N s
ssor>%a

Figure 9;Desirability of results in
optimisation

4. CONCLUSION
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Name |Goal =it Weight This paper presents an experimental

Lower |Upper |Low |Up study of the superalloy Inconel 718

ap inrange |0.010 [0.030 |1 1 micromilling. The experimental research

f; in range [0.008 [0.018 |1 1 was conducted with the aim of analysing

In (R) | minimize|-1.4271 [-0.3711 |1 1 the influence of depth of c.uF and feed per

In (/) | minimize|-0.5361[1.1756 [1 |1 tooth on  the micromilling ~process
—— performance indicators. The are

In () |minimize -0.31191.3444 |1 ! measured and analysed the cutting force

In () | minimize|-0.2416 |0.5693 |1 |1 component in the cutting tool auxiliary

movement direction, and the cutting force

Indirectly, ~minimizing dimensional  component perpendicular to mentioned

accuracy was represented as the
minimization of tool deflection, i.e., cutting
forces. Maximizing quality was expressed
as the minimization of surface roughness.
All input parameters and their domains
boundaries were asgned equal
importance. According to the previously, it
is clear that the minimization of machining
time is in opposite with the minimizing of
cutting forces and maximizing of surface
quality [1]. The optimization was
performed using the gradient method,
which gave ten possible solutions. The
optimal results of the process parameters
were obtained as follows: depth of cag =

direction. The average surface roughness
height was analysed also.

Based on the experimental data, and
using the least squares method, models
were developed. Statistical analysis shown
a significant influence of the input cutting
parameters on the process indicators.
Depth of cut, and feed per tooth have
significantly infuence on cutting forces.
Surface roughness was influenced by the
feed per tooth.

Based on the models, optimization of
the input parameters was performed. The
obtained optimal process parameters were
depth of cut ofap, = 0.010 mm, and feed per

>0
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tooth of f;, = 0.011 mm/tooth. Future

research is planned to investigate the
influence of other process parameters and
conditions, as well as different modelling
and optimization methods. (8]
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Abstract: This study presents a theoretical and experimental framework for modelling the electromagnetic
field generated by a highower fiber laser beam and for predicting the hardness variations in refractory

A = 4 A x

atasSsSt a 02

describe the propagation of electric and magnetic fields in space and time, linking beam parameters, such as
power, focal position, and cutting speed, with the physical characteristics of laser radiat®theldretical
foundation is applied to analyse the behaviour of an X10AICr180 alloy, commonly usedt@migigtature
industrial applications. Changes in hardness within the-affatted zone after oxygeassisted laser cutting
are investigated. Experimtal data are statistically processed, and a quamar predictive model is
developed, achieving a determination coefficient R?= 99.52%. The results indicate that laser power and focal
position have the most significant influence on hardness. This viginkdits the relevance of integrating
electromagnetic wave theory with thermaiaterial interactions in advanced manufacturing processes.

Keywordsfiber laser cutting; electromagnetic field modelling; refractory steels; hardness.

1. INTRODUCTION

High-power laser cutting is one of the most
advanced methods for processing metallic
materials, highly valued for its precision,
speed, and adaptability to challenging
materials such as refractory steels. Controlling
the surface quality and posiutting

—
Il

mechanical properties is essential in critical
industrial applications, such as steam boiler
components or energy system installations.

In this context, the alloyed steel
X10AICr180 is frequently used due to its
excellent resistance to high temperatures and
corrosion. However, its behaviour during laser
cutting presents challenges related to

f I 2§uatibnd drindthesiaical modeliiSdevel@pyd ta | E &
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microstructural changes and the reduction of
hardness in the heaaffected zone (HAZ).
Several studies have shown that the choice of
technological parameters, such as laser
power, cutting speed, and focal position,
directly influences the mechanical
charaderistics of the processed surfaces [1],
[2].

