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16.starptautiskas zinatniski praktiskas konferences “Vide. Tehnologija. Resursi” materialos &etros sgjumos ir parstavéti jaunakie
pétijumi vides inZenierzinatng, vides un dabas aizsardziba, ilgtsp&jiga lauksaimnieciba, energétika, materialzinatné, mehanika,
metalapstradg, lazeru tehnologijas, matematiskaja model&sana, elektrotehnika, vides ekonomika un vadiba, informacijas tehnologijas
un sociotehnisko sistému model&sana, vides izglitiba un ilgtsp&jigas attistibas procesos, izglitiba inzenierzinatnes, aizsardzibas un
drosibas tehnologijas. Krajuma parstavéto pétijumu joma ir daudzpusiga un starpdisciplinara, balstita uz starptautisko zinatnieku
kolekttvu sasniegumu rezultatiem. Konferences materialos ieklauti 317 zinatniskie raksti. Konferences dalibnieki parstav 28 valstis.

16.starptautiskas zinatniski praktiskas konferences “Vide. Tehnologija. Resursi” norises vieta ir RTU Rézeknes akadémija, Rézekne,
Latvija.

Proceedings of the 16" International Scientific and Practical Conference “Environment. Technology. Resources” include recent
research in fields of engineering, environmental and nature protection, sustainable agriculture, energy, material science, mechanics,
metalworking, laser technologies, mathematical modelling, electrical engineering, environmental economics and management,
information technologies and sociotechnical systems modelling, environmental education and sustainable development, education in
engineering sciences, defense and security technologies. The research area presented in the proceedings is comprehensive and cross-
disciplinary, on the advances of international researchers. The proceedings comprise 317 scientific papers. Conference participants
represent 28 countries.

16th International Scientific and Practical Conference “Environment. Technology. Resources.” hosted by Rezekne Academy of Riga
Technical University, Rezekne, Latvia

https://conferences.rta.lv/index.php/ETR/ETR2025
Link to conference proceedings: http://journals.rta.lv/index.php/ETR
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Abstract—The present study is related to the implementation
of Electron Beam Welding of 316L stainless steel blanks obtained by
traditional methods of plastic deformation and a blank made of
LaserForm Maraging Steel obtained by Additive manufacturing also
known as 3D Metal Printing Technology. A microstructural analysis
was performed using a Scanning Electron Microscopy (SEM). To
determine the chemical distribution at the fusion zone (FZ) an energy
dispersive spectroscopy (EDS) was used. Vickers microhardness
distribution across the welded seam was investigated in two zones —
the first one at 1 mm from the surface and the second one at 3 mm
from the surface.

Keywords— Electron beam welding, microstructure,

microhardness.

1. INTRODUCTION

The Electron Beam Welding (EBW) process is a
Fusion Welding process as the metal to metal joint forms
in liquid or molten state. This type of welding process is
also classified as a new welding process as it uses the
kinetic energy of fast-moving electrons to fuse two metal
pieces at its joint [1].

The advantages of the process, as no edge preparation
is necessary, the high welding speed results in narrow
welds and heat affected zones with little distortion of the
workpiece, short evacuating times can be achieved by
adopting the working chamber to suit the number and size
of workpieces, simple longitudinal weld seams can be
welded as well as complicated three-dimensional
components requiring use of programmed welding

parameters and workpiece manipulation [2] etc., make it
applicable in  Aerospace, Automotive, Defense,
Semiconductor, Medical, Nuclear, Oil & Gas, Power
Generation and a variety of other industries.

On the other hand Additive manufacturing (AM), also
known as 3D printing, is a process of joining materials to
make objects from 3D model data, usually layer upon
layer, as opposed to subtractive manufacturing
methodologies. This tool less manufacturing approach can
give industry new design flexibility, reduce energy use and
shorten time to market. Main applications of additive
manufacturing include rapid prototyping, rapid tooling,
direct part production and part repairing of plastic, metal,
ceramic and composite materials.

The 3d printing technology covering wide range of
alloys used in a variety of industries (including aerospace,
automotive, dental, jewelry, oil and gas, orthopedics
printed electronics, and tooling) [3], [4], [5].

From the above, it is striking that both processes have
the same application.

In various publications, data on the application of
electron beam welding have been found as:

e technology for welding similar and dissimilar
materials[ 1], [2], [6], [7], [21];
e application of coatings;
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e modification of the surface layer [8];

e Electron beam cladding [2], [9];

e Alloying [10], [11];

e Hardening [11];

e FElectron beam rapid prototyping [12], [13]
etc.

The unifying factor that connects all these methods is
that they are characteristic only for blanks obtained by
classical methods such as casting and plastic deformation,
or only for obtaining parts through so-called additive
technologies and, in particular, 3D printing with metal
powder.

Considering the advantages and disadvantages of both
technologies, the question arises: is it possible and what
will be obtained by electron beam welding of two
dissimilar workpieces, one obtained using traditional
technologies, and the other using additive technologies
and 3D printing of metal powder.

Scarce information about such welding was found on
the Electron Beam Processes Ltd website [14] for an
example of an electron beam welded Titanium Additive
Manufacturing body with Turned ring from stock bar,
which does not provide detailed information about the
implementation of the process.

The object of the study is obtaining a monolithic defect-
free joint using electron beam welding between two
dissimilar workpieces with similar properties, which are
products of two fundamentally different technologies.

II. MATERIALS AND METHODS

A. Materials

The selection of materials for the blanks used (metal
powder for 3D printer and metal blank) was made based
on the following criteria:

e Specificity of the existing equipment.
e The selected materials must be non-magnetic.
e The materials must have a certain chemical
composition, physical and thermal properties.
e Application of the parts obtained by electron
beam welding, etc.
316L stainless steel is an austenitic corrosion-resistant
steel with excellent weldability, regardless of the welding
method used. It is used in food preparation equipment,
especially in chloride environments, pharmaceuticals,
marine applications, medical implants, including pins,
screws and orthopedic implants such as total hip and knee
prostheses, etc. [15], [16]. It has a chemical composition
listed in Table 1.

316L Stainless Steel and LaserForm Maraging Steel

On the other hand, LaserForm Maraging Steel (B) is
designed for use on the ProX DMP 200 metal printer,
producing industrial parts and tool inserts with a
combination of high strength and excellent hardness [17].

It is easily heat treatable by an age hardening process,
which results in excellent hardness and strength. In terms
of subsequent processing, the material shows good
weldability and machinability and is corrosion resistant. It
is used for: tools and molds for injection molding, die
casting and extrusion; high-performance industrial parts,
e.g. the manufacturing and automation; high -wear
components and aerospace. Its chemical composition and
properties are listed in Table 2.

TaBLE 2 COMPOSITION RANGES FOR FOR
LASERFORMMARAGING STEEL (B)

Chemical Composition
Grade | Fe Ni Co | Mo | Ti Si Mn C
Min 17.0 [ 9.0 4.0 0.9

Max | 2% 190 110 | 60 | 11 ] 210 | 210 | =003

The two selected materials have properties that meet
the requirements set out above.

To carry out the experiments are used rectangular
blanks with geometric dimensions as follows: width b=
10mm, s= 10mm, 1= 30mm, and a ProX DMP 200 3D
printer was used to make the blanks from LaserForm
Maraging Steel (B).

B.  Electron beam welding machine

EBW process was carried out with an Evobeam Cube
400 welding unit manufactured by Evobeam (Fig. 1). In
Table 3 was presented Specification of Electron Beam
Welding Machine [18],[19],[20].

Fig. 1. Evobeam Cube 400 welding unit manufactured by Evobeam.

TABLE 2 SPECIFICATION OF ELECTRON BEAM WELDING MACHINE

Elements Description
Vacuum chamber 300 x 300 x 300 mm
Chamber pumping | High Vacuum Turbo-Molecular-pumpset
system
Electron Beam gun | High Vacuum Turbo-Molecular-pumpset
system

3 mechanical CNC axes: X, Y and C all

TABLE 1 COMPOSITION RANGES FOR 316L STAINLESS Manipulation system interpolated;
STEELS 4 virtual CNC-Axes: IX, IY, IB und IL
Gun vacuum 5.10* mbar
Chemical Composition Accelerating Voltage | 60 kV
Grade C Mn Si Cr Mo Ni N (Uw)
Min - - - 16.0 | 2.00 | 10.0 - Beam Current (Iy) 0-100 mA
Max | 0.03 | 2.0 | 0.75 | 18.0 | 3.00 | 14.0 | 0.10 Welding speed (V) 0-2500 mm/min
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Based on previous studies related to the EBW process
of various materials, the following technological parameters
were selected: Accelerating voltage U=60kV, Focusing
current [=1480mA, Welding speed V= 96mm/min, Beam
current I,= 20mA.

C. Microstructural analysis

To determine the quality of the weld obtained after
EBW, a microstructural analysis was performed. A
microsection was made from sample using a standard
procedure: The test specimen was sanded manually using
sandpapers of different sizes from 500 to 2500 mm. It was
then polished with DiaMax diamond paste and developed
with 4-10% aqueous HF solution for an optimum time of
45 s.

Vickers microhardness was measured along the cross-
section of the weld seam in two parallel lines. The first was
located at a distance of Imm from the surface of the weld,
and the second (bottom of weld zone) - at a distance of
3mm from the first. A semi-automatic microhardness
tester, "ZWICK/ Indentec-ZHVp-S" (ZwickRoell, Ulm,
Germany) with a loading force of 0.5 N was used.

A scanning electron microscope (SEM) was used to
determine the distribution of the elements constituting the
structure of the obtained compound. An elemental analysis
of the composition of the studied sample was performed
using energy-dispersive X-ray spectroscopy (EDX).

III.  RESULTS AND DISCUSSION

An electron microscope Neophot 32 was used to
determine the presence of defects. Fig. 2 shows that there
are no defects, there are clearly defined areas characteristic
of electron beam welding Fusion Zone (FZ) and Heat
Affected Zone (HAZ), and the structure formed in the seam
is typical for this type of welding.

Steel 3161]

Fig. 2. Weld seam of both materials at x 50 magnification and
transition zones at x 500 magnification between: A) 316L steel and
weld seam; B) within the weld seam itself and C) weld seam and
LaserForm Maraging Steel (B).

To obtain more information about the chemical
composition of the studied sample, a straight-line EDX
analysis was performed (Fig. 3).

The purpose of performing this analysis is to establish
the distribution and concentration of chemical elements
(mostly Cr, Ti, Co and Ni) with a predominant percentage
content in the main zones HAZ, FZ and in the individual
materials of the blanks.

19

The analysis shows redistribution of chromium. Before
welding, it predominates in 316L steel and in LaserForm
Maraging Steel (B) it is absent. After welding, its content,
albeit a little, is also found in LaserForm Maraging Steel

(B).

LRy —

il mvlw Wiy i

Fig. 3. Line EDX analys in HAZ and FZ of weld.

Fig. 4, Fig. 5 and Fig. 6 present EDX analysis at points
located in the HAZ and FZ.

[LaserForm Maraging steel

EDS Layered Image 1

[ ) 2

]
00

Fig. 4. EDX analys in HAZ and FZ of weld LaserForm Maraging Steel
(B).
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Fig. 6. EDX analys in HAZ and FZ of weld of of AISI 316L Steinless
steel.

The microhardness of the used blanks before and after
EBW was also measured. The average measured value of
microhardness before welding for AISI 316L Stainless
steel it is 432 HV s, and for LaserForm Maraging Steel —
445 HV ps.

Fig. 7 shows the measured microhardness after EBW
process.

The figure shows the same nature of the microhardness
distribution of the two lines. The FZ and HAZ of the weld
are clearly demarcated. There is no higher microhardness
value in the weld, as is the case when welding
homogeneous or heterogeneous materials. The reason for
this is the different technologies used to obtain the blanks.

316L Stainless Steel and LaserForm Maraging Steel

In the FZ, an average microhardness value of 315.5 HV s
was measured on the first line and 349.7 HVy0s on the
second line.

As expected, higher microhardness values were
measured in both HAZ due to the thermal processes that
occurred during the process and some elements (e.g. Cr, Ni,
Co) from the chemical composition of both materials.

600

5 HAZ { HAZ
I /}.‘\ FZ
2 500
@
nilmE
2
@
5 N
[=}
g 400 5
) /e
300 2 [\ \»/
v LAV R
200 —steel 316L aserForm® Maraging Steel (B
100 — top of weald zone
— bottom of weld zone
-4 -3 -2 -1 0 1 2 3 4

Distance, mm

Fig. 7. Vickers microhardness in two parallel lines: the first was
located at a distance of Imm from the surface of the weld, and the
second (bottom of weld zone) - at a distance of 3mm from the first.

IV. CONCLUSIONS

In this study, the set goal of obtaining a high-quality,
monolithic and defect-free welded joint between blanks
obtained by two different technologies (steel 316 L and
LaserForm Manganic steel (B)) using electron beam
welding was achieved.

The microstructural studies and the measured hardness
of a microsection served to prove this. Using an electron
microscope, it was found that the resulting weld seam and
the areas around it lack defects in the form of pores, voids
or cracks. The SEM and EDX analysis established the
chemical composition at selected characteristic points of
the cross-section of the sample and the homogeneous
distribution of the elements with a predominant percentage
content, such as Cr, Ti, Co and Ni in both materials.

The measured microhardness (from 315.5 HVs near
the surface of the section and 349.7 HVs at 3mm from
it) is also relatively uniform and confirms the presence of
a monolithic joint. Compared to that of electron beam
welding between homogeneous or dissimilar metals, it has
a lower value, but the reason for this is the fact that one of
the materials is a product of Additive manufacturing (AM)
and 3D printing.

The subject of upcoming research will be determining
the optimal mode of electron beam welding as a function
of the microstructure and mechanical properties of
samples of different materials obtained using different
technologies.
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Abstract— The aim of this study is to determine the
weldability of different materials - AISI 316L stainless steel
and carbidic austempered ductile iron (CADI) by electron
beam welding (EBW). Welding is performed with different
beam current (In) of 10 mA and 20 mA, welding speed (V) of
400 mm/min and 1000 mm/min with an offset relative to the
stainless steel of 0.2 mm at a constant frequency deviation
(Freq). Vickers microhardness is measured in the fusion zone
(FZ) and in the heat affected zones (HAZ). The most suitable
welding mode is determined in terms of higher
microhardness in the FZ with the presence of defects in the
weld seam.

Keywords— carbidic austempered ductile iron, electron
beam welding, stainless steel, weldability.

I. INTRODUCTION

In recent years, the need to create new materials and
designs has arisen. Electron beam processing and, in
particular, electron beam welding (EBW) is among those
technologies by which monolithic joints are obtained, both
between similar and dissimilar metals and their alloys, as
well as non-metallic materials [1], [2], [3].

There are publications [4], which describe the
application of electron beam processing. This publication
indicates the possible combinations of different metals and
their alloys depending on any dependence. Weglowski [5]
generally presents possible combinations of electron beam
weldable materials with the inclusion of some steels and
non-ferrous metals.

A trend in agriculture [7], [8] is the effect of Carbidic
austempered ductile irons (CADI). Compared to other cast
irons, they have greater wear resistance and high toughness

at the expense of their high brittleness [9].

Due to the high carbon content of cast irons, their
welding is difficult, but not impossible. In practice,
conventional welding methods with preheating of cast iron
are recommended to reduce residual stresses and
deformations [10], [11], [12], [13].

An advantage of electron beam welding is the presence
of a concentrated thermal energy effect with a high density,
and the vacuum environment allows obtaining a quality
weld seam with chemically active and hard-to-melt metals
and alloys [14].

In addition to the availability of a suitable machine, it is
necessary for the materials to possess the complex
characteristic of weldability, which is related to:

e The suitability of the metal for welding,
depending on chemical composition,
metallurgical method of production, way of
making the details, the heat treatment of the
metal before the welding process;

e The technological possibilities of welding,
expressed by the factors: method of welding;
of the parameters of the welding mode; the
general technological plan of welding; thermal
mode of welding; need for preliminary or
accompanying heat treatment; the need for
subsequent heat treatment of the joint or the
entire welded structure.

e  Structural reliability of the welded joint,
which is a function of the thickness of the
welded material; the shape of the welded joint;
the manner and preparation of the joined ends.
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Weldability is determined by using quantitative and
qualitative indicators in terms of whether the welding
material is suitable for a specific welded structure, whether
the specific parameters of the welding mode are selected
and assessing the reliability of the resulting monolithic joint
[10], [15], [16].

The aim of the present research is to create a monolithic
welded joint between dissimilar materials austenitic
stainless steel AISI 316L and CADI by means of EBW. The
reason why this combination of materials was chosen is that
the chemical composition of 316L austenitic steel contains
nickel in the order of 10.0-14.0%. It is known that pure
nickel electrodes are used in arc welding of cast iron. This
is due to the fact that it takes a significant amount of carbon
without changing its properties.

II.  MATERIALS AND METHODS

A. Materials

The CADI blanks were obtained according to the
methodology proposed in [17]. Castings were obtained
using the method of casting from fused patterns, which
were then subjected to isothermal quenching in salt baths.
Those made of austenitic stainless steel AISI 316L were
pre-turned and ground. The chemical composition of the
two materials is listed in Table 1.

TABLE 1 CHEMICAL COMPOSITION OF THE USED MATERIALS

Mat. C, Si, Mg, B, Mn, Cr, Mo, Ni,
: % % % % % % % %

CADI | 355 2,3 0,03 | 0,13 - - - -

16,0 2,0 10,0

316L 0,03 | 0,75 - - 2,0

18,0 3,0 14,0

Fig. 1 shows the dimensions of the blanks used for both
materials.

55405 : 1887

L,

e,
‘\‘E—u K:?J‘J

Fig. 1 Geometric dimensions of blanks from CADI and austenitic
stainless steel AISI 316L.

B. Electron beam welding

EBW was performed with an Evobeam Cube 400
welding unit manufactured by Evobeam, which has the
parameters specified in Table 2.

Various companies that deal with welding cast iron,
[19] recommend preliminary cleaning and preheating of the
cast iron.

According to [10] the best way to control the cooling
rate during welding is to apply preliminary and
concomitant heating. Depending on the temperature of the
preheating, the following main methods of welding cast
iron are distinguished:

e hot welding, with a heating temperature of
600-650 °C;

Electron Beam Welding Technology

e semi-hot welding, with a heating temperature
of 300-400 °C;
e cold welding - without preheating.

TABLE 2 SPECIFICATION OF ELECTRON BEAM WELDING MACHINE [18]

Elements Description
Vacuum chamber 300 x 300 x 300 mm
Chamber pumping | High Vacuum Turbo-Molecular-pumpset
system
Electron Beam gun | High Vacuum Turbo-Molecular-pumpset
system

3 mechanical CNC axes: X, Y and C all
interpolated,
4 virtual CNC-Axes: IX, IY, IB und IL

Manipulation system

Gun vacuum 5.10* mbar
Accelerating Voltage | 60 kV

(Ua)

Beam Current (Ip) 0-100 mA
Welding speed (V) 0-2500 mm/min

For this reason, two types of welding of dissimilar
materials have been made: without and with preheating of
the workpieces.

The main parameters in the EBW mode are classified
into three main categories [18], [20] are:

e The parameters characteristic to the Electron
Beam are Accelerating Voltage (U,), Beam
Current (Ir), Focusing Current (F), Depth of
Penetration (H) and Beam Focal Diameter
(do);

e  The parameters characteristic to the Welding
Joint Features are Welding Speed (v),
Welding Width (B), Focal Distance (dy),
Vacuum Pressure (Ps) and Preheating
Temperature (T );

e Other parameters involve Material Type,
Thermo-physical and Chemical features of
the material and Workpiece Thickness. These
parameters do not constitute as being a part of
Process Parameters.

Table 3 shows the selected parameters of EBW for the
first type of workpieces (without preheating), and in table
4 - for the second type of workpieces (with preheating).

TABLE 3 TECHNOLOGICAL PARAMETERS OF EBW FOR WORCKPIECES

WITHAUT PREHEATING
Acc‘ele Welding Beam .
rating Focusing
speed V, current offset
voltage mm/min I.. mA current I,mA
U, kV »
1530
60 1000 10 (gt’ig) 1510 (surface)
1490
0,20
60 1000 20 (steel) 1510 (surface)
0,20
60 600 1 (steel) 1510 (surface)
0,20
60 600 2 (steel) 1510 (surface)
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TABLE 4 TECHNOLOGICAL PARAMETERS OF EBW FOR WORCKPIECES

WITH PREHEATING
s |Acce Radius
a lerat of
m | I8 Focusing | Welding Beam Offset | oscillat
Volt |current I, | speed V, |current, .
p . mm ion
age mA mm/min Ip, mA
1 U rOSc,
b
¢ | kv mm
11| 400 10 0
12 | 60 1510 400 20 0,2 0
13 | (surface) 400 10 (steel) 0,15
4 400 20 0,15

The pre-heating of the blanks was carried out in a PEK-
4 chamber furnace with the heating mode specified in table
5.

TABLE 5 HEATING MODE FOR CADI AND 316L BLANKS

Retention time in
the vacuum Removal
. 0
Preheating, t°C chamber after temperature, °C
EBW, min
340 5 90

C. Microstructure analysis

To carry out a qualitative and quantitative analysis
regarding the monolithic compound created after EBW, a
microstructural analysis was carried out, including making
a macro- and micro-analysis. For this purpose, all welded
samples were cut along the cross-section of the seam and
microsections were made using a standard methodology.
They were sanded manually using sandpapers of different
sizes from 500 to 2500 mm, then polished with DiaMax
diamond paste and developed with 4% solution of picric
acid in ethyl alcohol. Then an electron microscope was
used to determine the depth of the resulting weld seam and
the presence of defects. The Vickers microhardness of
some of the samples was determined with DURAMIN-40
AC3.