To optimize the cutting process, recent
research has employed methods such as
statistical modeling using RSM (Response
Surface  Methodology) [3], artificial
intelligence algorithms [4], or mulbbjective
optimization techniques [5]. Nevertheless,
few studes address the phenomenon from a
fundamental perspective, starting with the
modelling of  electromagnetic field
propagation generated by the laser beam,
ol &SR 2y alEgStfQa
instance, Turkkan et al. (2023) applied a multi
objective optimizéion using Taguchi methods
and Grey Relational Analysis for laser cutting
of AISI 304L stainless steel, identifying duty
cycle and frequency as the most influential
parameters for reducing roughness and kerf

width [7].
This study proposes an integrated
theoreticakexperimental approach,

combining mathematical modelling of the
electromagnetic field generated by the laser
beam with the analysis of the hardness of
X10AICr180 steel after fiber laser cutting.
Quasilinear predictive equations for hardness
are formulated and empiricgl validated
based on a factorial experimental design with
eight processing variants, using a BySmart
Fiber Bystronic laser cutting machine. The
correlation of theoretical and experimental
resultsprovides a comprehensive view of the
influence of cutting parameters on the
material's hardness, thus contributing to the
optimization of the process applied to
advanced steels. According to Pimenov et al.
(2023), heatresistant steels with complex
structures and high alloying element content
(Cr, Ni, Al) are considered diffictitt-machine
materials, requiring the use of advanced
technologies such as higirecision laser

TO

cutting [8].
2. LITERATURE REVIEW

2.1. Optimization of technological
parameters in laser cutting

Fiber laser cutting has gained significant
traction in the processing of advanced
materials due to its ability to deliver high
precision cuts, minimized HAZ, and precise
control over microstructural changes.
Numerous studies have highlighted the direct
influence of technological parameters,
particularly laser power, cutting speed, and
focal position, on local hardness, surface
topography, and mechanical behaviour of the
processed material [9].

S |j dzI Rege@rghd on stwdudal stedlsNhas

shown that varying these parameters can
significantly alter the hardness within the
heat-affected zone. For example, Safari et al.
demonstrated that in Hardox 400 steel,
process optimization can be effectively
achieved usig robust statistical models that
reveal the sensitivity of HAZ hardness to
changes in process parameters [1]. Similarly,
Yurdakul et al. combined the RSM
methodology with the Analytic Hierarchy
Process, resulting in an efficient multicriteria
framework fa optimizing the cutting of S52
steel [2].

Advancements in artificial intelligence
have introduced new tools for modelling the
complex relationships within the cutting
process. Sket et al. implemented neural
networks to predict thermal and geometric
behaviour in stainless steels, achieving better
performance than traditional regression
models [3]. Other approaches focused on
improving experimental data distribution
through methods like Latin Hypercube
Sampling, contributing to more effective
calibration of predictive models [4].

For difficult to cut materials such as 904L
superaustenitic steel, Balasubramaniyan and
Rajkumar (2025) showed that simultaneous
optimization of laser power, feed rate, and

Pt YHREqRYUWYNWAL YT e RqF
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pulse frequency led to higher material
removal rates and improved surface hardness,
highlighting the effects of the resolidified
layer [10]. In a recent review, Alsaadawy et al.
(2024) reported that using low laser power
combined with high cutting speed,aderate
assist gas pressure, and nitrogen gas
significantly reduced machining defects,
including excessive roughness and burr
formation [11].

Basak et al. (2025) analyzed the impact of
intrinsic material properties on surface
guality, concluding that these can have a
greater influence than process parameters
[12]. In their study, hardness decreased by up
to 22.7% in SS316 stainless steel, suygs
strong dependence of thermomechanical
response  on material ~ composition.
Additionally, Mahrle et al. (2021), through a
factorial experimental design, identified a
significant correlation between cut edge
roughness and kerf geometry, emphasizing
that internal process parameters may
outweigh external factors such as assist gas
pressure [13].

Overall, the literature shows a continuous
effort to identify optimal configurations of
technological parameters to improve the
quality of lasercut surfaces. However, most
studies focus on empirical or statistical
approaches and tend to overlook a
fundamental perspective based on modelling
the electromagnetic field generated by the
laser beam. This gap underscores the need for
a combined approach that links process
parameters with the behaviour of
electromagnetic waves, enabling a deeper
understanding ofhe interaction between the
laser beam and the material.

2.2 Theoretical modelling of laser beam
propagation

A central objective of this research is the
formulation of a rigorous theoretical model of
the electromagnetic field generated by the
laser beam during the cutting process. To
achieve this, the starting point is the

TnN

fundamental equations of electromagnetism
developed by James Clerk Maxwell, which
describe how electromagnetic waves are
generated and propagate in a vacuum. The
laser beam is interpreted as a plane
electromagnetic  wave, composed of
synchronized oscillaties of the electric and
magnetic fieldspropagating at the speed of
light ccc.

According to classical theory, a time
varying electric field induces a timarying
magnetic field, and this reciprocal process

gives rise to the propagation of an
St SOGNRBYIFI3AYySGAO s B3SO
in their differential form for vacuum
conditions,are expressed as follows:

NE (P ¥ (1)

NE &P g )

RA QBIT n (3)

RA @I T n (4)
We start from the equation involving
differential operators i:

nRAR [Tyl 7 | (5)

in which E is the electric field intensity, D the
electric displacement field, H the magnetic
field intensity, and B the magnetic flux
density.

5 B9 3> iT (6)
These relations are combined, resulting in:
n — nonJo0 YO (7)
For a stationary fieldh JO 1
kI BPRT 1 (8)
Kl BlF“n',i—jf n (9)
K| wnkﬁ_&')np 90rn  (10)
K, K.,
Kl B, on-D I'n (11)
KH.
Kl wnﬁr' n (12)
KITe>, = n (13)
In Cartesian coordinates, the equation
becomes:
KL KM, KM KH|
Eb@bmwanWr n (14)
KL KT KM mKM
&P b e 1 (19)

The solution of the secondrder differential

Pt YHREqRYUWYNWAL YT e RqF
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equation: i spatial displacement of the magnetic field

| 1,02.8H1 0 (16) lines, while the magnetic field loops around
whereHA & GKS YI 3IySiAO | YnebkaindaR & Zcircular Avé@anner, Ktkereby

angular frequency, k is the wave number, and
z is the direction of laser wave propagation.

At the origin of the axes, where the laser
source is located, electromagnetic waves are
generated with the following components:

| T,02.814 (17)
9 8,02.4® (18)

At a distance z from the origin of the
Cartesian system, the following waves of the
coupled fields are generated:

| 1,02.801 0 (19)
98,0241 0 (20)
Based on previous relations we can develop
the field equation: o
| 1,02 &GE1 11,02 3o (21)

The relationship between the electric field
and the magnetic field is governed by the
principle of cause and effect, where one acts
as the cause and the other as the effect,
resulting in the propagation of laser light.
These fields are in phase and simakausly
reach their maximum and minimum values.
An important relation can be obtained by
setting the phase as:

Ot (22)

When we apply Fermat's theorem to the
phase of the wave, we obtain an extremum
point:

(23)

Ak (24
When the wavelength of electromagnetic
radiation is very short, the oscillation period
of the associated field becomes extremely
brief. Lasers operating in the ultraviolet region
of the electromagnetic spectrum are
characterized by short oscillation per®adnd
high electric field amplitudes, which grant
them a high energy density. The intensity of
laser radiation is directly influenced by the
rapid temporal variation of the electric and
magnetic fields, and the synchronization of
these fields in space antime leads to the
formation of a higkenergy coherent beam.
The electric field plays a crucial role in the

TP

defining the geometry of the laser beam.

This mutual interaction leads to the
generation of a collimated beam, directed
along the longitudinal axis (the Oz direction),
which propagates at the speed of light in a
vacuum. The electric field oscillates in a plane
perpendicular to the direction of ppagation
(along the Ox axis), while the magnetic field
oscillates perpendicular to it (along the Oy
direction), the two being orthogonal both to
each other and to the propagation direction.
From a physical standpoint, the electric field
can be interpretedas a magnetic moment
generated by the cross product between the
speed of light and the magnetic field intensity,
according to the relation:

9ro ->LEOO- - (26)

Depending on the values of E and B (or H),
laser light is concentrated into a very small
diameter and is characterized by different
wavelengths. The laser light spectrum spans
the infrared, visible, and ultraviolet regions.
The amplitude of the electricdid is much
greater than that of the magnetic field, by a
factor of ¢ (speed of light).

9, O.,- (26)

The greater the value ofoEthe higher the
frequency of the laser light, which gives rise to
high-power lasers possessing strong electric
fields of significant magnitude. When the
amplitudes kand B increase, this results in a
strong concentration of laser light in a small
space, with higher luminous excitation and
intensity. The circular crossection of the
beam is primarily due to the magnetic field.
This flash, sometimes of different colours or
invisible, is generated by a laser light source
with beam directionality confinedota narrow
parallel path. The wavelength is the same for
both the electric and magnetic fields. When
0KS ¢ ¢St Sy3aidK RNERLJ
observed that the energy of the flash
increases while the distance between two
field maxima decreases.