III. RESULTS AND DISCUSSION

A. For samples without preheating before EBW

After welding this group of samples and using the
modes indicated in Table 3, the following observations
were made: for the samples with a current of 1 and 2 mA,
no monolithic joint was obtained, and for the remaining
samples with a current of 10 mA and 20 mA, a monolithic
joint was obtained, but it was of a small depth ranging from
3-5 mm regardless of whether the Focusing current If was
above, along and below the surface of the workpiece. This
confirms the fact that it is advisable to preheat dissimilar
materials before EBW. For these reasons, the need to
determine the microhardness of this group of samples is
eliminated.

B.  For samples with preheating before EBW

In the second group of samples, which were subjected
to preheating after electron beam welding, a monolithic
joint was obtained. After cutting them in cross-section, the
expected greatest depth of the weld seam was measured in

25

samples with numbers Ne2 and Ned4, for which the
magnitude of Beam current was [,=20mA.

Vickers microhardness was measured near the surface
of the weld on all specimens in this group with a loading
force of 0.1N (Figure 3). The results obtained are grouped
in two figures, as follows: Figure 4 - results of the measured
microhardness of welded materials with a Beam current of
[,=10mA and Figure 5 - results of the measured
microhardness of welded materials with a Beam current of
[,=20mA.

The figures show that the nature of the microhardness
distribution is almost the same. As expected in the HAZ (in
green in the figures) the measured microhardness is higher
than that of the materials. The heterogeneous measured
values are from the CADI side and are due to its
composition. The reason for the nature of the
microhardness distribution is that the appearance of brittle
intermetallic compounds in the HAZ and FZ of the weld
seam is possible. The measured maximum values are: for
Sample 1 — 450 HV,,, Sample 2 - 422 HV,,, Sample 3 -
360 HVo,1 and Sample 4 - 460 HV ;.

e 'r_af).i?'

Fig. 2 Vickers microhardness measurement of specimen No. 4.
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Fig. 3 Measured microhardness of electron beam welded samples with
Beam current [,=10mA.
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Fig. 4 Measured microhardness of electron beam welded samples with
Beam current [,=20mA.

From the macro analysis made regarding the presence
of defects, defects were found only in the form of hollows,
which are located near the root of the seam. The Depth of
Penetration (H) of the seam was measured, with the largest
being 10mm in sample No. 4, which was welded with a
Beam current of [,=20mA but also had oscillation with
Radius of oscillation rosc=0.15mm.

IV. CONCLUSIONS

Electron beam welding of dissimilar materials
austenitic stainless steel AISI 316L and Carbidic
austempered ductile irons (CADI) was performed. Two
cases of welding were selected - with and without
preheating the workpieces. EBW is performed with
different magnitude of Beam current.

The following conclusions and recommendations can
be made from the obtained results for electron beam
welding of dissimilar materials:

o Despite the fact that a large part of the
literature recommends that welding of cast
iron be performed with a combination of
preheating and the use of conventional
welding methods with pure nickel electrodes,
a defect-free monolithic joint is obtained,
albeit with a small seam depth of penetration
H=5 mm at a beam current [y= 20 mA,;

e When preheating the blanks, a monolithic joint
is obtained in cases where a oscillation radius
Tosc=0.15mm is used at beam current of
Ir=10mA and [,=20mA. A maximum depth of
penetration 10 mm of the weld seam was
achieved at a current of 20 mA.

e In some of the welds obtained in the second
case of electron beam welding, a incomplete
penetration was formed at the end of the weld.
The probable reasons for this are both poor
pressing of the parts against each other and
insufficient preheating temperature.

e  The Vickers microhardness of all samples was
measured in both heat affected zones (HAZ)
and fusion zone (FZ). In the HAZ it has an

Electron Beam Welding Technology

average value of 214 HV,; to 423 HV,, for
CADI and from 257 HVy, to 274 HV, for
316L, and in the FZ - from 336 HV,, to 401
HVo,.

ACKNOWLEDGMENTS

The author expresses his gratitude to T. Bakalova at
Technical University of Liberc for the assistance provided.

This research was funded by the European Regional
Development Fund within the OP “Research, Innovation
and  Digitalization = Programme  for Intelligent
Transformation 2021-2027”, Project No. BG16RFPR002-
1.014-0005 Center of competence “Smart Mechatronics,
Eco- and Energy Saving Systems and Technologies”.

REFERENCES

[1] P. Lacki , K. Adamus, “Numerical simulation of the electron
beam welding process”, Computers & Structures, vol. 89,
Issues 11-12, pp 977-985, 2011
https://doi.org/10.1016/j.compstruc.2011.01.016

[2] A Munteanu, “The electron beam welding of dissimilar
materials — case study”, IOP Conf. Series: Materials Science
and Engineering ,vol. 161, https://doi.org/10.1088/1757-
899X/161/1/012058

[3] D. Kaisheva, G. Kotlarski, B. Stoyanov, V. Dunchev, M.
Ormanova, S. Valkov, “Electron Beam Welding of Dissimilar
Metals and Alloys”, International Scientific Conference
“UNITECH 2022” — Gabrovo, vol.1, pp. 566- 571, 2022.

[4] Z. Sun and R. Karppi,”The application of electron beam
welding for the joining of dissimilar metals: an overview”,
Journal of Materials Processing Technology, vol. 59, Issu 3, pp.
257 -267, 1996, https://doi.org/10.1016/0924-0136(95)02150-
7.

[5] M. St. Weglowski, S. Btacha, A. Phillips, “Electron Beam
Welding — Techniques and Trends — Review”, Vacuum, vol.

130, pp- 72-92, 2016,

https://doi.org/10.1016/j.vacuum.2016.05.004.

[6] K. E. Elliott and C.M. Greene, "A Local Adaptive Protocol,"
Argonne National Laboratory, Argonne, France, Tech. Rep.
916-1010-BB, 1997.

[7] V. Todorov, “Bainite Ductile Cast Iron — Possibilities and
Problems”, XXIII International scientific and technical
conference, Pleven, Year XXIV, Issue 79193, 2016 ISSN:
1310-3946.

[8] K. L. Hayrynen and K. R. Brandenberg,” Carbidic
Austempered Ductile Iron (CADI) — The New Wear Material”,
Journal of Materials Engineering and Performance, vol.31, pp.
3409-3417, 2022, https://doi.org/10.1007/s11665-021-06476-
8.

[9] S. Laino, J.A. Sikora, R.C. Dommarco, “Development of Wear
Resistant Carbidic Austempered Ductile Iron (CADI)”, Wear,
vol. 265, Issues 1-2, pp- 1-7, 2008,
https://doi.org/10.1016/j.wear.2007.08.013.

[10] J. C. Lippold,Welding Metallurgy and Weldability. John
Wiley & Sons, 2014.

[11] D.Q. Sun, X.Y. Gu, W.H. Liu, Z.Z. Xuan, “Welding consumable
research for austempered ductile iron (ADI)”, Materials Science
and Engineering,vol. 402, Issues 1-2, pp. 9-15, 2005,
https://doi.org/10.1016/j.msea.2005.01.034.

[12] A. O. Alao, A.A. Bamabas, J. Ogbodo, A. A. Akinwande, B.J.
Kutelu, “Investigation of Micro-addition of Antimony on the
Weldability of Pre-heated Treated at 400°C Carbidic
Austempered Ductile Iron (CADI)”, International Journal of
Advanced Academic Research, vol. 6, Issue 8, pp. 70-79, 2015,
https://doi.org/10.46654/1].24889849.¢6820

26


https://doi.org/10.1016/j.compstruc.2011.01.016
https://doi.org/10.1088/1757-899X/161/1/012058
https://doi.org/10.1088/1757-899X/161/1/012058
https://doi.org/10.1016/0924-0136(95)02150-7
https://doi.org/10.1016/0924-0136(95)02150-7
https://doi.org/10.1016/j.vacuum.2016.05.004
https://doi.org/10.1007/s11665-021-06476-8
https://doi.org/10.1007/s11665-021-06476-8
https://doi.org/10.1016/j.wear.2007.08.013
https://doi.org/10.1016/j.msea.2005.01.034
https://doi.org/10.46654/ij.24889849.e6820

27

[13]

[14]

[15]

[16]

El-Shennawy M, Abdel-Aleem HA, Ghanem MM, Sehsah
AM, “Effect of welding parameters on microstructure and
mechanical properties of dissimilar AISI 304/ductile cast iron
fusion welded joints”, Sci  Rep. 14(1), 2024,
https://doi.org/10.1038/s41598-024-70050-0

M. Hatate, T. Shiota, N. Abe, M. Amano, T. Tanaka, “Bonding
characteristics of spheroidal graphite cast iron and mild steel
using electron beam welding process”, Vacuum, vol. 73, Issues
34, p. 667-671, 2004,
https://doi.org/10.1016/j.vacuum.2003.12.097.

N. Nikov, Weding. Part I. Welding process theory. Varna,

1990

R. K. Bhatnagar, G. Gupta, “A Review on Weldability of Cast
Iron”, International Journal of Scientific and Engineering
Research, vol. 7, Issue 5, pp. 126-131, May-2016, ISSN 2229-
5518

Environment. Technology. Resources. Rezekne, Latvia
Proceedings of the 16th International Scientific and Practical Conference. 2025. Volume IV, 23-27

[17]

[18]

[19]

[20]

G. Raschev, V. Todorov, S. Savov, “Study of the wear
resistance of bajnitic cast iron with different carbide phase”,
International scientific Conference “Unitech 2015”, Vol.III,
Gabrovo, 2015.

M. Atanasova, “Effects of electron beam treatment on
microstructure of Ti6AI4V alloy”, Journal of Technical
University of Gabrovo, vol.68, pp. 43-48, 2024,
doi.org/10.62853/ WAWB1418

Pierre-Jean Cunat,” The welding of stainless steels”. Euro Inox,
2001

I. Mitev, S. Tsenkulovski, “Local Processing of Non-Metal
Materials with Concentrated Energy Flow”, 14th ISPC
“Environment Technology Resources”, Rezekne, Latvia, vol.
3, 2023, pp.183+186, ISSN 1691-5402 (print); ISSN 2256-
070X (online)



https://doi.org/10.1038/s41598-024-70050-0
https://doi.org/10.1016/j.vacuum.2003.12.097
https://doi.org/10.62853/WAWB1418

Environment. Technology. Resources. Rezekne, Latvia

Proceedings of the 16th International Scientific and Practical Conference. 2025. Volume IV, 45-51

Industry 4.0: Implementation of Digital
Technologies to Improve Production and
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Abstract- The paper investigates the relationship
between Industry 4.0 technologies and the competitiveness
of manufacturing enterprises. Industry 4.0, which integrates
digital technologies such as artificial intelligence, big data,
robotics, and the Internet of Things, is transforming
production processes and business models, fostering
innovation, and enhancing global competitiveness. The
study aims to explore how these technologies influence
manufacturing efficiency, flexibility, and product quality,
and to identify the main motivations and barriers faced by
companies in adopting Industry 4.0 technologies. The
research employs several methodologies: systematic
literature review - to summarize existing research on
Industry 4.0 and its impact on competitiveness, identifying
key innovations and trends in manufacturing; bibliometric
analysis - analysing scientific publications to map the
research landscape, identify influential works, and discern
key technological trends in Industry 4.0; survey method - a
survey of 100 Ukrainian manufacturing enterprises was
conducted to assess the main motivations and barriers for
adopting Industry 4.0 technologies. The results show that
Industry 4.0 allows companies to significantly improve
productivity, reduce costs and adapt to changing market
conditions. However, the introduction of new technologies is
accompanied by a number of risks, including economic,
technical problems, including high initial investments, cyber
security, and the need for new skills of employees. The
challenges associated with the introduction of these
technologies, including financial, technical and
organisational costs, as well as problems associated with
resistance to change, are considered. The reasons for this
resistance are analysed, including personal interests of
employees, distrust and uncertainty. Effective methods of
managing resistance to change, such as communication,
training and active participation of employees in the change
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process, are proposed. The importance of clear
communication, support and skills development for
successful technology adoption is emphasised.

Key words- Automation, Digital transformation,
Innovation management, Industry 4.0, Production processes,
Productivity, Resource savings,.

1. INTRODUCTION

In the context of globalisation and rapid technological
change, the modern economy is undergoing a period of
transformation, the main feature of which is the rapid
development of the latest technologies. Industry 4.0, or
the Fourth Industrial Revolution, is the undisputed leader
among these changes, as it changes not only production
processes but also the way of doing business and creating
competitive advantages in global markets. Industry 4.0
technologies, such as automation, artificial intelligence,
the Internet of Things, big data and robotics, have a huge
potential to increase production efficiency, reduce costs
and accelerate time-to-market for new products.

Industry 4.0 has a significant impact on the
competitiveness of manufacturing companies, especially
in the innovation economy, where technology and
innovation have become the main drivers of economic
growth. Therefore, the study of the relationship between
Industry 4.0 and the competitiveness of companies is
extremely important for modern enterprises.

II. MATERIALS AND METHODS

A variety of methods and materials were used in the
course of researching the topic to achieve objective and
reliable results.
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Systematic literature review - this method allows for a
detailed analysis of existing research on Industry 4.0, its
impact on the competitiveness of enterprises, as well as
current innovations within manufacturing companies. It
involves the study of articles, books, reports, papers and
other publications to systemise and summarise knowledge
on the topic. The main stages of a systematic literature
review are: identifying the topic and formulating research
questions, searching for and selecting publications,
analysing and synthesising the data obtained; structuring
and summarising knowledge; writing conclusions and
practical recommendations for businesses on the
implementation of Industry 4.0 technologies.

Bibliometric analysis is a method that combines
bibliometric and computational tools to analyse scientific
publications. This allows for the estimation of the number
of publications on Industry 4.0, identification of the main
research areas, key scientific works, and influential
authors in this field, as well as the identification of the
main trends in the development of technologies in the
innovation economy. The main stages of bibliometric
analysis include data collection, data processing and
analysis, and interpretation of the results. Bibliometrics
enables the coverage of a large volume of scientific
publications, which makes it possible to draw more
accurate conclusions about important trends in the
development of technologies and scientific approaches in
the field of Industry 4.0.

The survey method is one of the main tools for
collecting data in scientific research, in particular in the
study of Industry 4.0. During a survey, respondents (the
target audience) fill out questionnaires or questionnaires.
Surveys in our research can help us find out how
representatives of different companies feel about the
concept of Industry 4.0, what benefits and challenges they
see in implementing these technologies. Questionnaires
allow us to interview a large number of respondents,
which makes it possible to obtain representative data.

Research materials: scientific publications - articles
from scientific journals, books, conference reports
describing the theoretical and practical aspects of Industry
4.0; reports of international organisations analysing the
implementation of Industry 4.0 technologies in different
countries; publications and information from open sources
- statistics, materials from company websites, as well as
media interviews covering the implementation of Industry
4.0 at enterprises, results of a survey of enterprises.

The use of these methods and materials allows us to
form a comprehensive view of the impact of Industry 4.0
on the competitiveness of enterprises and determine how
innovative technologies are changing the structure and
efficiency of manufacturing companies in the modern
economy.

III. RESULTS AND DISCUSSION

Industry 4.0 (I4) is defined as the use of digital
technologies to integrate production processes, enabling

Efficiency

greater flexibility, automation and intelligent solutions. It
is based on technologies such as:

- Internet of Things (IoT). This is a technology that
allows various devices to connect to the Internet and
exchange data in real time. It makes it possible to monitor
and control production processes remotely, improving
efficiency.

- Artificial intelligence (AI) and machine learning. Al
is used to analyse large amounts of data, predict and
optimise production processes. With machine learning,
companies can improve their strategies based on
automated recommendations.

- Big data. Huge volumes of data generated during
production processes can be used to make decisions,
optimise workflows, and forecast market needs.

- Robotics. The use of robots to automate physical
tasks in production can improve accuracy, reduce human
error, and cut costs.

- 3D printing. A technology that allows for rapid
prototyping of products, which reduces the time and cost
of their development [1].

The integration of these technologies into production
processes allows companies to significantly increase
productivity, product quality and adaptability to changing
market conditions.

The innovation economy is an economy that is based
on the use of innovative technologies to increase
productivity, create new goods and services, and attract
new investment. It relies on knowledge, research and
development, and the ability of businesses to adapt to
rapid change.

Industry 4.0 is one of the key factors driving the
development of the innovation economy. Thanks to 14
technologies, businesses can significantly improve their
efficiency and create competitive advantages. The
competitiveness of an enterprise is its ability to
successfully compete in the market, ensuring sustainable
growth and profitability. In an innovative economy,
companies must constantly introduce new technologies to
maintain and increase their market share.

Industry 4.0 is already being actively implemented in
various manufacturing sectors. For example, robotic car
assembly lines are widely used in the automotive industry,
and automated systems for product testing and quality
control are used in electronics. In pharmaceuticals, big
data is used to forecast demand for medicines and analyse
market trends.

Scientists have developed a model [2] based on the
literature on organisational motivation,
resources/capabilities, and technology acceptance, as
shown in Figure 1. The main part of the model examines
the influence of external/reactive motives (pressure from
competitors, suppliers and customers) and
internal/proactive motives (efficiency and expected
competitive advantage) on the intention to use I4
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technologies, as well as the influence of the latter on the
actual use of 14 technologies.

Enablers of actual use (resources/capabilities)

A ivof] [ o
finance of employees fit

______________________________ '
w e S HIO
Intention to use [4 tech. s Actual use of 14 tech.
mediation
=l

Control:
company size

0

v
1
1
Competitor pressure :
'
1
'

Organizational motivation (based on
transaction cost and institutional theories)
1 J

Resource/capability-based view (RCBV)
Technology acceptance mode] (TAM)

T
Unified theory of the acceptance and use of technology (UTAUT)

Fig. 1. Model of motivation for organisations to implement Industry
4.0 technologies.

Source: [2]

This study identifies five main groups of motivations
for the adoption of 14 technologies: competitor pressure,
supplier pressure, consumer pressure, efficiency and
expected competitive advantage.

The first three categories - competitor pressure,
supplier pressure, consumer pressure - are considered
external motivations, as they arise under the influence of
external factors, such as changes in the market or
consumer needs. At the same time, the last two motives -
efficiency and expected competitive advantage - are
internal, as their main goal is to improve internal
processes and achieve the company's strategic goals.
Pressure from competitors, suppliers and consumers can
be seen as reactive motives that encourage companies to
change under the influence of the external environment.
Instead, the desire for efficiency and competitive
advantage are defined as proactive motives that focus on
internal improvement and achievement of long-term
strategic goals [2].

Industry 4.0 offers a wide range of the latest
technologies for the digitalisation of business processes,
including automation, the Internet of Things, artificial
intelligence and big data, which are significantly
transforming modern production and management [1].
The introduction of I4 technologies can significantly
increase productivity and reduce costs, improve
production quality and end-user convenience, as well as
increase process transparency and create more sustainable
business models. By integrating digital and physical
systems, companies can achieve significant improvements
in resource savings and develop more flexible
organisational structures [4].

The introduction of 14 technologies is accompanied by
a number of positive aspects, as illustrated in Figure 2,
developed by the authors.
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—t Cost optimisation

}7

» Automation and robotics significantly reduce the need
for manual labour, which reduces production costs. Big
data reduces the amount of unused resources and

enables more accurate planning.

* The use of robots and automated systems for quality
checks can significantly reduce the number of defects

and improve production standards.

» The flexibility of production lines provided by Industry
4.0 allows companies to quickly adapt to changes in the

market or in consumer requirements.

* The use of 3D printing and rapid prototyping allows
companies to quickly develop new products and bring
them to market.

—L Improving product quality

—L Fast adaptation to changes

—t Accelerating innovation

Fig. 2. The role of Industry 4.0 in improving the competitiveness of
enterprises.

Efficiency motivations are the basis for the adoption
of new technologies in organisations, as process
efficiency gains are an important factor in making such
decisions [3]. Rationalistic approaches to technology
adoption are considered important as organisations expect
significant productivity gains, cost reductions and
improved performance through innovation. The
motivation for technology adoption is based on the desire
to improve the overall performance of the company,
which is becoming an important factor in ensuring its
competitiveness in the context of digital transformation.

On the other hand, the introduction of 14 technologies
creates new challenges for organisations. In particular,
there are difficulties in ensuring cyber security and data
protection, organising new work processes, and adapting
staff to new conditions [5]. The need for new skills and
qualifications of employees, as well as the creation of an
effective infrastructure for digital technologies, are urgent
issues that need to be addressed to ensure the successful
integration of new solutions. The problems of
standardisation and integration of different technologies
also remain significant on the way to the full realisation of
the potential of 14 [2].

Thus, while the benefits of 14 technologies are clear,
organisations must be prepared for the new challenges
that arise on the way to their implementation, which
includes not only technical but also organisational and
human factors that determine the success of digital
transformations.

Industry 4.0, or the Fourth Industrial Revolution, is
characterised by the integration of digital technologies
into production processes, which ensures automation,
increased efficiency and flexibility of production.
However, the introduction of these technologies is
accompanied by a number of risks and challenges that
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may affect the success of the transformation of
enterprises, as shown by the authors in Table 1.

TABLE 1 RISKS OF IMPLEMENTING INDUSTRY 4.0 TECHNOLOGIES

Type of risk Risk description

Implementing 14 requires significant financial
investments in the latest technologies, which can be
burdensome for SMEs.

High initial
investment

Uncertainty of | Businesses may not have a clear idea of the potential

economic economic benefits of 14, which can lead to excessive
benefits investment without a guaranteed return.
Automation and the use of robots may lead to job
Replacement . . g
of jobs losses, especially for low-skilled workers, causing
social tensions.
Growing The introduction of new technologies may increase
gender gender inequalities, as women are less represented in
inequality industries related to 14.
Lack of An insufficient regulatory framework and lack of
. common standards can complicate the
regulation and | . . .
implementation of 14 and create legal uncertainty for
standards .
businesses.
The increase in the number of connected devices and
Cybersecurity | systems increases the risk of cyber-attacks, which can

issues lead to data loss, financial loss and damage to the

company's reputation.