(@]]
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When laser radiation interacts with matter,
collisions occur between laser photons and
electrons, as well as between laser photons
and ions, resulting in physical phenomena
such as absorption and reflection. Tleser
energy densityis defined as the amount of
light energy per unit volume:

6 I2r2Er y K (27)

Taking into account the field laws, the
energy density is expressed as follows:

g i (28)

The maximum energy density is obtained
when the amplitudes of the electric and
magnetic fields reach their peak values and

are in perfect phase synchronization
Oz.am ' m
Gy s ORTs il, (29)
Incident laser intensity is:
Lﬂr%rgg (30)

We can calculate the amplitude E of the

radiation field:
,nt MKH

96— 0 (31)
where P is the laser power, and d is the spot
diameter, an important parameter of the laser
light field. In vacuum, the electric field
guantifies the magnetic field by the value of c.
Based on the operating parameters of the
laser, we can calculate the mexum value of
the electric field.

3. MATERIAL AND DESIGN OF EXPERIMENTS

3.1 Material

The material analysed in this study is a
sheet of alloy steel of type X10AICr180,
characterized by a high content of chromium
(approximately 18%), aluminium, and silicon.
This alloy is intended for use under extreme
temperature and corrosion conditions ansl
commonly used in the construction of
reinforcements and support elements for the
refractory linings of pulverized coal burners in
boilers used for generating superheated
steam. The initial hardness of the sheet,
determined using the Vickers method, &l
within the range of 226280 HV, which is

TZ

typical for refractory materials with high
thermal stability.

3.2 Experimental setup

The cutting experiments were carried out
using a fiber laser with a maximum radiation
power of P = 5200 W and a focused spot with
a diameter of d = 0.38 mm, within which a
YIEAYdzYy St SOGNRO FTASER

MADb *=KY 61 & | OKALBS RSP C
with the material, this electric field
instantaneously generates, through

relativistic effects, a magnetic induction field

2F .e I ndt P mMnéew ¢ ¢
the laser beam heats, melts, and vaporizes the
surface of the metallic targetand collisions

with atomic electrons result in excitations and
ionizations, also producing intense luminous
effects.

Theoretical modelling of the
electromagnetic field propagation, based on
specific operating parameters, enables a
detailed understanding of energy transfer and
the effects induced in the material. This
approach allows the correlation of field
distribution with the microstructural and
mechanical changes that occur after cutting.

Figuré 1BySmart Fiber'Bystronic laser cutting
machine used in the experiments.

The tests were conducted using the
BySmartFiber Bystronic equipment designed
for highprecision processing. It enables fine,
clean cuts with high tolerances and virtually
no burr formation, eliminating, in most cases,
the need for subsequent machining. Its ron
contact operation ensures minimal \&e of
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components and significantly reduces
technological losses. The image of the
equipment used is shown in Figure 1.

For a comparative evaluation of
performance, the results obtained with the
conventional Zinser 2325 equipment, based
on oxygas cutting, were also analysed. This
machine, shown in Figure 2, is significantly
slower, involves direct contact with the
material and often produces burrs and
thermal deformations, requiring additional
processing (grinding, deburring).

Figure 2Zinser 2325 cuttig machine used for
performance evaluation comparison

An essential advantage of laser
technology is the minimal material loss, due to
the extremely thin beam that produces
narrow cutting kerfs. This enables optimized
nesting of parts on the sheet, contributing to
process efficiency and cost reduction.
Moreove, the absence of mechanical contact
eliminates tool wear, an important benefit
compared to conventional machining
methods.

3.3 Experimental design

Hardness was selected as the main
evaluation criterion for assessing the quality
of parts obtained through oxygeassisted
laser cutting, given its direct impact on
mechanical performance in critical
applications. Due to the unstable behavior of
the materal in its molten state, conventional
oxy-fuel cutting does not allow for clean and
precise edges. This is why laser technology

TT

was chosen, as it offers superior accuracy and
minimal material loss by narrowing the
cutting kerf.

To quantify the efficiency of the
process, a removal index)(lvas introduced,
defined as the ratio between the amount of
usable material remaining in the part and the
total amount of material cut:

2F Odzi YFGSNMLI
Y2 dzy i

I Y2 dzy i
¢c201 f

Ll

An index close to 1 reflects an efficient
cutting process, with high precision and
minimal losses, essential characteristics for
high-performance industrial machining. The
novelty of this research lies in the detailed
experimental analysis of surface hasfis on

parts cut with highpower fiber laser,
correlated with microstructural changes
induced in the HAZ.

Hardness measurements were

performed using a portable KrautKramer MIC
10 hardness tester equipped with a diamend
tipped probe, as illustrated in Figure 3. The
recorded values showed a slight decrease in
hardness within the HAZ, a phenomenon
attributed to annealing and local softening
effects. These changes are associated with the
migration of alloying atoms (Cr, Al, Si),
increased interatomic distances, and reduced
bonding forces, processes induced by the high
thermal concentration generated by the laser
beam.

Figure 3Portable KrautkKramer MIC 10 device
used for hardness measurement.
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ANALYSIS OF THE IMPACT OF FRICTION ON THE QUALITY OF
REGULATION DEPENDING ON THE USED FRICTION MODEL AND TH
CONTROL LAW
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Abstract: This paper analyses the effects of friction, i.e. the friction model, on control performance. The
analysis was carried out using the model of the control object and the friction model with the application of
different control laws. The Stribeck and LuGigidn models were considered. Position responses, control
signals and friction force are shown as a function of the control laws of PID, SMC and TS LQR controllers. All
simulations were performed using the MATLAB software package. The pggssfhitiodeling a nonlinear

system with friction using the Takagugeno fuzzy system and the method of generating a control signal
using an LQR controller for each individual linear subsystem based on parallel distributed control (PDC) are
shown. Controlignals are generated using PID, SMC anrtQ® control laws respectively. Instead of setting

poles for each individual rule of the TS controller, the LQR method is used at the level of each individual rule
by selecting unique Q and R matrices based omnaity criteria.

Keywordsfriction, Striebeck model, LuGre model, PID, SMC, T8kagino LQR, friction compensation.
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Abstract: Accurate prediction of surface roughness (Ra) in laser cutting is essential for quality control and
process optimisation. This study presents a Random Forest Regression (RFR) model for the prediction of Ra in
fibre laser cutting of EN 10130 steel she@&tse model was trained using 14 experimental samples obtained

from a BoxBehnken design with cutting speed, abrasive concentration and gas pressure as input parameters.
Three additional samples were used for testing. The RFR model was implenmeM&d LAB with 500
regression trees. On the test set, it achieved an RMSE of 0.204 um and an R2 of 0.55, with an average absolute
error of 2.11%. The average error across all 17 samples remained below 10%. These results confirm that
Random Forest is a reliee and interpretable method for modelling surface roughness in laser cutting,
especially when working with limited and nidmear experimental data.

Keywords: Surface Roughness, Laser Cutting, Random Forest Regression, Machine Learning, Predictive
Modeling.
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Abstract: Modern machine tools are expected to deliver significantly higher productivity while minimizing
production costs. This requirement has led to the widespread adoption ofpégid machining and the
integration of motorized spindles. However, operatinghigth rotational speeds results in substantial heat
generation, which can cause unexpected failures. Therefore, understanding and predicting the thermal
behavior of motorized spindles is essential for ensuring operational stability and extendipgnamt life.

Key sources of heat in motorized spindles include electrical losses within the motor and friction within angular
contact ball bearings. To maintain thermal balance, several cooling methods are commonly employed, such
as a cooling jacket arodithe stator, oil mist lubrication, and forced air convection. This paper focuses on the
influence of cooling fluid type on the temperature of angular contact ball bearings in a motorized spindle. The
cooling system includes a stator cooling jacket, whlelgs a key role in heat dissipation. A tdimensional

finite element thermal model is developed to simulate heat generation and transfer mechanisms within the
spindle assembly. The analysis focuses on temperature distribution in the front and reay begidns under

two cooling fluid. he simulation results demonstrate noticeable differences in thermal response depending on
the coolant type, offering insight into optimal cooling strategies. Wagsed cooling shows higher thermal
conductivity and effiency, while oil provides better lubrication and damping characteristics. The study
highlights the importance of selecting the appropriate coolant in accordance with spindle design and
application requirements. These findings contribute to the ongoinglaevent of more efficient and
thermally stable motorized spindle systems for advanced manufacturing.