Insufficient Lack of necessary skills and knowledge among
staff employees can complicate the digitalisation process
qualifications | and reduce the effectiveness of new technologies.

Resistance to change from employees and
management can delay or complicate the
transformation process.

Resistance to
change

Integration of | The difficulty of integrating new digital technologies
new with existing systems can lead to technical problems
technologies and disruptions in production processes.

o]r)l?e) :Egg?oce Businesses can become dependent on technology
nology providers, which can limit their flexibility.
providers

The rapid development of technology can lead to an

Increase in . . . .
increase in the amount of e-waste, which requires

e-waste o .
W effective disposal and recycling systems.
The use of new technologies can increase energy
Energy . . :
. consumption, which requires the development of
consumption

efficient and sustainable energy solutions.

Thus, the implementation of 14 is a complex and
multifaceted process, accompanied by numerous risks and
challenges. For a successful transformation, businesses
need to develop risk management strategies, invest in staff
development, ensure cyber security, and adapt their
organisational structure to new requirements. It is also
important to cooperate with government agencies to
develop an appropriate regulatory framework and
standards that will facilitate the effective implementation
of 4.

Given the risks and opportunities that accompany the
introduction of new technologies, it is necessary to better
understand the main driving forces that determine their
integration and use in organisations. Based on studies
such as [6], it can be argued that a company's openness to
14 can be measured by two parameters: breadth (the
number of technologies integrated into production
processes) and depth (the number of stages at which these
technologies are used).

Efficiency

Industry 4.0 technologies require deeper scientific
expertise and closer integration into the operational
structures of companies [2].

The main characteristics of such technologies are
interaction through wireless networks, assistance in
decision-making at all levels, and strong interdependence
between different technological elements. As a result,
machines, devices, sensors, and people can interact in real
time, creating transparency and allowing participants to
access information instantly and make decentralised
decisions. In such environments, humans are supported by
technology to perform physical and intellectual tasks,
while robots perform complex or hazardous operations,
thereby reducing health risks and increasing efficiency

[7].

At the same time, the integration of I4 involves
significant financial, technical and organisational costs,
requiring companies to take a strategic approach to
planning and adaptation. Thus, the adoption of such
technologies should be justified, taking into account not
only potential benefits but also possible risks and
challenges on the way to implementation.

Industry 4.0 is focused on the integration of digital
technologies that fundamentally change the way
organisations create value. At the same time, a key feature
is the deep interaction between the physical and virtual
worlds, which allows for the creation of new business
models and optimisation of production processes.
Although the technologies underpinning 14 are
technocentric, focusing on innovation and technological
advancement, their interconnected nature indicates that
their potential can only be maximised in the context of
inter-organisational value chains, not within individual
enterprises [8].

The most important aspects of 14 are the application of
technologies that offer a new operating paradigm for
industry. They can significantly increase efficiency and
productivity, which, in turn, contributes to the creation of
so-called ‘smart factories’ through the digitalisation and
automation of production processes. Industry 4.0 is based
on the principles of integration, decentralisation of
decisions, information transparency and technical support
at every stage of production [9].

The changes caused by the implementation of the 14
concept should have a positive impact on the
competitiveness of enterprises; increase the flexibility of
production processes, which generally contributes to the
improvement of companies' market positions through
increased efficiency.

Based on the results of a survey of 100 Ukrainian
industrial enterprises, we assessed the main motivations
that encourage companies to implement the 14 concept.
The main results of the survey are shown in Figure 3.
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Fig. 3. Motives that encourage companies to implement the Industry
4.0 concept.

As can be seen from Figure 3, the main factors
contributing to the implementation of 14 elements in
organisations are visualised, with the most common
factors for implementing the 14 concept being increase
labour productivity, improving product quality, reducing
costs, production flexibility and shortening the innovation
cycle.

We have already shown that Industry 4.0 offers
tremendous benefits for businesses that have managed to
implement and adapt the latest technologies into their
daily operational processes. But there is always a
downside when companies fail to implement Industry 4.0
technologies in their business. We conducted a survey
among 100 industrial enterprises in Ukraine to investigate
the main barriers to digital transformation. The survey
results are shown in Table 2.

TABLE 2 THE MAIN BARRIERS TO THE IMPLEMENTATION OF INDUSTRY
4.0 IN THE PRACTICE OF INDUSTRIAL ENTERPRISES

Main barriers Disagree | Neutral | Agree
Resistance to change 21% 24% 55%
Lack of qualified personnel 23% 26% 51%
High initial investment 19% 39% 42%
Poor quality of management 17% 33% 50%
Cybersecurity and data risks 42% 27% 31%

The table shows that the majority of respondents
consider the factor ‘Resistance to change’ (55%) to be an
important obstacle to the implementation of Industry 4.0
benefits. This is the highest figure among the other
reasons. However, there are also significant barriers, such
as ‘Lack of qualified personnel’ (51%) and ‘Poor quality
of management’ (50%), which also hinder digital
transformation.

However, despite the potential of 14 technologies, their
successful implementation at the industrial level requires
consideration of soft factors such as organizational
strategies, company structure, corporate culture, and
workforce training during the transition to the 14 era [10].

However, even when change appears to be ‘rational’
or ‘positive’, it always carries with it an element of
uncertainty that can cause emotional discomfort among
employees and those involved in the change process.
Uncertainty often causes resistance to change, which is a
natural human reaction to the loss of stability and the
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desire to maintain the status quo. When faced with
uncertainty, people often try to avoid change, as it allows
them to maintain a sense of control and security in the
face of new challenges [9].

Kotter and Schlesinger identify four main reasons for
resistance to change: personal interests, misunderstanding
or lack of trust, different assessments of the situation, and
low tolerance for change. According to them, people often
resist when they believe that they may lose something that
is important to them; when they do not trust those who are
implementing the changes; when they do not understand
the reasons for the changes and do not believe in their
ability to adapt to new conditions. According to other
research, resistance can also be the result of uncertainty or
fear of future change [11].

However, resistance is not always a purely negative
reaction to change. Resistance can be a tool for identifying
shortcomings in change plans or information provided,
giving the organisation the opportunity to adjust strategies
to achieve better results. As a result, the proper
management of resistance can lead to significant
organisational gains, as it helps to identify weaknesses in
the change process.

Thus, effective management strategies, including
communication, employee participation in the change
process, as well as training and negotiation, contribute to a
smoother implementation of the change and increase
employee acceptance. As a result, these strategies help to
reduce the level of resistance and ensure the successful
transition of the organization through the change.

In this context, it is important to consider different
approaches to dealing with employee resistance when
implementing 14 technologies. Since the implementation
of such technologies is often accompanied by significant
changes in organizational processes, it is necessary to
consider strategies that minimize resistance and ensure the
successful adaptation of employees to new conditions.
The following will analyse the main methods of managing
resistance, in particular through effective communication,
employee participation in the change process and
providing clear explanations for the implementation of
new technologies.

1. Communication. Communication is a key aspect in
the process of digital transformation of organizations.
Satisfactory communication allows for a positive
perception of changes among employees by explaining to
them the benefits of the implemented technologies. When
employees understand why and how a specific 14
technology is being implemented in the organization, this
significantly reduces the level of resistance. Leaders
should provide evidence of positive outcomes from the
use of technology to confirm its effectiveness and
minimize fears that may arise due to uncertainty [9].

According to a study [12], presenting a clear strategy
for implementing and using new technologies is another
important step to reduce resistance. Employees should be
informed in detail about the stages of change and the
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possible side effects of implementing new technologies.
Unclear communication or lack of information can lead to
negative rumors, which can seriously complicate the
change process. Therefore, it is important for managers to
provide accurate and understandable information,
answering employees’ questions and explaining all
aspects of the change, even if they have certain
shortcomings or difficulties. =~ Another important
component of an effective communication strategy is
constant feedback. Employees should feel that their
feedback is important and that they can influence the
change processes.

2. Training. Training is a critical factor for the
successful implementation of 14 technologies. With the
implementation of 14 technologies, there is a need for new
technical skills, such as data analysis, data modelling,
knowledge of cyber-physical systems, the Internet of
Things, and robotic manufacturing. In addition, soft skills,
such as the ability to solve problems, work in a team,
implement change, and adapt to new conditions, are
necessary for the successful application of new
technologies [13].

Training provides employees with the opportunity not
only to update their knowledge but also to gain experience
in using new technologies. In addition, training programs
allow them to demonstrate the value of new technologies
by providing employees with a clear understanding of
their functions and potential opportunities for
implementation within the organization. Therefore,
investments in training are becoming an important
component of the strategy for the successful
implementation of 14 in organizations.

Successful implementation of training for 14 requires
efforts not only from the industrial sector, but also
significant participation from academic institutions.
Research institutes and universities should be involved in
the development and updating of educational programs
that meet the requirements of new technologies. An
important aspect is the close cooperation between
manufacturing companies and educational institutions to
create specialized programs that will contribute to the
training of a skilled workforce [9].

3. Participation. To increase employee involvement in
the implementation of new technologies, it is important to
encourage their active participation in the process. This
allows employees not only to understand more deeply the
principles of how the technology works, but also to realize
its real benefits in the context of expected results.
Interaction with new technologies through direct
participation helps people develop a more positive attitude
towards them and, thus, increase their commitment to
innovation.

Furthermore, when employees are involved in the
process of developing and implementing technology, they
can influence its adaptation to their specific needs and
constraints, which contributes to the formation of a sense
of ownership and responsibility for innovation.

Efficiency

IV. CONCLUSIONS

Industry 4.0, through the integration of digital
technologies into production processes, has a powerful
impact on the competitiveness of enterprises. However,
this process is accompanied by a number of risks,
including economic, social, political and technical. For a
successful digital transformation, companies need to
address cyber security issues, develop risk management
strategies, adapt HR policies and develop infrastructure.

The introduction of 14 creates new opportunities for
the development of an innovative economy, but requires a
comprehensive approach and readiness for challenges.
The introduction of I4 technologies opens up new
opportunities for organizations, but is accompanied by
significant challenges. Assessing a company's openness to
these technologies through the parameters of breadth and
depth allows you to better understand the scale of
integration and the potential of technologies. Industry 4.0
technologies require deep scientific expertise and close
integration into companies’ operational processes. They
provide transparency, increase efficiency and reduce risks
for employees. However, successful implementation
requires significant investments in technology, as well as
consideration of organizational, financial and human
factors.

An important aspect is change management, in
particular combating employee resistance. Effective
change management strategies include communication,
training and employee participation in the adaptation
process. Through clear communication, providing the
necessary knowledge and involving employees in
decision-making, the level of resistance can be
significantly reduced and ensure the successful
implementation of new technologies. Investment in
education, cooperation between companies and
educational institutions are also key to preparing a skilled
workforce. Therefore, to achieve success in the era of 14,
it is important to combine technological innovations with
an effective management approach, focusing on employee
participation and development.
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Abstract— This paper presents a mathematical model of
the Kalman Extended Filter (EKF) for estimating dynamic
states in an electro-hydraulic system. The main goal is to
increase the accuracy and stability of estimates in the
presence of noise and nonlinearities in the dynamics of the
system. EKF combines information from hydraulic motor
shaft angular velocity measurements and the pressure
difference between its inlet and outlet to provide reliable
estimates of basic dynamic system parameters, including the
current angular velocity and the moment created by the
external load. Simulation studies demonstrate the advantages
of the EKF compared to a system without a filter,
emphasizing the importance of tuning the covariance
matrices Q and R to achieve a balance between response
speed and filter stability. The developed model shows high
applicability for real electro-hydraulic systems, while
offering the possibility of adaptation to other nonlinear
dynamic systems.

Keywords— Electro-hydraulic system; Extended Kalman
Filter (EKF); nonlinear dynamics; optimization algorithm.

1. INTRODUCTION

Electro-hydraulic systems are important components in
industrial and mobile technology because they provide high
power, flexibility and efficiency. They combine the
advantages of electric and hydraulic drives, providing high
concentrated power, smooth speed and torque control, as
well as the ability to operate under heavy loads [1-4]. In
addition, electro-hydraulic systems offer high energy
efficiency, thanks to the ability to adjust the pressure and
flow rate according to the requirements of the application
[5-71.

Thanks to these advantages, electro-hydraulic systems
are widely used in various industrial and transport sectors

[8-12]. They are used in robotic production lines, heavy
construction machinery, aviation and automotive systems,
as well as in automated processes in mechatronics [13-20].
Their ability to provide a stable and controlled flow of
energy makes them indispensable for tasks requiring high
accuracy and reliability [21, 22].

Despite their many advantages, -electro-hydraulic
systems also have some significant disadvantages that
make their optimization and control difficult. One of the
main problems is the presence of nonlinearities arising
because of variations in pressure, temperature and dynamic
loads [23]. These factors lead to non-linear behaviour of the
system, which can lead to efficiency losses, instability, and
degraded control accuracy. In addition, electro-hydraulic
systems are often subject to noise and uncertainties related
to sensor measurements and dynamic changes in the
operating environment.

To overcome these shortcomings, various methods of
data processing and management optimization are applied.
Among the most used are different types of Kalman filters,
which offer effective algorithms for assessing the state of
the system in the presence of noise and uncertainty. The
traditional Kalman Advanced Filter (EKF) is widely used
in technical systems for processing nonlinear processes,
offering reliable state assessment in the presence of noises
and uncertainties. However, when the system's
nonlinearities are significant, these methods can encounter
difficulties related to loss of accuracy and numerical
instability.

The present study proposes the use of an extended
Kalman filter (EKF) as a method for data processing and
control optimization in an electro-hydraulic system. The
EKF wuses a linear approximation through Jacobian
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matrices, which allows the evaluation of nonlinear
processes through first-order approximation. This article
discusses the application of EKF to evaluate and correct the
parameters of the electro-hydraulic system and its
integration with a PID regulator for optimized control, to
minimize errors and improve its efficiency. The main
objective of the study is to demonstrate the effectiveness of
EKF for signal processing in nonlinear electro-hydraulic
systems.

II.  MATERIALS AND METHODS

A. Description of the electro-hydraulic system

The electro-hydraulic system has been developed with
the aim of providing high-precision motion control through
the combined use of hydraulic and electrical components.
The main idea behind this system is the transformation of
electrical energy into hydraulic, which allows for effective
control of the angular velocity and torque of the output
shaft. By integrating various sensors and controls, the
system can adapt its operation to loads and dynamic
changes in conditions.

EKF

e [T |
‘7 3 ¢ -

v g 1()// 1 e @

FC |-
L 3

Fig. 1. Structural diagram of the electro-hydraulic system.

The schematic diagram of the electro-hydraulic system
is presented in Fig. 1. The induction motor 1 creates a
torque on its output shaft, to which the hydraulic pump is
connected 2. The pump converts mechanical energy into
hydraulic energy, creating a flow of working fluid under a
certain pressure. This flow is fed to the hydraulic motor 4,
which converts hydraulic energy back into mechanical
energy, driving its output shaft and overcoming the external
load 8. To measure and control the main quantities,
measuring sensors are integrated into the system. Pressure
sensors 5 and 6 are located respectively at the inlet and
outlet of the hydraulic motor, measuring the created inlet
and outlet pressure after energy conversion. In addition, to
record the angular velocity of the output shaft of the
hydraulic motor, tach generator 7 is installed. The system
is controlled by frequency control 10 with a built-in PID
regulator, which regulates the supplied voltage and
frequency to the induction motor depending on the
measured values of angular velocity and pressure. At the
same time, the data processing unit 9 receives signals from
the Extended Kalman Filter (EKF), which improves the
accuracy of current measurements and provides the
necessary algorithm for optimized system control.

B. EKF mathematical model for estimating hydraulic
motor dynamics

The main goal of the EKF mathematical model is to
provide reliable estimates of the angular velocity of the
hydraulic motor shaft and of the moment created by the
external load, combining information from angular
velocity measurements and the pressure difference at the
inlet and outlet of the hydraulic motor. Since the system is
non-linear, EKF uses a first-order approximation to
linearize the equations. The equation defining in nonlinear
form the model of dynamics in the system has the following
form:

x(k +1) = flx(k), u(k)] + w(k), (1)

where: f[x(k),u(k)] is a function describing the
nonlinear dynamics in the system; x(k) are the values of
the state vector in the step k; w(k) is the noise defined in
the kth step of the dynamic model.

Usually, the vector of control u(k) contains input
quantities that affect the dynamics of the system. In the case
under consideration, the dynamics of the hydraulic motor
is mainly determined by the pressure difference AP
between its entrance and exit. Since AP (k) directly affects
the generated torque, it is taken as a control variable. Thus,
the control vector in the EKF model is defined as: u(k) =
AP (k). This allows the EKF to use the measured pressure
values to correct condition predictions.

To relate the real state in the system to the values of the
measured quantities, the EKF is based on the nonlinear
form of the measurement equation:

y(k) = h[x(k)] + v(k), (2)

where: h[x(k)] is the nonlinear relationship between the
vector of states and the vector of measurements; v(k) is
the noise (errors) in the measurements.

The State Vector x(k) contains the main dynamic
variables of the hydraulic motor that EKF needs to
evaluate. In the model under consideration, these are the
angular velocity of the hydraulic motor shaft w; (k) and the
moment of external load T, (k). These values determine the
dynamics of the system, affect the behaviour of the
hydraulic motor and can be set by:

(k)
x(k) = [rf(k) . 3)

The measurement vector y(k) consists of quantities
that are measured directly in the system. In this case, these
are the angular velocity of the shaft w; (k), measured by the
tach generator and the pressure difference AP (k), whose
current values are determined by the pressure sensors
located at the inlet and outlet of the hydraulic motor. These
dimensions are used to correct the EKF forecasts, and the
vector looks like this:

3 WmeaS(k)
y(k) - [A[ﬁmeas(k) ’ (4‘)
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where: w/™¢**(k) is the measured value of the angular
velocity of the hydraulic motor shaft in the kth step;
AP™€35(k) — The measured value of the pressure
difference between the inlet and outlet of the hydraulic
motor in the kth step.

If we apply an inverse relation to equation (1) and write
it from a discrete procedure in continuous time, we get an
equation describing the evolution of the state vector x(t)

x(t) = flx@®), u(®)] + w(@). )

The basic equation for the dynamics of a hydraulic
motor is:

Ji - Wi (t) = Tpig(t) — T,(t) — By - wy (t), (6)

where: J; — Inertial moment of the hydraulic motor shaft;
B, - resistance moment coefficient; T, (t) — the moment
created by the external load; Ty;q(t) - the torque
generated by the hydraulic motor.

The torque generated by the hydraulic motor Ty,;4(t) It
depends on the pressure difference between the inlet and
outlet of the motor and is proportional to the working
volume of the motor. This relationship can be expressed by
the following formula:

V.
Tia(t) = 5=+ AP(D), )

where: V; is the volume of hydraulic fluid that passes
through the engine in one full revolution of the shaft.

After substituting (7) in (6), the expression

Va T,(t) B
2 MO-———wm®. ®

In the model under consideration, we assume that the
load moment T, (t) changes slowly within short time
intervals. This assumption is justified because in most
practical applications of hydraulic motors, the external load
does not undergo rapid changes in very short intervals.
Usually, load changes are due to mechanical loads or
external forces that act with smooth dynamics.

w,(t) =

As aresult, in small time intervals, we can assume that
the derivative of the load moment is approximately zero:

T,(t) = 0. )

This assumption facilitates mathematical modeling and
improves the stability of the EKF by allowing the filter to
predict states more efficiently under conditions of smooth
load changes.

Thus, the dynamic model of the EKF system is written
as:

67

o (@)
10 =10
=17 .Vzd. T AP(¢) _%'Wl(t) - TL](t)
l l l
0
wy, (t)
+ [wT ol (10)

Where: w,, (t) — noise and errors in the model related to
angular velocity dynamics; wy(t) - the noise and errors in
the model that occur when determining the external load.

Since EKF works in an iterative structure, it is
necessary to bring the matrix equation (10) into discrete
time, i.e.

. Vd AP Bl.
T2 PO =7 m©
— TL_(t)] + At - ww(t),
Vi

(11)
T,(k + 1) = T, (k) + At - wr(t).

Equations (11) represent the discrete dynamical model
for EKF. In addition, in the discretization of the load torque
equation Ty, (k + 1) the added random component wy(t) is
multiplied by At, since it derives from its derivative. But
the load moment itself T, (k) it is not multiplied by the
discrete of time, because in the model it is assumed that it
changes slowly, and its derivative is approximately zero.

To be able to use EKF to estimate the states of the
system, it is necessary to define the mathematical
relationship between the measured quantities and the real
states. This connection allows the filter to adjust its
predictions using the available measurement information.
In the model under consideration, the measured parameters
include the angular velocity of the hydraulic motor shaft
and the pressure difference between the inlet and outlet of
the motor, which are used to update the states in the EKF.
Angular velocity w[™** (k) is measured by the tach
generator and therefore:

w"* (k) = wy (k) + v, (k), (12)

where: v, (k) - noise and errors made in angular velocity
measurement.

The pressure difference AP™¢%% (k) is measured by the
sensors located at the inlet and outlet of the hydraulic
motor, and the relationship with the moment generated by
the hydraulic motor is determined by (7), i.e.

2T
AP(k) = 78 Thia (k), (13)



Dimitar Dichev., et al. Electro-Hydraulic System Optimization Through an Advanced Kalman Filter

Considering the basic equation for the dynamics of a
hydraulic motor (6) and after bringing the dependencies
into discrete time, we get:

2'm

APmeas k —
() =

_ [TL(k) o 0 —we =)

At

B,

' Wz(k)] +vp (k) (14)

where: vp(k) is the noise and errors made when
measuring pressure differences.

Then, the final form of the measurement model will be:

3 WmeaS(k)
y(k) - A};meaS(k)
w; (k)
V—dn'[TL(k) +]1'Wl( ) AM:( )+Bz'Wz(k)
vy (k)
4—[vp(k)]. (15)

In this way, the measurement model for EKF relates the
measured quantities to the real states, considering both the
non-linear dependencies in the system and the influence of
noise in the measurements.

In EKF, Jacobian matrices are used to perform
linearization of the nonlinear dynamic and measurement
model. These matrices represent the local derivatives
(gradients) of the respective functions relative to the states
of the system. The Jacobian of the dynamic model F (k)
describes how small changes in states x(k) affect the
prediction of states in the next iteration, i.e.

F(k) = M (16)
ox

In addition, the Jacobian (16) is used to update the state
covariance matrix.

For its part, the Jacobian of the measuring model H (k)
shows how the measured quantities depend on the current
states, and its general form is:

dh(x)

H) = 0x

17)

It is necessary to note that the matrix H (k) participates
in the calculation procedure for specifying the gain in the
EKF filter by determining the weight of the measurements
in the forecast correction.

The Jacobian matrix F(k) can be presented in an
expanded form as follows:

ofi 9
o
O e i as

w, 9T,

where f; is the equation for w;(k + 1) B (11); f; is the
equation for T; (k + 1) in (11).

After calculating the partial derivatives of (18), the
following final form for the matrix is obtained F (k):

g B A
Fao =" "2 T (19)
0 1

From (15), the following two components can be
determined that are necessary to determine the elements of
the Jacobian matrix of the measurement model H (k):

hy = w(k), (20)
w (k) —w (k—1) n

2.1
hy =——"|T,(k) +];"

B
A At !
Wi (k)]-
This matrix has the following form:
dh, 0dh,
oh(x) low, aT,
HU) =—5==on, on,| (21)
an BTL
Then, the full form of the matrix H (k) will be:
1 0
=27 2
H(k) = 2T, (J_z +B) 27| (22)
V, \At vV,

Among the elements of the matrix H(k) , the

. dhy . . . .

calculation of 5., requires special analysis because it
1

contains a difference between states from two consecutive
iterations. In this case, the partial derivative of J; -

K)-w; (k- . . .
W to w; (k) determines the attitude J;/At, since

the derivative of w;(k — 1) is equal to 0, because it is a
value from the previous iteration and does not depend on
the current state w; (k).

In the EKF, covariance matrices Q(k) and R(k) are
essential for assessing uncertainty in the dynamic and
measurement model. They are related to dynamic noise and
deviations in the theoretical model, respectively w (k) and
noise and errors in measurement procedures v(k). The
covariance matrix of dynamic noise Q(k) defines the
statistical characteristics of the uncertainties in the model
related to the dynamics of angular velocity and the moment
created by the external load. In general, this matrix has
extra diagonal elements that determine the correlation
between the individual noise components. In the model
under consideration, however, the noises w,, (k) and
wr(k) are considered uncorrelated because angular
velocity dynamics errors and load moment uncertainties
originate from different physical sources. This allows
simplification of the covariance matrix Q (k), Assuming as
diagonal with the following form:
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2
0u, (k) 0 ] (23)

Qk) = [

0 o, (k)
where: Jf,w (k) is the variance characterizing uncertainties
and random variations in angular velocity dynamics
w;(k), caused by model inaccuracies, nonlinear effects
and external interference; J%L(k) is the dispersion that

determines the deviations in the dynamics of the load
moment T;, (k), which may result from random external
influences, changes in mechanical loads or unidentified
variations in the characteristics of the system.

In the present paper, the variance craz,w (k) is calculated
dynamically by analysing the differences between
measured and predicted angular velocity values in separate
time intervals. This involves calculating the mean and
standard deviation of these differences, and the variance
can be adjusted adaptively as the characteristics of the
system change. By analogy, the variance 0'72~L (k) is
estimated based on variations in the load time, analysing
the deviations between the calculated and real values for
different operating modes.

The covariance matrix of the measuring noise R (k)
describes the errors and noises made when measuring
angular velocity and pressure difference. In this work, it is
accepted that measurement errors v, (k) and vp(k) are
uncorrelated because the tach generator and pressure
sensors work on different principles and measure
physically independent quantities. Therefore, the matrix
R (k) It has the following diagonal view:

g, (k) 0 ]

0 oLk 24)

R(k) =[

where a,,zw (k) is the variance characterizing errors in
angular velocity measurement w;(k), caused by external
interference and errors of the tach generator; pr (k) is the
variance determining the errors in measuring the pressure
difference AP (k), which can arise from the sensitivity of
sensors, temperature fluctuations, noises in electronic
circuits or dynamic effects in the hydraulic system.

In practical applications, the variances of measuring
noise o, (k) and o7, (k) can be determined by statistical
analysis of measurement results. One of the most common
approaches is to calculate the standard deviation of the
errors between the repeatedly measured values and their
filtered estimates. This method allows adaptive updating of
the covariance matrix in real time, which is why it is used
in the present work.

In the structure of the Kalman Advanced Filter (EKF),
the first step is prediction (Prediction Step of the status):
Xiew1 = f (o W) (25)

In this phase, a prediction of the states of the system for
the next iteration is performed using the nonlinear dynamic
model. This allows the expected state values to be
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calculated in advance before making an adjustment based
on the new measurements. Mathematically, this step is
defined in a general form by equation (1), and for the
specific system - by the already derived discretized
equations for dynamics (11). For a more compact
representation, these equations can be written in matrix
form:

W k+1)
Yher1 = [TLI‘(k +1)
= [Wl(k) + At
T, (k)
Va B, T, (k)
. ]llz_n_'AP(k)—I'Wl(k)——]l . (26)

0

Along with the prediction of states, EKF also calculates
the covariance error matrix of the model, which
characterizes the uncertainty in the predicted state. This
matrix Py, is updated by linear approximation using the
Jacobian matrix F(k) and the covariance matrix of
dynamic noise Q(k):

Peya =F@) - P FT (k) + Q (k). (27)

Gain K (k) ensures the optimal combination of forecast
values and current measurements by calculating according
to the following formula:

K(k) = P; - H (k)
-[H(k) - P¢ - HT (k)

+ R, (28)

where: H(k) — the Jacobian matrix of the measurement
model, defined by (22); R(k) — the covariance matrix of
errors and noises allowed in the measurement of angular
velocity and pressure difference determined by (24).

The correction of the predicted state is based on the
difference between the current values of measured
quantities y(k) and their predicted values h(xy):

Xk+1 = Xiyr + K () - [y (k) — h(x;)]. (29)
Equation (29) has the following matrix form:
[Wl(k +1)
T, (k+1)
_ [wi (k+ 1)] n [Kn(k) Ky, (k)
ATk + D1 LK () Kap ()
r Wlmeas (k)
|[AP™e%S (k)
w, (k)
12 k)—w(k—1
S5 o 4 MO D -wl(k)] |
(30)



Dimitar Dichev., et al. Electro-Hydraulic System Optimization Through an Advanced Kalman Filter

where Kj,(k) , Ki,(k), Ky1(k), K,,(k) are values
obtained in the kth iteration when solving the matrix
equation (28).

After the state correction, the EKF updates the
covariance matrix Py, by refining the assessment of state
uncertainty after the inclusion of the new measurements:

Peya =1 = K(k) - H(K)]* Piyy, (31)
where: [ is the single matrix.

III.  RESULTS AND DISCUSSION

A. Evaluation of EKF performance based on
simulation studies

To evaluate the effectiveness of the developed EKF
model, a simulation model was created in the
MATLAB/Simulink programming environment. The
simulations include the dynamic system of the hydraulic
motor, measuring noises, as well as the application of EKF
for state assessment. Some of the simulation results are
shown in figures 2 and 3.

e

—— Measured (nos
_| == Fuzzy logic+Kal
T

’ — — True angular v

Angular velocity [rad’s]

Time [s]

Fig. 2. Fig. 2: Change in the angular velocity of the hydraulic motor
shaft with EKF set with preset values of Q and R.

The curves in Fig. 2 represent the change in angular
velocity of the hydraulic motor shaft in two operating
modes. In the first mode, the system works without turning
on the EKF module, and the angular velocity is determined
directly from the measured values (red curve). In this case,
the noise in the measurements has a significant impact,
resulting in deviations from the true value (the black broken
curve). In the second mode, EKF is applied, and the
resulting filtered value is represented by the blue curve. The
figure shows that although the EKF reduces some of the
noise, the result is not optimal due to incorrect adjustment
of the filter parameters. In this case, the covariance
matrices Q and R are selected with preset values, but
without additional adjustment to the actual measurements,
which limits the efficiency of the filter.

In Fig. Figure 3 shows the results after optimization of
the covariance matrices Q and R. In this case, the filtered
value (blue curve) is significantly closer to the true angular
velocity (black dashed line), while the measurement noise
is suppressed. This demonstrates the importance of proper
adjustment of dies Q and R on the effectiveness of the
EKF. In the optimized configuration, the die Q is tuned to
reflect the dynamic uncertainties in the model, and R has
been corrected based on empirical data from the
measurement system, thus reducing correction errors.

— = True angular velocity
—— Measured (noisy) angular velocity
| == Fuzzy logic+Kalman filter

77—

Angular velocity [rad/s]
\q

Fig. 3. Fig. 3: Angular velocity change with optimized covariance
matrices Q and R in EKF.

Gain also plays an essential role in this iterative process
K, which determines to what extent the measured values
correct the predicted state. At optimal settings, the gain
provides a balance between the predicted and measured
values, which greatly improves the accuracy of the
estimate. In the first case (Fig. 2) K is not optimally
adjusted, resulting in less noise suppression, while in the
second case (Fig. 3) an adaptive tuning method was used,
resulting in a significantly better match to the actual
dynamics of the system.

The results of simulation studies show that EKF can
effectively reduce the influence of noise and improve the
accuracy of the evaluated parameters, but its effectiveness
is highly dependent on the adjustment of the covariance
matrices Q and R , as well as the correct choice of gain K.

IV. CONCLUSIONS

In this work, a mathematical model of an extended
Kalman filter (EKF) has been developed for evaluating
dynamic states in an electro-hydraulic system. The main
goal is to ensure higher accuracy and stability of estimates
in the presence of noise and nonlinearities in the dynamics
of the system. The model combines information from
angular velocity and pressure difference measurements to
provide reliable estimates of this output shaft speed and the
torque created by the external load.

Simulation studies have shown that EKF significantly
improves the accuracy of the evaluated parameters
compared to a system without a filter. Along with this,
these studies have shown the importance of tuning
covariance matrices Q and R, which directly determine the
accuracy and stability of the EKF. By optimizing these
matrices, an optimal balance was achieved between the
speed of reaction and the stability of the filter.

The practical significance of the developed model is
expressed in its applicability for real electro-hydraulic
systems, while at the same time it can be adapted for other
nonlinear dynamic systems. The results obtained
demonstrate the potential of EKF to improve the accuracy
and stability of control systems under noise and dynamic
load conditions.
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Abstract— Electro-hydraulic systems are characterized
by high complexity and nonlinearity, caused by the dynamic
interactions between the fundamental quantities that
determine their operation and control. The present study
proposes a method for adaptive parameter estimation using
an advanced method of least squares (A-LS) (Advanced
Least Squares), applicable to nonlinear dynamical systems.
The paper presents a mathematical model describing the
dynamics of the electro-hydraulic system, as well as an
approach for adaptive parameter estimation using Recursive
Least Squares (RLS) in combination with the Stochastic
Gradient Method (SGD). The main goal is to minimize errors
between measurement results and predicted model values,
ensuring high accuracy and stability under variable
operating conditions. The results of the simulations show that
the use of RLS for angular velocity estimation and SGD for
adaptive load torque correction allows for effective noise
suppression in measurements and precise tracking of system
dynamics. The proposed approach provides a basis for
optimizing electro-hydraulic systems through adaptive
methods and can be useful for applications requiring high
accuracy and reliability.

Keywords— Electro-hydraulic system; Recursive least
squares; Stochastic gradient descent; dynamic parameter
estimation.

I. INTRODUCTION

Electro-hydraulic systems play an essential role in
several industrial and engineering applications requiring
high accuracy, reliability, and efficiency in motion control
[1-5]. These systems combine the advantages of electrical
and hydraulic technologies, providing high drive power in
compact dimensions and good dynamic performance [6-
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10]. They are also widely used in robotics, automation,
aviation systems, digital program control (CNC), heavy
industry, and mobile hydraulics, where precise control of
forces and movements is required [11-20].

Among the main advantages of electro-hydraulic
systems are a high power-to-weight ratio, the ability to
smoothly adjust the movement and a large output force.
Additionally, they can operate under extreme loads and are
suitable for applications requiring the ability to transmit
large forces and power in compact sizes. Another important
advantage is the high efficiency of power transmission and
the ability to work with several types of loads, including
intermittent dynamic loads. These systems can be
integrated with advanced control algorithms, such as
adaptive and predictive regulators, which further improves
their flexibility and energy efficiency [21, 22].

Despite these advantages, electro-hydraulic systems
also have significant drawbacks that can limit their
accuracy and stability. A major problem is the
nonlinearities that arise because of the dynamic interactions
between pressure, flow, and load. Factors such as changes
in temperature, mechanical backlash and viscosity of the
working fluid also contribute to the complex behaviour of
the system. In addition, noises appear in the measuring
circuits of the system, which can reduce the quality of
control and lead to significant errors in the evaluation of
parameters. Another important disadvantage is the delay in
the dynamic response of the system, which can lead to
undesirable transients and instability in case of sudden
changes in the load [23, 24].
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To overcome these shortcomings, various methods of
correction and optimization have been proposed. These
include the Kalman filter and its advanced versions,
including the Extended Kalman Filter (EKF) and the
Advanced Kalman Filter (UKF), which can be used to
optimally filter measurements and reduce the impact of
noise. Another alternative technique is the Wiener filter,
which provides optimal linear filtering of the signal in the
presence of white noise. In some cases, nonlinear adaptive
methods are also applied, such as filters based on the Monte
Carlo method (Particle Filters) and methods based on
neural networks, which provide greater flexibility when
working with dynamically changing systems [25-27].

This article proposes an advanced method for adaptive
parameter estimation based on the Least Squares method
with recursive correction (RLS) and the stochastic gradient
method. Compared to the above methods, RLS offers more
efficient processing of parametric estimates in real time and
does not require prior noise statistical information, as is
required with the Kalman filter. In addition, the stochastic
gradient method provides rapid adaptation to changing
dynamic external loads without incurring significant
computational costs typical of nonlinear filters. The
purpose of this method is to minimize errors between
measured and predicted values, ensuring higher accuracy
and stability under changes in operating conditions. The
method combines adaptive algorithms to estimate
parameters, considering dynamic influences on the system,
and is particularly suitable for applications where external
forces and moments change in real time.

This article will present a detailed analysis of the
electro-hydraulic system, develop the mathematical model
for adaptive parameter assessment and analyse the
effectiveness of the proposed methodology through a
simulation model.

II. MATERIALS AND METHODS

A. Description of the electro-hydraulic system

The electro-hydraulic system developed in this work is
a set of mechanical, hydraulic, and electronic components
that work together to provide high-precision motion
control. In Fig. 1, its schematic diagram is presented. At the
heart of the system is the induction motor 1, whose
operation is controlled by frequency control 10. This
control allows for a change in the frequency and voltage of
the current supplied to the motor, which provides precise
control of speed and torque. The induction motor is
connected to the hydraulic pump 2, which converts
mechanical energy into hydraulic energy, creating flow rate
and pressure. These parameters, in turn, determine the
operation of the hydraulic motor 4, which converts
hydraulic energy back into mechanical energy, driving the
output shaft and overcoming the external load 8.

Squares Method

8.

ot

Fig. 1. Schematic diagram of electro-hydraulic drive system.

The system is equipped with measuring sensors that
provide information about the change in the main values in
the system. Pressure sensors 5 and 6 are installed at the inlet
and outlet of the hydraulic motor, which measure the inlet
and outlet pressure. In addition, to measure the angular
velocity, a tach generator 7 is installed to the shaft of the
hydraulic motor. The system also contains ON/OFF valves
3, which control the flow of hydraulic fluid, as well as a
tuning unit 9, where the signals from the developed control
optimization filter are transmitted.

B. Development of the RLS mathematical model for
adaptive parameter estimation

The mathematical model is based on the differential
equation describing the dynamics of the electro-hydraulic
system:

Thia(t) = J; - @y (t) + B, - w(t) + T, (¢), €Y)

where: Ty;4(t) - the moment that reaches the shaft of
the hydraulic motor; J; - Inertial moment of the hydraulic
motor shaft; B; - Coefficient of friction in the hydraulic
motor; T, (t) - the external load applied to the shaft of the
hydraulic motor.

Equation (1) describes the balance of torques,
considering inertial forces, frictional losses, and the
influence of external load. This approach is standard for
modeling dynamic systems and allows analysing the
influence of various parameters on the behaviour of the
system.

The torque generated by the hydraulic motor can be
determined from the equation.

V,
Thig(t) = ﬁ “AP(t) = Tjiq(t)

Va
= E ' [Pin(t) - Pout(t)]’ (2)
where V; - The displacement of the hydraulic motor
(the volume of fluid moved per revolution);
P, (t) u P, (t) — the inlet and outlet pressure of the
hydraulic motor, measured now of time t.

To apply the method for adaptive estimation of
parameters based on the method of least squares, it is
necessary to bring equation (1) into a discrete form and
conform to the structure of the iterative procedure, i.e.
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w;(k+1)
B
= (k) + Ath(k) T [P () = Poe ()] = ¢ 5
(k) =8t ==, 3)

The external load T, (k) it is usually not a constant
value, and its accurate prediction of each step of the
iterative procedure can provide useful information for the
effective control of the electro-hydraulic system. In this
work, a method for determining the current values of the
external load, based on iterative optimization, is adopted.
Since T, (k) Equation (3), the method for iterative
optimization can be based on this dependence, minimizing
the difference between the predicted wP™**(k) and the
measured angular velocity w;*¢** (k). The error between
the predicted and measured angular velocity is determined
by the difference.

e(k) = w*® (k) — w!" (k), 4)

where w]™***(k) - the measured angular velocity in
step k; wP™°?* (k) - the predicted angular velocity from the
model.

The aim is to determine this value of T (k), where the
error e(k) will have a minimum value. To iteratively
update T, (k) In this work, the method of gradient descent
was used (SGD), which in this case has the form.

o
TL(k+1)=TL(k)—n-a—TL. ®)

where 17 is the coefficient of learning (learning rate),
and E (T;) is determined by the expression.

N
1
B(T) =5 ) [of*e(0) - of ™ ®)]
k=1

1 N
=3 ) e, ©)
k=1

where E(T,,) - the sum of the squares of the errors and
shows how well the moment of the load E(T;) approach
the actual behaviour of the system.

The gradient descent method is preferred in this case
over other optimization approaches, as it provides an
effective approximation to the optimal solution without the
need for prior information about the statistical properties of
noise in the system. In addition, gradient descent allows for
rapid adaptation to dynamically changing conditions,
making it suitable for real-time applications. Compared to
methods such as Newtonian optimization, which require
the calculation of the second derivative (Hessian matrix),
gradient descent is a significantly more computationally
efficient approach and can be easily implemented in
adaptive algorithms.

The aim is to determine the values of T;(k), that
minimize the function E(T;). Since the partial derivative

75

; ™ is a function of the error e (k) It follows that if the error
is positive (the predicted speed is less than the measured
one), and it is necessary to increase the T, (k). If the error
is negative, the value of the T, (k) . This procedure
gradually adjusts the T, (k), mokaro rTpemmkara cTaHe
omuska no Hyma. However, the gradient method does not
always guarantee reaching a global minimum. Depending
on the initial conditions and characteristics of the error
function E (T}), the algorithm can fall into local minima or
have slow convergence, especially if the surface of the error
function contains plateau or pronounced minima. To
improve convergence, techniques such as adaptive learning
factor or the addition of dynamic acceleration in gradient
descent are often used in practice to avoid stagnation at
negligible local minimums and accelerate reaching the
global minimum. In the current study, however, the focus
is on the accuracy of load torque estimation, rather than on
accelerating convergence. In addition, the adopted adaptive
assessment method ensures stable behaviour even in the
absence of additional acceleration techniques. It is
therefore necessary to determine the gradient in terms of
T, (k), i.e., how the change in the moment created by the
external load affects the error. For this purpose, the
differentiation rule can be used:

3E de(k
oY ¢
L k=1 L

Since the algorithm being developed works in an
iterative procedure, it is more appropriate to use the
stochastic gradient method instead of the full gradient,
which includes a sum of all iterations (which would be
slower and more complex), which updates the parameter
step-by-step, using only the current error:

de(k)
T, (k)

The sum in (8) is dropped because the method makes
the correction of each iteration using the instantaneous
error e(k), instead of waiting for the accumulation of
information from all previous steps. This is the main
advantage of the Stochastic Gradient Method (SGD) over
the classical gradient descent, which uses the average of all
errors to update the parameters. Although SGD allows for
faster adaptation to current changes in the system and can
find an approximation to the optimal solution significantly
earlier, it can lead to increased variability in parameter
updates. For this reason, the stability of the algorithm
depends on the correct choice of the learning factor 1. To
determine the partial derivative of the e(k) error from the
moment created by the load in the kth iteration, the
following equation can be used:

de(k) 9 od
aT, (k) _ aT, (k) ol W] ©)

Since w]***(k) does not depend on 9T, (k) , the
derivative is converted to:

T(k+1) =Ty (k) —n-

~e(k). (8)

[ meas (k)
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de(k) AP % (k)
G0
Equation (3) shows that the only term dependent on
0T, (k), e —At - TL]—(lk) Therefore:

(10)

T,(k+1) =TL(k)+n-%-e(k). (11)
l

Formula (11) is the iterative formula for updating the
load moment, based on the stochastic gradient method
(SGD), which performs a step-by-step update (on each
iteration) using only the current error e(k), which makes
the algorithm faster and more adaptable. Here we correct
T, (k) at each step, so the mistake e (k) decrease.