KeywordsMotorized spindle, angular contact bearings, thermal analysis, cooling fluid, finite element method

1. INTRODUCTION machining technologies can significantly
influence both production efficiency and
o ) ) overall manufacturing costdl1] Highspeed
Machining contln_ues to play a_key role in machining, in particular, has gained
modern manufacturing across a wide range of  onsiderable attention due to its ability to
industries. The majority of metal components o hance productivity while simultaneously
undergo some form of machining during their lowering production expenses. However,

production cycle. As aresult, advancements in  jncreasing spindle speed also leads to negative

NMM
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effects such as noise, vibration (chatter), and
heat generation within the spindle systef2]

During highspeed machining, the
excessive heat causes uneven thermal
expansion in different machine components,
resulting not only in increased friction and
wear of the spindle but also in larger
machining tolerances.[3] Although high
speed spindles are relatively new technology,
numerous studies have addressed various
aspects of spindle systems through different
analytical and experimental methods.

The dimensional accuracy and surface
quality of the machined workpiece largely
depend on the thermal, dynamic, and other
characteristics of the machine tool spindle
system. Higkspeed spindles are known to
experience reliability issues and sudden
failures, which are primarily caused by
thermal loads.[4] The authors developed a
mathematical model to predict bearing
temperatures influenced by heat generated in
the motor due to electrical losses. A thermal
model of the spindle was created using the
finite element method, selected for its
capability to effetively integrate heat
conduction with complex geometries and
physical conditions.

The study also showed that decreasing the
fluid flow in the cooling jacket results in higher
bearing temperatures, emphasizing the
significance of efficient cooling)]. Statistics
indicate that thermal errors can account for
up to 60- 70% of the total geometric errors in
a workpiece. [6] Studies, [7] have
demonstrated that thermal deformation in
numerical control (NC) lathes can reach values
as high as 80 yum at spindle speeds of 2000
rom, while CNC machining centers may
experience thermal errors up to 50 um at
8000 rpnt levels that are clearly
unaccepable for precision machining.

Given these findings, investigating the
thermal behavior of spindles is crucial to
minimizing their impact on the dimensional
accuracy of machine tools.

N MN

2. HIGH SPEED MOTORIZED SPINDLE

High speed motorized spindles are key
elements in modern machining centers,
capable of reaching very high rotational
speeds often tens of thousands of
revolutions per minute which enable faster
material removal, improved surface finish, and
enhanced maching accuracy.

Compared to conventional spindles,
motorized spindles integrate the motor
directly into the spindle shaft, eliminating
power transmission components such as gears
and belts. This design reduces vibrations,
improves rotational balance, and allows for
preci® control of acceleration and
deceleration. However, the higbpeed
operation and significant heat generated by
the built-in motor place considerable thermal
and mechanical stress on spindle components,
pushing them to their operational limits [8]. A
schematic of a typical higispeed spindle is
shown in Fig. 1.

Figure 1.Scheme of high speed spindle

Manufacturers state that higlspeed
spindles are equipped with efficient liquid
cooling systems. Cooling jackets are installed
both around the front bearing area and
surrounding the spindle, motor, and stator to
reduce temperature rises caused by bearing
friction and motor losses. By controlling heat
ASYSNI GA2Y RdzNAYy3I 2 LISNI
performance is enhanced, resulting in higher
productivity and improved machining quality.
The spindle achieves its maximum rated
performance within an optimal coolant
temperature range of 20 °C to 25 °C. Actual
performance, however, varies depending on
the coolant temperature and the type of
cooling medium used. [9]
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3. FINITE ELEMENT MODEL OF MOTORIZED
SPINDLE

This paper presents a finite element model
analysis of a motorized spindle, emphasizing
the role of the cooling jacket and how the flow
of different cooling fluids influences the
spindle's temperature distribution. The
geometry of the spiral cooling jacket
surrounding the stator surface of the
motorized spindle is illustrated in figure 2.

O~
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Figure 2.Schematic geometry of the spiral
cooling jacket
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Table 1.Motor input parameters

M

Exp Voltage
no. [V]

Freqfency Current Power
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1 220 1500 12.3 3 0.88
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