An important parameter in gradient descent is the
learning coefficient , which specifies the update step of a
moment defining the external load T, (k) in each iteration.
Choosing the appropriate value for this coefficient is
essential for the speed and stability of adaptation. If 77 is too
small (n<0.01), the update of the T; (k) will be conducted
too slowly, which can lead to a significant delay in the
algorithm's response to real changes in the system. In such
cases, error correction will be insufficiently effective, and
the process may require too many iterations to reach an
optimal result. If n has too much value (1>0.1), algorithm
will make aggressive adjustments that can lead to
variations around the real value of the T, (k) or even to
instability of adaptation. In this case, the load torque will
fluctuate unnaturally with each step, and unwanted
fluctuations in the system may occur. The experience
gained from various applications shows that the initial
value of 7 = 0.05 is a good compromise between quick
adaptation and stability. Depending on the dynamics of the
system, this parameter can be further adjusted
experimentally to ensure optimal behaviour.

The vector form of the least squares method model,
which minimizes errors between measured and predicted
values, is as follows:

w(k+1)=d(k) 0+ e(k), (12)

where: @ (k) is a matrix of regressors; 8 is the vector
with the parameters of the system; £(k) — The error of the
model in the kth step.

In this work, in contrast to the classical method of least
squares (MLS), which is used to identify constant
parameters, we apply MLS for dynamic estimation of the
angular velocity of the shaft of a hydraulic motor w; (k)
and the moment of external load T, (k). This is achieved by
minimizing error £(k), defined as the difference between
the measured and predicted angular velocity value:

D0 = ) [0k + 1) - @(k) 01, (13)
k k
For the display of @ (k) and 8, We bring equation (3)
to the following form, considering that T; (k) is evaluated

separately by an iterative procedure for the Stochastic
Gradient Method (SGD):

Squares Method

_ B, d
w(k+1) = (I—At-z)-wl(k)+At-2n_]l
) [Pm(k) - Pout(k)]- (14’)

The Regressor Matrix @ (k) consists of the input values
of the model, which determine the dynamics of the system,
and serves as the basis for estimating the unknown
parameters using the method of least squares. In contrast to
the standard applications of the method of least squares, in
this study the quantities that are evaluated dynamically are
the angular velocity of the hydraulic motor shaft w; (k) and
load torque T, (k), since they change over time and must be
precisely defined for the management of the system. In
connection with what has been said, the matrix @ (k) It can
be written as follows:

o (k)
= [Pn(k +1) = Poye(k + 1) ™ (k +1)]. (15)

In the present work, with sufficient accuracy for real-
world applications, we assume that the measured value of
angular velocity w]™***(k) is used directly as an input
dimension in the model. This decision is because sensor
measurements, although subject to some errors, provide
more reliable information about the actual dynamics of the
system compared to the result of an accumulation of
predicted values. The use of measured data prevents the
accumulation of errors in the iteration process, which is
especially important for the long-term stability of the
model. Furthermore, this approach allows the method of
least squares to be more precise in estimating angular
velocity and load torque, without the need for additional
filtering or adaptive algorithms to select optimal values.
Therefore, the full form of the matrix (15) will be:

Py (k)
Pp(k+1)— Pk +1) o™ k+1)
Pin(k) - Pout (k) w[meaS(k)
= Pin(k - 1) - Pout(k - 1) w;neaS(k - 1) . (16)

Pin(0) — Py (0) )

However, in the current recursive algorithm, to
minimize computational complexity, we use only the
matrix (15).

The Parameter Vector 8 contains the constant physical
coefficients of the system, which determine the relationship
between the input quantities P;, (k) — P, (k) and w;(k)
in the current iteration and output angular velocity
w;(k + 1) in the next iteration

Va
At 7
p—
0= L. (17)
B
1—At-—
T

To bring the algorithm to the concept of recursive
evaluation of parameters, it is necessary to define the
recursive gain factor K (k):

K (k) = P(k) - @7 (k)
A+ @) -PU) - T (k)] (18)
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where 1 — weight factor (forgetting factor); P(k) —
covariance matrix of estimates.

The weighting factor controls the speed of adaptation
of the algorithm. Lower values of A (close to 0.95) give
more weight to new measurements, which makes the
algorithm more adaptable to changes in system dynamics.
Higher values (close to 1) reduce the impact of new data
and retain more information than previous estimates,
resulting in a smoother correction. Since the processes in
the electro-hydraulic system do not change abruptly over
time, a value is assumed in this work A = 0.99, which
provides a good balance between stability and adaptability
of the algorithm.

Since the moment created by the external load T, (k), is
determined by a separate stochastic gradient method
(SGD), the recursive algorithm (RLS) includes the
estimation of angular velocity w;(k) and the pressure
difference P, (k + 1) — Py (k + 1) . This allows for
more precise adaptive estimation since the dynamics of the
system are directly dependent on these two parameters as
well.

The use of RLS for w;(k) and SGD for T, (k) is
justified by the different update mechanisms. RLS
minimizes accumulated errors, while SGD makes quick
corrections step-by-step. The inclusion of T, (k) in RLS
would lead to a conflict between the two methods, which
may reduce the effectiveness of adaptive assessment. The
vector of the evaluated parameters is:

&)\z(k)]’

XU = pciy

(19)
where @,(k) = wP™*(k) is the estimation of the
angular velocity of the hydraulic motor shaft in the kth step;
AP(k) is the estimation of the difference between the inlet
and outlet pressure of the hydraulic motor in the kth step.

In the adaptive estimation of these parameters, it is
necessary to derive a corresponding covariance matrix that
defines the uncertainty in the estimates:

g2 0 ]
2 )
0 oip
h 2 . . .
where o is the variance of errors in angular velocity

estimation; o, is the variance of errors in the pressure
difference estimate.

P(k) = (20)

Initially, the variances in the P(k) is set with high
values, which allows the algorithm flexibility in initial
iterations, and subsequently the values are dynamically
updated, which leads to a decrease in uncertainty over time.

The recursive formula for updating grades is:

X(k+1)=Xk) +K(k)-5(k), 21D

where the error vector § (k) It has the following form:
Wk + 1) — @y(k)

00 = | gpmeas (k4 1) — 2P (o))

(22)
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where w]****(k + 1) is the measured value of the
angular velocity in k+1 — iteration; AP™¢%*(k + 1) is the
measured value of the pressure difference in k+1 —
iteration.

After each iteration, the covariance matrix P(k) is
updated to consider added information and thus reduce
uncertainty in estimates. The update procedure is
determined by the matrix equation:

P(k +1) =P(k) —K(k) - ®(k) - P(k). (23)

This adjustment ensures that the algorithm remains
adaptable to changes in system dynamics while improving
the accuracy of angular velocity and pressure difference
estimates.

III. RESULTS AND DISCUSSION

A. Evaluation of the operability of the method through a
simulation experiment

To evaluate the effectiveness of the proposed adaptive
method for parameter estimation, a simulation model has
been developed in the MATLAB/Simulink environment.
The model includes the electro-hydraulic system from
Fig.1 with a dynamically changing load and a mechanism
for adaptive estimation of angular velocity and load torque.
The presented results illustrate the behaviour of the system
under conditions of changing input influences. The
estimation of angular velocity is performed using the
recursive least squares method (RLS), and the moment of
external load is updated using the stochastic gradient
method (SGD).

1 1
1 ) i
] Measured angular velocity 1
1 = True angular velocity i
- Filtered angular velocity ~ [-l-———-~— 4‘ ****** +

Angular velocity (rad/s)

20 40 60 20 100 120 140
Iteration number

Fig. 2. Comparison of measured, true, and filtered angular velocity
estimated by RLS with gradient correction.

In Fig. Figure 2 presents graphically the curves
illustrating the measured angular velocity (the red curve),
the true angular velocity (the black dotted curve) and the
angular velocity estimated by the recursive method of least
squares (the blue dotted curve). The graph shows that the
measured angular velocity contains significant fluctuations
and noise, which makes it difficult to use it directly for
control. Despite these fluctuations, the estimation obtained
by the recursive method of least squares follows the true
angular velocity with high accuracy. This shows that the
algorithm effectively eliminates measurement noise and
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provides accurate angular velocity determination in real
time. The difference between the true and estimated
angular velocity is minimal, demonstrating the good
convergence of the algorithm. Even with sudden changes
in movement, the filtered angular velocity remains stable
and follows the dynamics of the system with a small delay.

The results confirm that the proposed methodology
provides high accuracy and stability of the estimates, which
is essential for the application of the method in electro-
hydraulic systems. The successful noise suppression and
elimination of parasitic oscillations makes the method
suitable for managing dynamic processes where the
reliability of assessments is critical.

The dynamics of the estimated load torque Ty, (k) is
shown in Fig. 3. The curve is obtained using the stochastic
gradient method (SGD). The graph shows how the moment
created by the external load adapts with each iteration,
gradually following the increasing trend of the actual load.

I T I r !
| ! !

Adapted load torgue : : }

| L !

|

|

|

|

100}

o0
=

Load torque (Nm)

B

20 40 60 80 100 120 140
Iteration number

Fig. 3. Adaptive estimation of external load moment by stochastic
gradient method (SGD).

In the initial iterations, the load torque is small and
changes smoothly, which is the result of the initial
uncertainty in the estimates. As the iterations progressed,
the algorithm was able to track the change more accurately
in load, ensuring a smooth and stable adaptation. At the end
of the simulation, an increase in load torque was observed,
indicating that the algorithm successfully identified
changes in dynamic load.

The absence of significant variations and sharp
deviations in the load estimate confirms the stability of the
algorithm. This is especially important in applications
where the load torque may vary due to external factors,
such as changes in operating conditions or external
interference.

The results obtained show that the combined use of
RLS for angular velocity estimation and SGD for load
torque estimation provides reliable and adaptive tracking of
system dynamics. This approach allows for rapid
adaptation to changing conditions, while maintaining
stability and minimizing errors in estimates.

Squares Method

IV. CONCLUSIONS

This paper presents an advanced method for estimating
parameters in an electro-hydraulic system based on the
recursive least squares method (RLS) and the stochastic
gradient method (SGD). Through the developed
mathematical model and the simulations conducted, it was
proved that the proposed methodology provides high
accuracy in estimating the angular velocity of the hydraulic
motor and the load torque, effectively suppressing noise in
measurements.

The results of the simulation experiment confirm that
the combined use of RLS and SGD results in reliable
adaptation of real-time estimates, which is essential for
dynamically changing workloads. The method offers
stability and quick response of the system to variations in
operating conditions, making it suitable for applications
requiring high precision and adaptability.

The proposed approach can be further extended by
applying nonlinear optimization techniques, as well as by
integrating additional filtering methods to improve
immunity to noise and uncertainties in the system.
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Abstract—Experiments were conducted to develop
lightweight composites based on thermosetting polymers
with cenosphere fillers. Cenospheres are rich in Al and Si
particles and are known as low-density aluminosilicate CFA
microspheres. The production of a polymer-based structural
material (composite) with reduced weight and good
mechanical properties, in which a waste product polluting
the environment is used as a filler, is a current engineering
task. Epoxy, polyester and vinylester resins were used, as well
as different filler concentrations (cenospheres — 5 wt.%, 10
wt.% and 15 wt.%). The mechanical properties of the
developed composites were studied. It was found that the use
of cenospheres positively affects the mechanical properties of
the vinylester resin, while in the case of other thermosetting
plastics an increase in some of the mechanical characteristics
was registered.

Keywords—thermosetting
mechanical properties

polymers, cenospheres,

I. INTRODUCTION

Composite materials are the basis for the development
of new efficient products. In industry, polymer-based
composites and light alloys are widely used due to their

strength and low density. The combination of reduced
weight and good mechanical properties make composites
the preferred materials for various engineering solutions.
They have found wide application in automotive,
aerospace, marine and civil engineering.

During the production of electricity from thermal
power plants, huge amounts of coal fly ash are generated
annually which leads to environmental pollution. Coal fly
ash contains heavy metals that can be released upon contact
with water [1], minerals such as magnetite, calcite, mullite
[2], as well as silica and cristobalite [3]. The furnaces in
thermal power plants operate at high temperatures and
therefore structural differences are observed in the fly ash
particles: plerospheres, ferrospheres and cenospheres (CS)
[4]. Plerospheres are particles containing gases, minerals
and many smaller particles [5], ferrospheres are spherical
particles rich in iron [6], and cenospheres are rich in
aluminium and silicon [3]. These Al and Si-rich particles
are known as aluminosilicate CFA microspheres [3].

Cenospheres are hollow particles with a spherical
shape and their size ranges from 5-500 pm [7], with an
average size in the range of 30-350 um [8, 9]. They have
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found application in various fields: construction [8],
building materials [10], paints and coatings [11], ceramics
[12], plastics [13], polymer fillers [14], etc. In [15] the
structural, thermal, mechanical and dynamic properties of
polypropylene-based composites with cenosphere fillers
were investigated. The development of syntactic foam
based on high-density polyethylene (HDPE) and
cenosphere fillers was presented in [16]. The dielectric
properties of a composite of low-density polyethylene
(LDPE) and cenospheres were investigated in [17].

The purpose of this study is to study the possibility of
developing composites based on thermosetting polymers
and cenosphere fillers.

II. MATERIALS AND METHODS

Epoxy, polyester and vinylester resins were used to
conduct the experiments. The epoxy system "LETOXIT" is
based on epoxy resin for lamination "LETOXIT" PR 227
and hardener "LETOXIT" EM 315. Due to its low viscosity
and low surface tension, the used resin system wets the
laminating fabrics well, and therefore is used for the
production of laminates with glass fibers, carbon or aramid
fibers. The manufacturer's prescription was followed for
the preparation of the resin system, namely 100:38 mass
proportions when mixing (resin:hardener). The polyester
resin used is DISTITRON 429 BSX25Q, the hardener is
MEKRS50 in an amount of 2 wt.%, and the amount of
accelerator MEKR used is also 2 wt.%. The vinyl ester
resin is DISTITRON VE 100, the hardener is MEKR50 and
again the amount used is 2 wt.%.

Cenospheres in amounts of 5 wt.%, 10 wt.% and 15
wt.% with sizes in the range of 50-250 um, with the main
fraction having sizes of 100 um (Fig. 1), were used to
develop the composites.

g

Fig. 1. Image of the cenospheres used.

The composition of the ceramic shell of the
cenospheres used was also investigated (Fig. 2 and Fig. 3).

Fig. 2. Field for studying the composition of the ceramic shell of

cenospheres

Fig. 3.

Chemical composition of the ceramic shell of the used
cenospheres.

The results show that the ceramic shell of the used
cenospheres consists of silicon-16 at.%, aluminium - 18.7
at.% and oxygen - 64.8 at.%.

The investigated composites based on the thermosetting
polymers and aluminosilicate spheres were produced by
mechanical stirring at a working temperature of 25°C
(according to the manufacturers' instructions for working
with the epoxy resin system). Test specimens were gravity
cast for tensile testing and impact toughness testing. Before
conducting the mechanical tests, the samples based on
epoxy resin were subjected to secondary polymerization at
a temperature of 55°C for 12h. (resin manufacturer's
instructions).

The uniaxial tensile test was performed on a Zwick
Roell Z050 testing machine, the impact toughness test was
performed with an Izod GT-7045-HM device under the
following conditions: Izod Impact Test, 1J (10.20 kg.cm),
Method - reversed notch, Speed 3.46 m/sec., and the
hardness of the composites was measured using the Shore
method (scale D - HSD). This method for determining
hardness is elastic-dynamic, i.e. the tip is lowered from a
certain height and the height of the rebound is used to
determine the hardness of the material, using a table
showing the value of the hardness versus the rebound
value. The measurement was performed using an
EQUOTIP hardness tester.
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III. RESULTS AND DISCUSSION

The results of the mechanical tests conducted on the
epoxy resin-based composites are shown in Table 1.

TABLE | RESULTS OF MECHANICAL TESTS OF EPOXY RESIN-BASED

COMPOSITE
Cenospheres Rm A [%] HSD E/A
[wt. %] [MPa] (kg.cm/cm?)
0 wt.% 49 0.8 76.7 1.60
5 wt.% 353 0.7 84.7 0.89
10 wt.% 29.2 0.8 87.1 0.88
15 wt.% 26.2 1.7 823 0.96

The results obtained show that the pure resin system has
the highest values of tensile strength and impact toughness.
The addition of 5 wt.% filler leads to a decrease in tensile
strength and impact toughness, the elongation at break is
like that of the pure polymer, but the hardness of the
composite is increased. The highest hardness was measured
in the composite with a filler of 10 wt.%, but the tendency
to decrease the Rm value is also maintained in it. The
impact toughness and the elongation at break are with
values identical to the same characteristics as in the
composite with 5 wt.% cenospheres. The use of 15 wt.%
aluminosilicate spheres as a filler leads to a decrease in the
Rm values, the hardness also decreases, but its values are
higher compared to those of the pure polymer. A significant
increase in the elongation was registered and a tendency to
increase the impact toughness value is observed.

The results of the mechanical tests conducted on the
polyester resin-based composites are shown in Table 2.

TABLE 2 RESULTS OF MECHANICAL TESTS OF A POLYESTER-BASED

COMPOSITE
Cenospheres Rm A [%] HSD E/A
[wt. %] [MPa] (kg.cm/cm?)
0 wt.% 47.8 0.0 79.8 0.32
5 wt.% 29.3 0.0 81.7 0.30
10 wt.% 271 0.0 64.8 0.31
15 wt.% 19.8 0.0 55.9 0.26

The results show that the addition of cenospheres to the
polyester resin matrix leads to a decrease in both tensile
strength and hardness, with only a slight increase in the
hardness of the composite being recorded when 5 wt.%
filler is used. When 5 wt.% and 10 wt.% cenospheres are
used, the impact toughness values of the composite are
comparable to the value of the pure resin, and with an
increase in the percentage of filler (15 wt.%) the impact
toughness decreases.

The results of the mechanical tests conducted on
vinylester resin-based composites are shown in Table 3.
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TABLE 3 RESULTS OF MECHANICAL TESTS OF A VINYLESTER-BASED

COMPOSITE
Cenospheres Rm A [%] HSD E/A
[wt. %] [MPa] (kg.cm/cm?)
0 wt.% 20.5 0.0 75.7 0.375
5 wt.% 333 1.3 71.1 0.506
10 wt.% 26 1.7 435 0.537
15 wt.% 20 0.7 40 0.443

The results of the studies of composites based on
vinylester resin with aluminosilicate sphere filler show a
tendency of decreasing hardness values with increasing
percentage of filler in the composite. In contrast to the
studies with epoxy and polyester resin, with vinylester resin
an increase in tensile strength, elongation at break and
impact toughness of the composites was registered
compared to the same parameters of the pure resin. Only
with the composite with 15 wt.% filler was registered a
comparable tensile strength compared to the pure polymer.

The experimental results obtained for the studied
composites based on the thermosetting polymers with
cenosphere fillers are not unambiguous. In the composites
with a polyester resin matrix, the amounts of filler used do
not positively affect the studied properties. Although the
tensile strength and impact toughness of the composites
based on epoxy resin are reduced compared to the pure
polymer, the filler has a positive effect on the plasticity of
the material. The most noticeable positive effect of the
different concentrations of cenospheres is registered in the
composites based on vinylester resin. A decrease in the
hardness of the composites compared to the pure polymer
is registered, but the tensile strength and impact toughness
are increased. The amounts of filler used have contributed
to imparting plasticity to a hard and brittle material. Given
that epoxy and vinyl ester resins are commonly used for the
production of laminates, expanding the scope of research
with reinforcing fibers such as glass fibers, carbon or
aramid fibers is appropriate.

IV. CONCLUSIONS

Lightweight composites based on thermosetting
polymers (epoxy, polyester and vinylester resins) with
cenosphere filler in different concentrations — 5 wt.%, 10
wt.% and 15 wt.% have been developed. It has been
established that the filler used has a positive effect on the
mechanical properties of the vinylester resin, while in the
case of other thermosetting plastics an increase in some of
the mechanical characteristics has been registered. The
obtained results are a prerequisite for expanding the scope
of research with the presented composites in order to
develop laminates with reinforcing fibers such as glass
fibers, carbon or aramid fibers.

The development of lightweight composites with a
thermoplastic polymer matrix and aluminosilicate
microspheres as filler is the subject of future research.
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The development of composites with a polymer matrix
and cenosphere filler is a current engineering task.
Obtaining new structural composite materials, in which the
filler is a waste product and an environmental pollutant
(cenospheres), which can be used in mechanical
engineering, automotive engineering, aerospace, marine
and civil engineering will also have a positive
environmental effect.
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Abstract— Modern challenges in the new era of Industry
4.0 confront leaders with communication barriers. Barriers
are factors that block or negatively change successful
communication in teams. They cause stress, which is the
result of dynamically developing technologies and advanced
automation of processes. Depending on the leader, barriers
can be temporary and surmountable, but they can be
permanent and more difficult to overcome. The proposed key
factors of a leader are closely related to leadership skills in
the process of overcoming communication barriers. .Taking
into account the specific characteristics of the industry and
the growing role of the leader in the process of making
management decisions, an algorithm is proposed for
successfully overcoming communication barriers in the new
era of Industry 4.0. The purpose of the report is to analyze
the barriers and systematize the key factors for successful
communication in the team and the role of the leader in
developing Fig. 1. A model of an algorithm for successfully
overcoming communication barriers..

Keywords— Communication Barriers, Role of the Leader,
Industry 4.0, model of an algorithm for successfully
overcoming communication barriers

I. INTRODUCTION

The dynamic changes brought about by technological
transformation, digitalization, and automation of
production processes lead to shifts in communication
methods, which in turn create a growing need for clear
communication within teams. The leader's communication
plays a crucial role in uniting the team around shared
visions and achievable goals.

Communication is the procedure of encoding an
purpose into a notification, which is then transmitted
through communication channels and decoded by the

recipient [1]. A key aspect of managerial communication
is the ability to persuade others to act.

In the new era of Industry 4.0, with the increasing
influence of artificial intelligence, leaders face challenges
related to overcoming new communication barriers in the
management process. Communication is one of the
essential tools for leaders in managing teams.
Interpersonal communication is at the heart of any team’s
success, but existing barriers related to factors beyond the
leaders' control can lead to both positive and negative
consequences within the team [2].

The development of Industry 4.0, driven by new
technological advancements such as the implementation of
information and communication technologies in the
production process—e.g., artificial intelligence, digital
systems for process monitoring and control, network
communications, and large-scale data collection and
processing—has necessitated a review of existing
communication barriers within teams.

The paper used a qualitative research methodology
based on an extensive literature review and critical
analysis to explore the key role of leadership in
successfully overcoming communication barriers in
Industry 4.0.

II. MATERIALS AND METHODS

The study refers to a research methodology based on
an extensive review of contemporary literature and critical
analysis to systematize the communication barriers and
key leadership skills to overcome them in the context of
Industry 4.0. Key sources of data include journal
publications, research studies, and websites focusing on
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communication processes, technological developments,
and the role of contemporary leadership in the new era of
Industry 4.0.

The research process includes systematization and
identification of communication barriers, challenges faced
by contemporary leaders related to successful overcoming
of barriers. The analytical key categories included the
nature and types of organizational barriers, the need to
improve the skills of the contemporary leader aimed at
sustainable industry development.

Personal interview methods were applied with
leaders who substantiated the practical issues in the
process of interpersonal and cultural communication in
teams.Conceptual insights were supported by theoretical
frameworks to practical examples and models of
management decision making.

This methodological approach helped to develop a
theoretical algometric model for successfully overcoming
communication barriers in the new era of Industry 4.0.

III. RESULTS AND DISCUSSION

Communication barriers are factors that block or
significantly alter successful communication. The results
of a critical review of the current literature show that about
20% of communication problems that cause problems in
Industry 4.0 can be overcome. Awareness and recognition
are of paramount importance in the process of overcoming
barriers. Successfully overcoming communication barriers
leads to an improved organizational environment and
optimized work processes in today's reality.

However, organizational readiness to identify
significant barriers and successfully overcome them
depends entirely on the leadership decisions of leaders.
Their role and key skills are the basis for the successful
development of any organization in Industry 4.0.

1. Communication barriers in the team

Communication barriers within teams create
obstacles in receiving and understanding the messages
used by others to convey specific information, ideas, and
thoughts. The causes of communication breakdown and
the creation of barriers within teams are rooted in
individuals' differing attitudes, values, and expectations,
which stem from various perceptions, authority, and life
status within the team. Barriers are factors that negatively
affect successful communication within the team.

Research shows that 20% of these influences can be
avoided or successfully resolved by the leader [3]. After
conducting analyses, the barriers that affect effective
communication in the team in the new era of Industry 4.0
were identified.

A. Personal Barriers.

Personal barriers. A key issue that creates barriers in
teams is the informal authority assumed by a team member

Era of Industry 4.0

or the mentorship provided by another person within the
team. Status differences related to power and
organizational hierarchy, especially in manager-employee
relationships, are also a precondition for establishing
barriers.

On the other hand, the absence of hierarchy in power
differences does not guarantee effective communication.
New information technologies offer an alternative way to
overcome barriers related to status differences by
establishing non-hierarchical work relationships [4].

Interpersonal communication within the team is
essential for quality and work relationships in the
organization. Leaders who demonstrate empathy and
respond to interpersonal communication with employees
foster trust and loyal relationships within the team. It turns
out that leaders who are direct, dictatorial, and arrogant
with employees create barriers, which leads to team
unproductivity.  Encouraging  feedback  improves
interpersonal communication within the team and prevents
barriers [5]. A lack of sincere communication within the
team is defined as a barrier that leads to social isolation
and inefficiency.

B. Behavioral Barriers.

Behavioral barriers. Behavior related to biases and
stereotypes also leads to communication barriers.
Appearance and behavior contribute to different
stereotypical views among people. Stereotypes arise from
various assumptions made by employees within the team
[6]. Views are based on bias initiated by specific behavior,
appearance, or particular possessions. These barriers lead
to communication breakdowns. Leaders must treat every
team member equally. Rules and fairness should guide the
formation of organizational relationships within the team.
Therefore, regardless of viewpoints, appearance, and
personality differences among team members, the leader
must appreciate all behavioral differences and personality
traits of the employees.

C. Cultural Values.

Cultural values and behavior patterns can be
confusing communication barriers within the team. People
worldwide differ, and these diverse types of cultural
stereotypes can be confusing and misleading in
intercultural communication. Differences are provoked by
international values that influence motivation, leadership,
and teamwork in work relationships. Once again, it is the
leader’s responsibility to establish, refine, and unify the
use of specific words in the communication process and
clarify their use within the team.

D. Language Barriers

Language is a key component of communication.
Language barriers arise when employees speak different
languages or the level of proficiency is different in the
relevant language. Barriers also occur when employees
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speak the same language but use jargon that is
incomprehensible to other team members.

E. Gender Differences.

Communication barriers resulting from gender
differences are explained by variations in conversational
styles. Men and women have different communication
styles. Research shows that women prefer face-to-face
communication, as it facilitates direct understanding. It is
proven that women provide limited information to team
members [7]. In such cases, the leader's role is to clarify
the information between parties, rather than allowing free
interpretation of the meaning from one’s perspective.

2. A leader's key role for overcoming
communication barriers in industry 4.0

According to Peter Drucker, leadership is the act of
pushing human imagination toward higher horizons,
elevating the quality of work to higher standards, and
developing the human personality beyond its normal limits
[8]. There are various definitions of leadership, but one of
the most interesting comes from Harry Truman, who
described leadership as the ability to get others to do
something they don’t want to do and make them like it.
Regardless of the different definitions, many authors agree
that thanks to leadership, people achieve more than they
would without a leader, they follow the leader voluntarily,
and their efforts are directed toward achieving specific
goals.

Leaders in the new era of Industry 4.0 have access to
more communication tools than ever before. New
technologies lead to restructuring teams and workplaces,
which can either encourage or discourage -ethical
communication. The key factors for overcoming
communication barriers in the context of digital
transformation in Industry 4.0 have been systematized. As
it becomes evident, the leader is at the core of the
successful management of any team. As technology
advances, the role of communication within the team and
its surrounding environment becomes increasingly
prominent [9].

A. Clear, Specific, and Systematic Communication.

The leader's role in the team is paramount to effective
communication with employees and all stakeholders.
According to other authors communication is key to
effective crisis management [10]. Leaders must be able to
provide clear, specific, and systematic communication to
employees, keeping them informed about the
organization’s state while motivating them and
maintaining their motivation.

Leaders must communicate clearly and effectively
with the team and other stakeholders. They should be
ready to listen to employees' opinions and experiences to
make the most effective decisions for the organization and
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overcome all barriers faced by the Industry 4.0 team [11].
Establishing open and transparent communication with
employees and all interested parties reduces uncertainty
and builds trust and commitment. Various communication
means may be used, including social media, emails, video
conferences, and others. It is important to choose the
appropriate communication method that is relevant to the
needs of team members.

Clear and specific communication. In modern reality
of Industry 4.0, leaders must be able to communicate
clearly and specifically. They must provide the team with
accurate information about the company’s condition, as
well as the measures that will be taken in a crisis and how
it will be overcome [12]. Leaders must be able to answer
team members’ questions and inform them about the steps
taken to resolve the issue.

B. Creating Two-Way Communication.

Creating two-way communication. Leaders’ roles
should focus on establishing effective two-way
communication that allows employees to share their
opinions and recommendations. This will help identify
problems and generate new ideas. The ability to
communicate effectively is important for leaders not only
during a crisis but also during the normal functioning of
the organization. Leaders should frequently communicate
with their team members, informing them about the
organization’s goals, strategies, and achievements [13].
This will improve the communication culture in the
organization and increase employee engagement and
motivation

C. Adaptability and Speed.

Adaptability and speed in communication. In the new
era of Industry 4.0, change is constant and unpredictable.
Leaders must be receptive, adaptable, and swift in
delivering the necessary information to the team. This
includes encouraging innovation, experimentation, and
continuous  improvement, where employees feel
empowered to take risks and adapt their approach in
response to changing conditions [14].

D. Promoting Team Collaboration.

In the process of promoting team collaboration, the
leader’s role is to guide the team toward cooperation and
communication among employees, remove barriers, and
encourage the sharing of information and knowledge
exchange [15]. By fostering collaboration among
employees, leaders successfully guide teams in
overcoming barriers in the rapidly changing environment
of the new era of Industry 4.0.

E. Resilience and Persistence.

Resilience and persistence are essential to the
leader’s role in the new era of Industry 4.0, where
challenges are inevitable. Through open communication,
leaders must ensure their teams' resilience by providing
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support, resources, and guidance to help employees cope
effectively with stress and uncertainty [16].

F. Balancing Professional and Personal Life.

The leader’s role in successfully overcoming barriers
is related to creating a balance between the professional
and personal life of team members. The leader must
provide access to resources and time to encourage
employees to take breaks for recharging. Creating a
favorable work environment where employees feel
comfortable sharing and seeking help when needed leads
to successfully overcoming various barriers.

G. Building Collaboration
Channels.

and Communication

Establishing strategic communication channels with
partners and stakeholders leads to increased team trust in
the leader and successful goal achievement. Collaboration
and communication channels are the key to success in the
new era of Industry 4.0. Leaders should build strategic
partnerships and relationships with other organizations,
stakeholders, and communities to ensure rapid and secure
communication during crises [17].

The role of the leader and communication with key
partners, suppliers, customers, and stakeholders leads to
the creation of sustainable communication channels and
the achievement of mutual cooperation [18]. By working
together toward common and shared goals, organizations
can deal more effectively with uncertainty and create value
for everyone involved.

H. Encouraging the team towards continuous

improvement.

The leader must encourage the team to continuously
improve and learn. Continuous learning in the process of
digitalization is essential for the successful development
of the team in Industry 4.0, where knowledge and skills
become obsolete at an ever-faster pace. Leaders should
encourage their team members to pursue lifelong learning
and professional development, motivating employees to
expand their knowledge, acquire new skills, and adapt to
changing technologies and trends [19].

1. Clear, specific, and strategic communication.

Guided by strategic goals and values. In times of
uncertainty and ambiguity, the role of the leader is to guide
the team through a clear purpose and values, ensuring
effective communication, a specific direction, and clarity
amid chaos. Leaders must clarify the compelling vision
and mission to inspire and motivate employees.

J. Unified communication system.

The leader must create conditions for unified virtual
communication and provide technological support to team
members. Creating a unified communication system offers
employees in the team ample opportunities to tackle
challenges.

Era of Industry 4.0

K. Personal example.

For successful communication, the personal example
of the leader is of paramount importance. Demonstrating
integrity, empathy, and resilience encourages a team
culture of trust, transparency, and ethical behavior, where
employees feel valued, respected, and empowered to give
their best at work. Openness and honesty towards all
employees play a key role in the process of effective
communication. In modern conditions, the leader should
focus on communication with honesty, clarity, humanity,
and responsibility.

L. Technological progress.

With the advancement of technologies, interaction
between team members is interrupted. Technological
advancements have completely changed how the team
interacts. In today's reality, it is possible to communicate
with people worldwide online, through text, email, video,
or mobile apps, so we may be more connected than ever
before with our peers. With the development of artificial
intelligence and the presence of robots, the leader's role is
increasingly important, and human emotionality is a
competitive advantage within the team [20].

The role of leaders is not only to communicate
clearly and inspiringly but also to possess emotional
intelligence, communicate with care, honesty, and
empathy with each team member, and build trust. These
unique human qualities of empathy, vulnerability, and
authenticity are irreplaceable powerful drivers of influence
and inspiration. Team leaders must build communication
precision and trust, inspire the team, and attract more
followers [21].

Now more than ever, leaders and their teams need
the space to think differently so that decisions are based on
a range of diverse, critically oriented perspectives. The
leader's role is also recognized in encouraging thoughts,
opinions, and ideas from the team. Encouraging talent at
all levels is a key factor in the new era of Industry 4.0

3. A model of an algorithm for successfully
overcoming communication barriers

The analyses and derivations of barriers and key skills
are a prerequisite for developing a theoretical model for
successfully overcoming emerging communication barriers
in the new era of Industry 4.0.

The successful implementation of a model of an
algorithm for successfully overcoming communication
barriers depends on multiple factors, as well as
organizational readiness. The proposed model is visualized
in Fig. 1 trust in Al systems and the evolving regulatory
landscape. The following subsections present an in-depth
discussion of these results, structured around the benefits,
applications and barriers to the implementation of Al in
management.

88



Environment. Technology. Resources. Rezekne, Latvia

Proceedings of the 16th International Scientific and Practical Conference, 2025. Volume IV, 85-90

Barriers Leader’s SOB

) e ) ) ) &t
MDM ASA Results
B.z factors B>

for

success
ful team il ii
communi l Choise AA R
cation in

industry

Bn B’n

Feedback

Fig. 1. A model of an algorithm for successfully overcoming

communication barriers.

The algorithm is based on two blocks at the input of the
algorithm, which are a synthesis of the primary information
about the stages in the algorithm of the model for
successfully overcoming communication barriers. The first
block contains the selected barriers, and the third block
identifies the key leadership skills. Based on the key skills,
communication barriers that are significant for the industry
are selected, after which they move on to the stage of
making management decisions (MDM). The goal of the
first stage is to make an informed choice (Choice) for a
barrier that must be overcome as a priority.

The second stage is related to the implementation of the
selected alternatives (ASA), as a result of which the
specific alternative is implemented (AA).

In the third stage, the results obtained in the process of
overcoming the barriers (Results) are analyzed. The main
goal is to implement thorough control of the obtained
results (CR).

If the barriers are successfully overcome (SOB), there
is a way out of the problem situation and the
communication barriers are successfully overcome.

In the process of controlling, deviations or negative
results can be identified, which lead to the provision of
feedback and a return to the stage of making a
management decision. The process proceeds to a phased
and sequential implementation of the algorithm set in the
model for overcoming communication barriers.

IV. CONCLUSIONS

The role of the leader in managing and interacting
with team members is a powerful form of communication
but requires a new focus to meet contemporary challenges.
In the communication process, the leader must create
opportunities for every employee to share new ideas and
opinions, thereby enhancing the team's effectiveness and
success.

Overcoming barriers in the communication process
is especially important to enable collaboration and
coordination within the team, particularly in crisis
situations.  Referring to leadership abilities to
communicate and lead the team, information, goals,
directions, emotions, etc., are shared.
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The identified barriers in the new era of Industry 4.0
can help improve communication in crisis management
and support both the successful functioning of the team
and the benefits for all stakeholders.

Effective leadership in the new era of Industry 4.0
requires adaptive leaders who overcome barriers and build
bridges for successful communication, enabling team
development amidst constant change and uncertainty. By
embracing adaptability, promoting resilience and well-
being, leaders promote team communication in the modern
reality and stimulate organizational resilience and success.
A proposed theoretical model can be applied in
organizations to successfully overcome communication
barriers. Referring to the challenges and opportunities in
the new era of Industry 4.0, by overcoming barriers,
leaders successfully guide the team towards long-term
growth and prosperity in an ever-changing global
economy.
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Abstract— The integration of Al into management
decision-making is transforming businesses in the era of
Industry 4.0, driven by technologies like IoT, big data, and
cloud computing. This study aims to explore the role of Al in
enhancing operational efficiency, reducing costs, and
fostering innovation in management practices. The working
method involves a review of current literature to assess Al's
capabilities, benefits, and associated challenges. Al supports
faster, data-driven decisions, improving operational
performance and allowing for more strategic, creative work.
It aids in risk management, supply chain optimization, and
identifying market opportunities. However, Al integration
presents challenges, such as implementation complexity,
expertise needs, data privacy concerns, and the potential
impact on jobs. Ethical issues, including accountability and
transparency, are crucial for maintaining trust. Despite these
challenges, the study concludes that AI's role in reshaping
decision-making offers significant potential for businesses to
gain a competitive edge and adapt to changing market
dynamics.

Keywords— Artificial Intelligence (A1), Decision-Making,
Industry 4.0, Management.

I. INTRODUCTION

The arrival of Industry 4.0, propelled by the
convergence of emerging technologies like the Internet of
Things (IoT), big data analytics, cloud computing, and
most prominently, Artificial Intelligence (Al), has brought
about a new wave of digital transformation in
manufacturing and management practices. Above all, Al
has become a prime mover of change, revolutionizing how
companies approach management decision-making
processes, strategy formulation, and operational
management. With its potential to handle massive volumes
of information, identify patterns, and draw predictive
conclusions, Al offers tremendous opportunities to

enhance the efficiency of operations, reduce operational
costs, and foster innovation. However, the integration of
Al in managerial decision-making is accompanied by
opportunities along with challenges that need to be
understood in order to leverage its complete potential in
today's business environment.

The increasing integration of artificial intelligence in
management practices highlights the topicality of this
study, as businesses worldwide seek to adapt to the
demands of Industry 4.0. The purpose of this research is to
analyze the opportunities and challenges associated with
incorporating Al into managerial decision-making
processes and to provide insights into how organizations
can strategically leverage Al technologies for enhanced
operational performance and innovation.

Industry 4.0 is the ongoing advancement towards
automation and data exchange in manufacturing
technologies, founded on cyber-physical systems, IoT,
cloud computing, and artificial intelligence. Industry 4.0
facilitates the creation of "smart factories" in which
machines, systems, and individuals collaborate via
networking to enhance production processes and increase
efficiency [1]. Artificial intelligence technologies, in
particular machine learning, natural language processing,
and data mining, have become key drivers of digitalization
of management decision-making across various industries
including manufacturing, finance, healthcare, and
logistics. Al's ability to process high amounts of data in
real-time qualifies it as an effective decision-making tool.

It can also facilitate predictive analytics, supply chain
optimization, risk assessment, and employee management
support [2]. Additionally, artificial intelligence can
improve operating efficiencies by automating routine
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tasks, thus allowing human resources to concentrate on
strategy and innovation initiatives. Nevertheless, the
process of such integration involves many challenges. The
intricacies in the implementation of artificial intelligence
systems, the requirement for expertise personnel, issues
regarding data confidentiality, and the possible effect on
jobs need cautious consideration [3]. Incorporating Al in
managerial decision-making has various benefits. Firstly,
Al can make the management decision-making process
more effective and efficient.

Classic management decision-making approaches,
usually based on narrow information and personal
judgment, are no longer sufficient when confronted with
intricate and dynamic business contexts. Artificial
intelligence, by contrast, can scrutinize enormous datasets
of diverse origins, offering decision-makers valuable
insights and facilitating fact-based decisions that are more
precise and timely [4]. Data-driven management decision-
making has the potential to enhance business performance
by enhancing operating efficiency, lowering costs, and
enhancing profit margins. Furthermore, the predictive
nature of artificial intelligence can enable companies to
foresee trends, detect impending threats, and make
proactive choices. For instance, artificial intelligence
algorithms can analyze past datasets for forecasting future
demand, automating inventory management and
minimizing supply chain disruptions [5]. Similarly, Al can
also assist in finding new market opportunities, customer
preference, and competitive threats, thereby assisting
businesses to keep ahead in the rapidly evolving
marketplace.

Additionally, the application of artificial intelligence in
management decision-making has various ethical and
social implications. The automation of management
decision-making brings into question issues related to
accountability, transparency, and fairness. For example,
when a decision by an artificial intelligence system harms
a stakeholder, who is to blame for the ensuing
consequences? There needs to be a guarantee that Al
systems are transparent and accountable to uphold trust in
these systems [6]. In addition, Al's potential to impact
employment is also a fundamental concern as automation
may displace human labor in certain sectors, generating
joblessness and socio-economic disparities [7].

The utilization of artificial intelligence in strategic
management decision-making allows organizations not
just to improve the operational effectiveness of their
activities but also to improve their capacity for innovation
and response to shifting market forces. The use of Al in
managerial decision-making, nevertheless, is
accompanied by several challenges. A first issue is in
relation to the sophistication of Al systems along with the
immense level of economic resources needed for effective
deployment. Creation, training, and upkeep of artificial
intelligence models necessitate significant skills and
resources that are potentially beyond smaller businesses or

New Era of Industry 4.0

those from emerging economies [8]. In addition,
companies must make certain that their Al systems are tied
to their strategic goals and are well integrated into current
processes and technologies.

II. MATERIALS AND METHODS

This study employs a qualitative research
methodology grounded in an extensive literature review
and critical thematic analysis to investigate the integration
of Al in management decision-making within the context
of Industry 4.0. Primary data sources include peer-
reviewed academic journals, industry reports, and
institutional publications published between 2014 and
2024, with a particular focus on technological adoption,
organizational behavior, and Al governance. To ensure
academic rigor, literature was selected based on relevance,
citation frequency, and credibility of the source, using
databases such as Scopus, Web of Science, and Google
Scholar.

The research process involved a systematic
identification of recurring themes, patterns, and challenges
related to Al implementation in managerial practices. Key
analytical categories included: organizational resistance,
infrastructure  and  training  needs,  algorithmic
transparency, ethical implications, and future-oriented
applications of AIl. Particular attention was given to
literature discussing the European context, especially in
relation to compliance with data governance regulations
such as the General Data Protection Regulation (GDPR).
Additionally, secondary data were synthesized to illustrate
real-world examples and case studies demonstrating both
successful and challenged implementations of Al in
various industrial sectors. A constructivist lens was
applied to interpret how decision-making processes are
shaped by socio-technical interactions between humans
and Al systems. Conceptual insights were further
supported through reference to theoretical frameworks
such as socio-technical systems theory and decision
support system models. This methodological approach
provides a comprehensive understanding of the
opportunities, limitations, and strategic implications of
integrating Al into management decision-making. The
findings serve as a foundation for future empirical research
and the development of actionable managerial
frameworks.

III. RESULTS AND DISCUSSION

The integration of Al in managerial decision-making
presents a complex interplay of opportunities and
challenges  that reflect broader organizational,
technological, and ethical dynamics. The findings of this
study, derived from a critical analysis of contemporary
literature, reveal that Al is progressively reshaping
managerial practices across sectors. However, its
successful implementation depends on numerous
contextual factors, including organizational readiness,
trust in Al systems, and the evolving regulatory landscape.
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The following subsections present an in-depth discussion
of these results, structured around the Dbenefits,
applications, and barriers to Al adoption in management.

1.  Management Decision-Making Process

Management Decision-making is an important part
of managerial functions and is one of the major challenges
to managers in today's dynamic, competitive business
environment. Management Decision-making is a process
consisting of a sequence of steps, beginning with problem
or opportunity identification and concluding with the
implementation of the decision. Besides, management
decision-making is not always a rational activity founded
on information but also is influenced by factors such as
personal attitudes, organizational culture, and sometimes
external factors such as economic crises or regulatory
changes.

A.  Identifying the Problem or
Opportunity.

The initial step in decision making is the
identification of the problem or opportunity. If the problem
is not stated clearly, then it is hard to select suitable
solutions. This step usually involves extensive collection
of information regarding both internal and external
determinants of the organization. For instance, whenever
an organization undergoes a loss of its market, the very
first thing is to identify the root causes—whether due to
competitors' pressure, quality, or poor marketing strategy
[9].This can involve the application of a range of analysis
tools, including SWOT analysis—strengths, weaknesses,
opportunities, and threats—and PESTEL analysis,
considering political, economic, social, technological,
environmental, and legal aspects. These frameworks allow
for the comprehension of root problems or the
determination of new areas to develop.

B.  Generating Possible Solutions.

After the identification of the opportunity or
problem, the next process is the development of possible
solutions. In this process, managers are required to come
up with a complete list of alternatives that can solve the
problem identified or capitalize on the spotted opportunity.
To maximize effectiveness in this process, a variety of
techniques such as brainstorming, innovation, and
strategic planning need to be applied to enhance the
development of ideas without providing initial constraints.
A commonly employed method is the strategy of creative
thinking, referred to as “design thinking,” which
emphasizes the examination of possible solutions via
cooperative efforts and inventive processes [10].

C.  Evaluating and Analyzing the Possible Solutions.

After the generation of possible solutions, the next
process is to evaluate and analyze their effect. This
includes gathering additional information, screening costs
and benefits, analyzing risks and benefits of each solution,
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and forecasting possible effects on the company. This
typically includes the use of management decision-making
tools such as decision analysis methods, such as sensitivity
analysis, scenario planning, or financial projections. The
selection of the optimal solution is reliant on the capacity
of the manager to scrutinize this information and
comprehend the implications of every solution for the
organization's long-term strategy.

D.  Choosing the Solution and Planning for Its
Implementation.

After analyzing potential solutions, management
moves to the most suitable alternative. This is a vital phase
in that the judgments rendered are not just reasonable but
also align with the mission, vision, and long-term
objectives of the firm. Managers are sometimes required
to make compromises between potential alternatives,
taking into consideration resources, time constraints, and
other operational dynamics. It is necessary that the
decision must be well-founded and the objectives well
defined. The process of planning to carry out the decision
comes afterward once a solution has been chosen, and it
involves making specific actions, allocating tasks, and
establishing timetables for executing the decision.

E.  Executing the Decision.

Implementation of the decision is a step where
abstract strategies are converted into actual activities.
Effective communication and team management are
needed in this step since those involved in the process must
know their roles and commitments. Managers are
responsible for making sure all the needed resources are
available while ensuring employees are aware of their
individual roles in the implementation process. In
addition, it is important to monitor the implementation
process and rectify any discrepancies from the plan if any.

F.  Evaluation and Feedback.

Following the implementation of the decision, the
second stage entails evaluation and feedback, which is
indispensable for enhancing the management decision-
making process. Analysis of outcomes gives managers an
insight into the extent to which the decision resulted in
intended consequences. Internal players (employees,
teams) and external players (customers, partners) may be
the sources of opportunities for feedback. Using this
information for analytical purposes allows for
improvements and adjustments in future management
decision-making plans, which is important for continuous
improvement and the company's capacity to adapt to the
constantly evolving business environment.

In contemporary times, artificial intelligence has
started playing a more vital role in the management
decision-making processes. Al in management decision-
making enables the analysis of big data sets in real-time
and equips managers with new tools to enhance the
efficiency and accuracy of decisions. Predictive models of



Svetlana Dimitrakieva., et al. Integrating Artificial Intelligence into the Management Decision-Making Process in the

artificial intelligence can examine previous trends and
forecast future results, thereby providing organizations
with an enormous competitive edge [2]. Furthermore,
artificial intelligence can automate some of the routine
tasks involved in the management decision-making
process, freeing managers to attend to strategic matters and
human aspects of management.

2. Integrating Artificial Intelligence into the
Management Decision-Making Process in the
New Era of Industry 4.0

The evolution of industrial segments has shifted to a
new level with the push from digital technology
advancements and Industry 4.0 emergence. These
innovations are revolutionizing a number of sectors, with
businesses increasingly using Al in improving their
decision-making. In management, the incorporation of
artificial intelligence into decision-making presents great
potential for enhancing operational efficiency, predictive
market trends, and facilitating well-informed decisions in
a timely fashion.

A. The Role of Artificial Intelligence in Decision-
Making

Artificial Intelligence is a fast-evolving area of
research in the computer science discipline that deals with
the development of machines and systems that can carry
out tasks traditionally demanding human intellectual
abilities. These tasks vary from problem-solving, learning,
and reasoning to more advanced functions such as
management decision-making [11]. As Al technologies
continue to evolve, their use in many industries,
particularly in business management, has revolutionized
conventional management decision-making processes.
Artificial intelligence is enabling organizations to make
better, faster, and fact-based decisions that relied earlier on
human intuition.

Al in management decision-making is extremely
valuable as it is able to provide insights to make strategic
choices, automate processes, and predictive analytics to
forecast the future and make better-informed decisions.
Among the capabilities of Al is its ability to manage
enormous sets of data—frequently referred to as "big
data"—to uncover hidden patterns, connections, and
trends. Such above observations can have the potential to
shape business strategy, enabling managers to predict
shifts in the marketplace, streamline supply chain
efficiency, and make superior resource allocation [12].
Furthermore, artificial intelligence could improve the
accuracy of predictions through detecting subtle patterns
that may evade human analysts.

Al's ability to enhance management decision-making
is especially critical in the modern business environment,
which is characterized by a rapidly changing business
landscape where companies must make timely and well-
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informed decisions to remain competitive. By integrating
Al systems into management operations, firms are capable
of making quicker and more informed decisions, which
translate into improved performance. Al's predictive
capability enables managers to foresee market trends,
customer behaviors, and operational outcomes with great
precision. For instance, artificial intelligence technologies
are capable of assisting organizations in forecasting
changes in demand for supply chain management or
anticipating customer attrition in marketing campaigns
[13]. Such forecasting enables managers to take proactive
actions and alter their strategies in advance, rather than
respond to problems after they have arisen.

Another important advantage of artificial intelligence
in management decision-making is that it can reduce
human biases, which tend to be a key element in
conventional management decision-making approaches.
When it comes to human decision-making, implicit bias
like confirmation bias, anchoring bias, and overconfidence
can result in incorrect or poor decisions [14]. However,
Al-based systems make decisions based on data and
algorithms, which diminishes the influence of individual
bias. Through the utilization of objective information in
decision-making, artificial intelligence has the capability
to ensure business decisions are tied to empirical facts and
not personal prejudices. This is especially critical in fields
where impartiality is paramount, including recruitment,
loan approvals, and financial analysis [15].

One of the most significant features of artificial
intelligence in decision-making is the capacity to optimize
complicated systems through providing insights into trade-
offs and various alternative solutions. In the financial
industry, for instance, Al can help managers analyze
investment opportunities by quantifying risks, returns, and
potential fluctuations in the market. Optimization is not
only applicable to financial decisions but also to
operational, marketing, and strategic planning tasks [16].
By presenting a variety of potential outcomes and their
corresponding risks, artificial intelligence enables
managers to make more informed decisions that are
aligned with the long-term objectives of the organization.

Further, Al has the potential to enhance management
decision-making throughout the organization by
interacting with other technologies such as the IoT and
blockchain. For instance, in supply chain management, Al
systems can interact with IoT devices to get real-time data
on inventory levels, shipment status, and customer
preference. These data can then be processed and analyzed
by Al algorithms to optimize supply chain processes so
that businesses can meet customer orders while
minimizing surplus goods and lowering costs. Integrating
Al with IoT and other advanced technologies provides
businesses with an end-to-end, data-driven management
decision-making approach that is superior to traditional
business models [17].
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However, the use of artificial intelligence in
managerial decision-making is fraught with challenges.
Though it may have potential advantages, most
organizations exercise restraint in embracing Al-driven
decision models in totality, mainly due to apprehension
about trust, data security, and ethical implications [6].
Furthermore, managers may find it difficult to integrate Al
into organizational frameworks that are in place, as the
move towards data-driven management decision-making
demands that the organization undergoes a cultural
transformation. To optimize the effectiveness of artificial
intelligence, it is imperative for organizations to guarantee
that their workforce receives appropriate training in
utilizing Al technologies, alongside the establishment of
robust data governance protocols aimed at safeguarding
confidential information [2].

B. The Impact of Industry 4.0 on Management
Decision Making

Industry 4.0 is a term that describes the fourth
industrial revolution, which is a tipping point where
physical and digital technologies converge. It is a
revolutionary transformation that is triggered by the
amalgamation of smart systems, IoT, robotics, big data
analytics, and artificial intelligence in industries such as
manufacturing, logistics, and healthcare [17]. The
interrelated nature of these technologies has radically
reengineered the environment of industrial activity,
providing companies with unparalleled opportunities to
drive efficiency, foster innovation, and boost
competitiveness. Yet, this change has also created new
demands that must be met by managers in order to ensure
strategic alignment and optimize decision processes.

At the heart of Industry 4.0 is the utilization of
networked devices and systems to facilitate the gathering
and analysis of vast volumes of real-time data. Smart
systems, IoT devices, and sophisticated robotics allow for
the gathering of data from an extensive range of sources,
including machinery, supply chains, and customer
interactions [2]. This information streams in real-time,
making it a dynamic and ever-changing landscape that
necessitates real-time management decision-making on
the part of managers. The velocity, volume, and diversity
of information produced by these systems can inundate
conventional management frameworks, which normally
depend on systematic, linear management decision-
making structures and fixed sources of data.

In the modern era, conventional techniques of
management decision-making, frequently depending on
established workflows and past information, are
progressively inadequate. Complexity in Industry 4.0
demands a more dynamic and responsive strategy.
Managers, with real-time information at their fingertips,
must be in a position to act quickly in the face of quickly
altering circumstances. Managers require tools that have
the ability to deal with large volumes of information, pull
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out useful insights, and make practical recommendations.
This is where Al-based management decision-making
systems come in [16].

The heightened use of data and automation
characteristic of Industry 4.0 necessitates the
complementing of human judgment with insights obtained
from data. Although managers remain central to the
formulation of strategic decisions, artificial intelligence
alleviates cognitive load by making suggestions predicated
on an in-depth examination of the available data. This thus
enables managers to concentrate on more complex,
strategic activities as Al systems assume control of the
more mundane and operational aspects of decision-
making. Al also assists in identifying trends and patterns
that may not catch the eye of human managers, thereby
making more informed and accurate decisions [12].

Nonetheless, the application of artificial intelligence
in managerial decision-making also has a number of
challenges. Among them is the risk of overdependence on
Al systems. Though Al can support management decision-
making through the provision of insights and
recommendations, it is not able to substitute for human
judgment and experience. Managers must be actively
involved in the management decision-making process,
placing Al-generated insights into the perspective of their
organizational  objectives and strategic agendas.
Furthermore, there are ethical issues on data privacy,
transparency, as well as possible bias in Al algorithms that
must be dealt with to make sure Al-based management
decision-making systems are accountable and just [6].

In addition, the integration of artificial intelligence
into management decision-making also necessitates major
adjustments in organizational structures and processes.
Classical management pyramids may need to be
remodeled to make room for more data-oriented
methodology. Managers must acquire new competencies
and skills to be able to work side-by-side with Al systems
and appropriately interpret results produced by such
technologies. The implementation of training and
development initiatives will be critical in preparing
managers to effectively engage with artificial intelligence
technologies, as well as in promoting a culture
characterized by ongoing learning and innovation
throughout the organization [15].

In spite of these challenges, the effect of Industry 4.0
on managerial decision-making is generally beneficial.
Through facilitating organizations to tap the potential of
real-time data with artificial intelligence technologies,
Industry 4.0 improves the capacity of managers to execute
decisions that are better informed, responsive, and
effective. Incorporating Al in management decision-
making not only enhances operational efficacy but also
offers a competitive advantage in a progressively dynamic
business landscape. The ongoing development of Al
technologies is likely to enhance the potential for
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increasingly sophisticated decision support tools, enabling
them to maintain a competitive advantage and foster
ongoing development and innovation [13].

C. Overcoming Challenges in Integrating Al into
Management Decision-Making

As already discussed, the use of artificial intelligence
in management decision-making has great potential, but a
series of hurdles needs to be overcome for proper
implementation. Despite the apparent advantages of Al,
such as the ability to process large amounts of data, reduce
human biases, and provide predictive analytics, many
organizations still face considerable challenges in
adopting Al-supported systems. Some of these hurdles
entail organizational reluctance, infrastructure changes
required, alignment with existing procedures, and cultural
resistance to change. Among the primary concerns in
embracing Al is companies' reluctance to trust Al-driven
management decision-making systems. The majority of
managers and workers are skeptical about the consistency
and accuracy of Al algorithms. Such systems, designed to
replicate human decision-making, are believed by some
not to be able to entirely replace human judgment. This
lack of trust is based on concerns about the potential for
artificial intelligence to produce imperfect or flawed
decisions based on incomplete, inaccurate, or biased data
[6]. There is also the problem of "black box" algorithms,
in which the rationale for Al decisions is not always
transparent.

The absence of transparency may undermine faith in
artificial intelligence systems, especially in sensitive fields
like finance, medicine, and law, where the consequences
of mistakes may be extensive. Issues of data privacy and
security particularly complicate the incorporation of
artificial intelligence into management decision-making
frameworks. As Al systems are predominantly data-
dependent, organizations will have to ensure that they are
compliant with data protection regulations, including the
General Data Protection Regulation within the European
Union. Al systems also carry an inherent risk of
exacerbating algorithmic bias, with one possible
consequence of generating unfair or discriminatory
outcomes [18].

As Al technologies are progressing at a rapid rate,
firms must continue to invest in training and reskilling
their workforce to keep up with emerging trends and
maintain their competitive advantage [12]. The adoption
of Al necessitates radical alterations to existing
management practices and organizational cultures.
Conventional models of decision-making, with their
hierarchical and inflexible character, will not
automatically accommodate the flexible, data-oriented
characteristics of Al Al utilization in management
decision-making calls for a transition to more cooperative,
interdisciplinary teams with the capacity to harness Al
technology for improved decision-making. But this
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transformation could be opposed by managers accustomed
to conventional top-down models of management
decision-making [2]. To avoid this opposition, companies
must create an innovative culture in which the application
of Al is seen as a choice for enhancing management
decision-making processes and not as a menace to
established practices.

Leaders should promote cooperation between
technical and non-technical departments so that Al
systems can be adopted efficiently and in accordance with
the objectives of the organization. Additionally,
integrating artificial intelligence in management decision-
making requires organizations to be flexible and
responsive in their approach. Since Al technologies are
evolving further with advancements, management
decision-making models need to adapt as well. The rapid
pace of innovation in the field of Al presents opportunities
as well as challenges for organizations in terms of having
to be flexible in their management decision-making
processes [19].

New Al technologies that are useful can soon become
obsolete, so companies must be capable of being adaptive
in their approach and take on new technologies as they
become available. Companies that do not keep up with the
new advancements in Al lose their ground in relation to
competitors and lose their competitive advantage [15]. To
surmount these obstacles, organizations must be proactive
in embracing Al. Organizations must begin by creating
trust in Al systems through transparency, rigorous testing,
and adequate explanations of how decisions are made.

Furthermore, businesses must invest in the
infrastructure necessary to facilitate Al adoption,
including data management systems, Al training
programs, and employee upskilling. It is also essential to
foster a culture of innovation and flexibility, where
artificial intelligence is considered a tool that can augment
management decision-making processes and enhance
business results. By implementing these measures,
organizations can break the barriers to Al adoption and
unleash the complete potential of artificial intelligence in
management decision-making [20.

D. The Future of Al in Management Decision-Making

With the development of artificial intelligence
technologies, their potential to transform management
decision-making processes grows exponentially. In the
coming decade, it is expected that Al will achieve higher
levels of sophistication, which will allow it not only to
analyze data but also to carry out autonomous decisions in
real-time. This breakthrough represents a significant shift
in management decision-making methodologies utilized
by companies with more precise, efficient, and data-driven
processes. To this extent, artificial intelligence holds the
promise to revolutionize the role of human managers and
pave new avenues for automating management decision-
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making processes across industries where speed and
accuracy hold vital importance [19].

One of the areas where artificial intelligence will
significantly affect is in autonomous management
decision-making systems. In fields like finance, where
decision speed is of essence, artificial intelligence can be
incorporated in systems that automatically execute trading
decisions founded on multifaceted analysis of market data.
For instance, artificial intelligence programs can process
vast volumes of real-time information, such as market
trends, news, and social media sentiments, in a bid to
forecast market movement and make trades on their own
[21]. These Al programs would assist organizations in
maximizing operational efficiency, minimizing human
errors, and reacting to market forces quicker than human
decision-makers. In finance, artificial intelligence is
increasingly being utilized in investment and trading
decision-making. As Al technologies continue to develop
and mature, it is likely that their influence in this field will
grow, thus transforming the financial landscape.

Furthermore, Al's ability to handle large amounts of
data from various sources will lead to management
decision-making that is more tailored and context-specific.
Al systems will be better able to consider individual tastes,
behaviors, and situational contingencies when making
decisions. This will enable managers to tailor their
decisions to the specific needs and circumstances of their
company, customers, or workers. The application of
customized management decision-making will also bring
tremendous benefits in areas such as customer relationship
management (CRM), where artificial intelligence can be
used to analyze customer information with a view to
suggesting personalized services or products that align
with individual tastes. As Al algorithms become more
skilled at understanding and predicting human behaviors,
managers will be able to provide more accurate and
relevant solutions, leading to enhanced customer
satisfaction and loyalty [15].

Apart from enhancing personalization, the future
contribution of artificial intelligence in managerial
decision-making is also expected to promote integration
among various business functions. Al-based tools are
expected to support not only strategic management
decision-making processes but also be embedded in day-
to-day operational tasks, thereby impacting the overall
management decision-making process of organizations.
Artificial Intelligence has the potential to enhance supply
chain management by better demand forecasting,
modifying inventories, and detecting disruptions in real
time [2]. Al's application across functions of a business
enables firms to make better-informed decisions, be more
responsive, and incur lower costs, leading to a more
responsive and efficient company.

As Al is increasingly a part of decision-making,
organizations will have to evolve their management
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structures and working processes to appropriately
accommodate Al tools. Managers will have to learn to
understand Al systems, analyze their recommendations,
and apply these insights to make their decisions. This
needs a shift in perspective, viewing artificial intelligence
not as it is replacing human judgment but instead as a
useful tool to optimize the management decision-making
process and drive organizational prosperity. Further, there
is a necessity for managers to collaborate side-by-side with
experts in Al and data scientists for the purpose of
ensuring that artificial intelligence systems are adopted
within the vision and mandate of the organization [2].

Despite the possible benefits of Al in management
decision-making, there are several challenges. Among the
most significant of these is the ethical considerations of Al
decision-making. As Al systems become increasingly
autonomous, there is a danger that decisions will be taken
without sufficient human oversight, leading to unexpected
outcomes. For instance, Al algorithms may take decisions
that reinforce existing biases or discriminatory tendencies,
especially if they are trained using discriminatory data [6].
To surmount these challenges, organizations will need to
develop robust ethical frameworks and ensure that Al
systems are designed to promote fairness, transparency,
and accountability.

Moreover, as artificial intelligence systems assume
an expanding role in management decision-making
processes, there will be a heightened necessity for
transparency concerning Al-generated decisions. In
sectors where AI technologies are responsible for
significant decisions—such as healthcare, finance, and
legal matters—various stakeholders will increasingly seek
clarity regarding the methodologies utilized by Al in
forming its conclusions. Consequently, it will be
imperative for Al developers to create systems that are
both interpretable and explainable, thus enabling decision-
makers to comprehend the reasoning underpinning Al-
generated recommendations [2].

IV. CONCLUSIONS

The incorporation of Al into management decision-
making in the Industry 4.0 era presents both significant
opportunities and considerable challenges. Theoretically,
Al enhances decision-making models by introducing real-
time data analysis, predictive capabilities, and evidence-
based strategic planning, thus contributing to the
development of more dynamic and responsive
management theories. Practically, Al enables managers to
optimize operational processes, improve supply chain
management, assess risks more effectively, and foster
innovation by automating routine tasks and uncovering
new market opportunities. Despite barriers such as trust
issues, infrastructural demands, and resistance to change,
the ongoing advancement of Al technologies and the
increasing commitment of organizations to digital
transformation suggest that Al will become an essential
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tool for improving managerial decision-making, driving

innovation,

and achieving sustainable competitive

advantage in a rapidly evolving, data-driven business
environment.
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Abstract—Executing special missions in extreme
conditions requires military personnel to maintain optimal
physical and mental performance. This necessitates
meticulous planning of rations and beverages to provide
sufficient energy, hydration, and immune system support. To
enhance interoperability among NATO member states,
STANAG 2937 was introduced, standardizing the minimum
characteristics and quality assurance of individual
operational rations for military use. Key requirements
defined in STANAG 2937 include nutritional adequacy,
stability, durability, and tailored rations for specific
conditions. Rations must provide 4000-6000 calories per day
in extreme environments, prioritizing carbohydrates for
quick energy, followed by fats and proteins. Packaging must
ensure durability, ease of transport, and content
preservation. Nutritional supplements, such as energy bars,
vitamins, and isotonic drinks, are vital for sustaining energy
and overall health. Extreme temperatures significantly
influence macronutrient needs. In cold climates, higher fat
intake (35-40%) supports energy reserves, while proteins
preserve muscle mass and aid thermoregulation. Conversely,
in hot climates, increased carbohydrate consumption (55—
65%) replenishes glycogen and mitigates energy loss.
Vitamins and minerals, such as B-complex, vitamin C, and
magnesium, are essential for metabolic functions, immune
health, and physical endurance.

Keywords— STANAG 2937, operational rations, military
nutrition, extreme conditions, macronutrient requirements.

L INTRODUCTION

Military  operations are often conducted in
environments where soldiers are exposed to extreme
ecological conditions, such as deserts, the Arctic, and high
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altitudes. Gradual adaptation to these environments
facilitates physiological acclimatization. However, military
missions are rarely planned with extended acclimatization
periods in mind. Recreational mountaineers, outdoor
workers in seasonal cold climates, and residents of cold or
high-altitude regions have the advantage of planning their
activities in such environments. Those accustomed to cold
or high-altitude conditions learn how to adjust their
clothing and activities to maintain a sustainable lifestyle,
regardless of external conditions.

Regardless of climatic challenges, military forces must
be supplied with food, weapons, housing, and other
logistical support to enable the immediate execution of
their missions [1]. Carrying out special missions in extreme
environments requires military personnel to maintain
optimal physical and mental states. This necessitates
precise planning of rations and beverages that provide
adequate energy, hydration, and immune system support.
To enhance interoperability among NATO member states
and standardize the minimum characteristics and quality
assurance of individual operational rations, STANAG 2937
was introduced [2]. This standard defines the requirements
for operational rations designed for military use.

The article aims to present the regulatory framework
described by NATO strategic documents, as well as the
requirements for providing food rations for military
personnel in a temperate continental climate and extreme
conditions.

1L MATERIALS AND METHODS

Nutritional Values: Rations must provide adequate
energy intake and a balanced composition of macro- and
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micronutrients tailored to the needs of military personnel
under various operational conditions. In situations of
intense physical exertion or extreme climatic conditions,
energy requirements can reach 4000-6000 calories per day.
Priority is given to carbohydrates as the primary source of
quick energy, followed by fats and proteins [4], [5].

Stability and Shelf Life: The products in the rations
must be resistant to various climatic conditions and have a
long shelf life to ensure food safety and quality during
missions [10].

Packaging: Packaging must be durable, easy to open,
and suitable for transportation while protecting the contents
from contamination and damage.

Specialized Rations: The standard also describes
specialized rations for specific conditions, such as extreme
climatic environments or prolonged operations, to meet
the diverse requirements of different missions.

Quality and Safety: Ensuring the quality and safety of
the food is essential, with adherence to established food
safety and hygiene standards strongly recommended [3],
[10].

Operational Interoperability: The standardization of
rations facilitates joint operations among nations, ensuring
that military personnel can use and accept rations from
other countries without issues [3].

Related documents, such as Allied Medical
Publication-1.11  (AMedP-1.11), provide detailed
guidelines and information supporting STANAG 2937 to
enhance the effective interoperability of individual
operational rations during military deployments,
exercises, or operations [3].

The above-mentioned requirements and
recommendations are designed to ensure that military
personnel receive the necessary nutritional support to
maintain their effectiveness and health during operations
in various environments and conditions.

A. Combat Rations Include the Following Main
Components
a) Ready-to-eat foods and beverages — canned meals
(with pork, beef, chicken, or lamb, spaghetti, vegetarian
menus, meals for individuals of different religious beliefs,

etc.), meat and fish preserves, patés, packaged
confectionery, spices, sauces, powdered drinks, dragees,
chewing gum, and more.
- Disposable tableware — plastic spoons, forks, knives,
napkins, wet wipes, toothpicks.
- Means for heating food — through chemical reactions or
open fire (e.g., solid fuel).

- Water disinfection agents — in liquid or tablet form.

Disposable tableware, food heating means, and water
disinfection components may either be included in the
combat ration or provided separately.

B. Combat Ration Packaging Types:
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e Primary (protective) packaging — in direct
contact with food products, protecting them
from environmental influences.

e Secondary (grouping) packaging — used to
group individual food and non-food
components into a single set.

e Tertiary (transport) packaging — used to
group individual sets into larger cargo units
(boxes, pallets, containers) for easier
transport and storage.

C. Classification of Combat Rations

Combat rations can be categorized based on their
intended use:

Individual combat rations are designed to provide food
for a single soldier and may include food products for one
meal (separately for breakfast, lunch, or dinner) or for an
entire day (breakfast, lunch, and dinner, packed in one
package). They are further divided into general-purpose
rations and  those  for  specific situations.
General-purpose individual combat rations are the main
rations used in a wide range of missions and operations,
typically involving moderate physical activity and
moderate climatic conditions. The food components of
these rations can be consumed cold or hot, with some
requiring water for rehydration or heating [2,3].

Table 1 provides information about the main combat
rations used by NATO member countries, including the
names of different rations and the number of menus within
them. Some countries, such as Albania, Iceland,
Luxembourg, Montenegro, and others, do not have
available information about their combat rations.

TABLE 1. BASIC COMBAT RATIONS IN NATO MEMBER COUNTRIES

(2]

No. | Country Name of Combat Ration Number of
Menus
1. Albania No information
2. Belgium Ration de Combat | 14 menus
Individuelle Rechauffable,
France
3. | Bulgaria Not used
4. | United 12 Hour Operational Ration | 10 menus,
Kingdom Pack, 24 Hour Operational | 7 menus
Ration Pack
5. | Germany Einmann Packung (EPa) 19 menus
6. | Greece Special Forces' Ration
7. Denmark Danish  Combat  Ration | 1 version
(DCR)
8. Estonia 24 Hour Combat Ration | 14 menus
Pack
9. Iceland No information
10. | Spain Individual Meal Pack (IMP) | 6 menus
11. | Italy Razione Viveri Specialida | 7 menus
Combattimento
12. | Canada Individual Meal Pack (IMP) | 6 menus
13. | Latvia Latvia ~ Armed  Forces | 9 menus
Combat Ration
14. | Lithuania Field ration based on the US | 10 menus
Army MRE
15. | Luxembourg | No information
16. | Norway Feltrasjon 2 types;
7 menus
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No. | Country Name of Combat Ration Number of
Menus

17. | Poland Zestaw Zywnos$ciowy | 3 menus
Indywidualnej Racji Suchej

18. | Portugal Ragdo Individual de
Combate (RIC)

19. | Romania Romanian Ration Prototype

20. | USA Meal, Ready-to-Eat (MRE) 24 menus

21. | Slovakia 24 Hour Combat Meal, | 5 menus
Ready to Eat (PODAP)

22. | Slovenia 24 Hour Combat Ration | 3 menus
Pack

23. | Turkey Turkish Outdoors 24 Hour | 5 menus
Meal

24. | Hungary 24 Hour Meal, Ready to Eat | 5 menus

25. | France Ration De Combat | 14 menus
Individuelle Réchauffable

26. | Netherlands | Gevechtsrantsoen

27. | Croatia Croatia Armed Forces 24 | 7 menus
Hour Combat Ration

28. | Montenegro No information

29. | Czech Bojova Davka Potravin | 2 menus

Republic (BDP)

The need for individual meal packs: Individual meal
packs for extreme conditions are specifically designed to
provide comprehensive nutrition to military personnel in
various situations. According to the requirements of
STANAG 2937, each pack must contain:

Main Meal: Freeze-dried or dehydrated foods that are
easy to prepare and provide sufficient energy [6], [8].

Energy Bars: High-energy foods that quickly replenish
energy [8], [9].

Liquid Foods: Packaged in compact and user-friendly
containers.

Vitamins and Minerals:
essential micronutrients [9].

Supplements providing

Beverages: Isotonic or dehydrated powdered drinks
[7], [8].

Utensils: Compact and lightweight for convenience.

Disinfectants: Wet wipes or tablets for cleaning hands
and surfaces [11].

TABLE 2. NATO STANDARD FOR THE MINIMUM ENERGY VALUE
AND NUTRITIONAL COMPOSITION OF THE GENERAL-PURPOSE COMBAT

RATION [3]
Nutritional 1 composition of the general-purpose
Ne

Nutritional Ingredients Measure Q?t;m
1. | Energy value kcal 3600
2. | Carbohydrates g 404
3. | Proteins g 118

no more than

4. | Fats 350
5. | Vitamin A ug 900
6. | Vitamin Bl mg 1.2
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Nutritional 1 composition of the general-purpose
» Nutritional Ingredients Measure Q?;nt
7. | Vitamin B2 mg 1.3
8. | Vitamin B5 mg 6
9. | Vitamin B6 mg 1.3
10. | Vitamin B9 ug 400
11. | Vitamin B12 ug 2.4
12. | Vitamin C mg 45
13. | Vitamin D ug 5
14. | Vitamin E mg 10
15. | Vitamin K ug 70
16. | Vitamin PP mg 16
17. | Calcium mg 1000
18. | Zinc mg 14
19. | Iron mg 8
20. | Magnesium mg 410
21. | Potassium mg 3800
22. | Sodium mg 2300
23. | Phosphorus mg 700
24. | lodine ug 150
25. | Selenium ug 55
26. | Fluoride mg 4

It is considered that continuous consumption of combat
rations meeting the above minimum standards for up to 30
days will not cause nutritional imbalance in the body of
soldiers who must be in good physical health at the
beginning of the operation. If consumption exceeds 30
days, it is recommended to diversify the daily menu with
fresh food products and increase medical monitoring of the
soldiers' health condition. According to data from the report
“Nutrition Science and Nutritional Standards for Military
Operations” by NATO’s Research and Technology
Organization, of the twelve combat rations studied from
NATO member countries, nine have a maximum
recommended continuous use period of 30 days. For the
combat rations of Australia, the USA, and Slovenia, the
recommended periods are 20, 21, and 10 days, respectively.
The main reasons for the shorter periods of continuous
consumption are the low approval levels of the rations
among soldiers and the lack of variety in the menus.
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Additionally, Australia points out the reduction of certain
valuable vitamins in the rations due to prolonged storage as
an important reason [2, 3].

These packs must be lightweight and compact while
providing all necessary nutrients and calories to sustain
physical and mental endurance.

C. Impact of extreme temperatures on macronutrient
requirements for military personnel

Extreme temperatures—both cold and hot—
significantly ~ influence metabolic  processes and
macronutrient needs for military personnel. In cold
conditions, the primary priority is maintaining body heat
and adequate energy supply. This necessitates increased
energy consumption, with diets requiring higher fat content
to provide long-term energy reserves. According to Young
and Pasiakos (2013), fats should account for up to 35-40%
of total energy intake in cold climates, with a preference for
sources rich in omega-3 fatty acids due to their anti-
inflammatory properties [4]. Meanwhile, proteins play a
critical role in preserving muscle mass, essential for
thermoregulation and physical performance [5].

In hot climates, military personnel require increased
carbohydrate intake, which serves as the primary source of
readily available energy. Young and Deuster (2001) note
that carbohydrates should constitute 55-65% of daily
energy intake in high temperatures to compensate for
significant energy expenditure and prevent glycogen
depletion [5]. Additionally, proteins should be moderately
increased (around 15-20% of energy intake) to support
muscle tissue recovery and prevent catabolism.

The importance of a balanced diet adapted to specific
climatic conditions is strongly emphasized in the literature.
As Young and Pasiakos (2013) state, "Optimizing
macronutrient balance is crucial for maintaining physical
endurance, cognitive functions, and the health of military
personnel in extreme environments" [4].

D. The role of supplements and energy bars

Supplements in military rations, such as energy bars
and dehydrated foods, are crucial for reducing load and
providing essential energy reserves. Freeze-drying and
dehydration are methods that extend shelf life while
preserving nutrients. For example, freeze-drying retains
97% of the nutritional value of products while minimizing
changes in structure and taste [7]. Additionally, the
process simplifies food digestion and preparation [8], [9].

Hydration Beverages: Hydration is essential for
military personnel in extreme conditions. The use of
isotonic beverages is recommended to replenish
electrolyte levels and prevent dehydration. Advanced
drying technologies, such as freeze-drying, enable easy
storage and use of beverages with high nutritional value

(7], [8].
The need for water purification systems

In extreme conditions, ensuring access to clean
drinking water is critical for the health and operational
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capabilities of military personnel. Water purification
systems, such as ultrafiltration and reverse osmosis,
effectively remove contaminants and pathogens. Research
highlights that the use of portable water purification
systems significantly reduces the risk of waterborne
illnesses and ensures a sustainable supply even in the most
adverse conditions [11].

These systems incorporate key technologies such as
activated carbon, UV sterilization, and integrated portable
pumps. Advanced filtration membranes help eliminate
bacteria, viruses, and chemical pollutants, ensuring
compliance with military-grade water safety standards.
Models described by Taylor and Brown (2022)
demonstrate how combining efficient filtration
technologies with compact designs can provide safe water
for drinking and cooking, even under resource-constrained
circumstances [12].

Furthermore, modern purification units integrate real-
time water quality monitoring sensors, enabling personnel
to assess contamination levels and system performance in
the field. The development of nanostructured filtration
materials has further improved efficiency, enhancing the
removal of heavy metals, toxins, and microscopic
contaminants. Some advanced military-grade systems also
utilize electrochemical disinfection methods, ensuring
prolonged water safety without the need for frequent
maintenance.

Recent studies emphasize the effectiveness of
advanced nanomaterials in water purification. Research
published in the Journal of Water Process Engineering
highlights that nanostructured membranes improve
filtration efficiency and enhance the removal of bacteria,
viruses, and heavy metals [13].

Ensuring the availability of potable water has long
been a critical challenge for military operations, directly
impacting the performance of soldiers. Currently, the U.S.
Armed Forces rely on large, centralized reverse osmosis
(RO) water treatment systems to produce potable water,
which must then be distributed to the points of use.
However, the logistics of delivering water to remote
expeditionary operations are costly, dangerous, and
complex. While the Navy and the Department of Defense
(DoD) have developed RO desalination systems that scale
effectively to platoon-level (45 soldiers), further scaling
down to the squad level (13 soldiers) or smaller units
presents significant challenges [14].

In addition to scaling issues, RO systems face several
drawbacks, including high consumables usage and
maintenance and lifespan issues related to the membranes.
Given the growing global concern about the availability of
potable water for civilian purposes, there has been
increasing development of alternative desalination and
purification technologies. These include electrochemical
methods, such as capacitive deionization, solar-powered
thermal processes, and atmospheric water harvesting
techniques, which eliminate the need for direct
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desalination. These findings underscore the importance of
continuous  advancements in  water purification
technologies, ensuring safe and reliable drinking water for
military and emergency response teams in extreme
conditions[ 14].

The integration of purification technologies within
tactical and logistical planning significantly enhances
operational readiness. Whether deployed in arid
environments, disaster-stricken regions, or combat zones,
military forces can maintain self-sufficiency in water
supply. Additionally, the lightweight and modular design
of next-generation portable purification devices allows for
rapid deployment and adaptability in diverse operational
scenarios. Continued research and development in this field
ensure that military personnel have access to reliable and
high-performance water purification solutions, even in the
most challenging conditions.

III. RESULTS AND DISCUSSION

The analysis shows that combat rations used by NATO
member states generally comply with the minimum energy
and nutritional requirements set by STANAG 2937.
However, prolonged use of these rations—beyond 30
days—can result in reduced intake of certain essential
vitamins and minerals, as well as a decrease in soldiers’
acceptance due to limited menu variety.

Adapting the nutritional composition of rations to
environmental conditions is of key importance. In cold
climates, increased fat intake supports heat retention and
long-term energy supply, while in hot environments, higher
carbohydrate intake is necessary to meet energy demands
and prevent fatigue. A well-balanced macronutrient ratio
enhances physical endurance and operational performance.

Energy bars, freeze-dried meals, and powdered drinks
are practical components due to their extended shelf life,
compact packaging, and preserved nutritional value.
Requirements, as improving taste and variety, are essential
for ensuring nutrition during extreme missions of short
duration.

Access to clean drinking water remains a critical factor
in sustaining military operations. Modern portable
purification technologies—such as nanofiltration, UV
sterilization, and electrochemical methods—provide
reliable solutions for removing contaminants and
pathogens, even in extreme environments. Challenges
remain in scaling down systems for small tactical units and
maintaining filtration efficiency over time.

In conclusion, the effectiveness and health of military
personnel in the field depend greatly on appropriate
nutrition, hydration, and access to clean water. Continuous
innovation and improvement of rations and purification
technologies are essential for meeting the demands of
diverse operational scenarios.

IVv. CONCLUSION

Ensuring the health, combat readiness, and operational
efficiency of military personnel in extreme environments
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demands a holistic strategy that integrates proper nutrition,
hydration, and logistical support. Carefully planned and
certified food rations and beverages, tailored to meet the
unique demands of each operational setting, are essential
for maintaining the physical and mental performance of
soldiers. Advanced food preservation techniques, such as
freeze-drying, enable the production of lightweight,
durable, and high-quality supplies, while robust water
purification systems effectively address the risks of
contaminated water sources.

The inclusion of essential nutritional supplements,
including vitamins and minerals, helps meet the
physiological needs of military personnel, enhancing their
energy metabolism, immune defense, and physical
resilience. Furthermore, standardized frameworks like
STANAG 2937 ensure interoperability between allied
forces, guaranteeing consistent access to the necessary
resources across different nations.

With the increasing global concern about safe drinking
water, innovations in desalination and purification
technologies offer promising solutions to mitigate water
scarcity. Techniques such as capacitive deionization, solar-
powered thermal processes, and atmospheric water
harvesting present viable alternatives to traditional reverse
osmosis systems, reducing logistical burdens and
increasing operational flexibility.

Incorporating advanced water purification technologies
into military logistics enhances self-sufficiency and
operational readiness, ensuring that personnel in the most
challenging environments have reliable access to clean
water. Continued investment in these technologies, along
with their integration into combat rations, is crucial for
maintaining the safety, effectiveness, and success of
military missions, even under the most extreme and
resource-limited conditions. By embracing these
innovations and adhering to established standards, military
forces can successfully navigate the challenges of extreme
environments, ensuring mission success without
compromising the well-being of their personnel.
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Abstract— In electro-hydraulic systems (EHS), when
using tach generator feedback, we have high-frequency noise
due to various sources. Precise control of the speed of the
actuator is necessary because the tachometer signal is crucial
for closed-loop control. Therefore, accurate measurements
are essential. In this paper, an analysis of Wiener filter and
low-pass filters used in an electro-hydraulic system with
feedback from the speed of the actuator (hydraulic motor) is
made.

Keywords— Electro-hydraulic systems, Wiener filter, low-
pass filters.

1. INTRODUCTION

Electro-hydraulic systems are used in numerous
applications and industries due to their efficiency and
power. Electro-hydraulic systems provide precision and
speed in production in automated assembly lines, aircraft
control, robotic surgical systems, wind turbine control
systems such as hydraulic blade adjustment mechanisms
and many other areas of application [1, 5, 6, 7, 8, 9].

White noise in sensor feedback can cause various
problems in the control and regulation of the electro-
hydraulic system, and can blur the actual speed values,
leading to inaccurate measurements and less precision in
system control [2, 3, 4, 20, 23, 24, 25].

Unwanted fluctuations in the control signal may occur,
which can lead to system instability and uneven operation.
Due to noise, the controller may react incorrectly to
changes in feedback, resulting in a delay in response or
over-regulation [15, 16, 17].

In systems with adaptive control [10, 11, 12, 22], noise
can make it difficult for the controller to learn, resulting in
inefficient adaptation to changes in operating conditions.
Instability and fluctuations caused by noise can lead to
increased wear on hydraulic components, which reduces

their lifespan. The overall efficiency of the system may
decrease because the controller cannot optimize operation
due to incorrect measurements. Finally, poor system
regulation caused by noise can lead to an increase in energy
consumption, which is economically inefficient.

In conclusion, this can significantly affect the
performance and reliability of an electro-hydraulic system
[18, 19, 21], highlighting the importance of filtering and
signal processing.

II.  MATERIALS AND METHODS

A.  Description of the electro-hydraulic system

Fig. 1 shows an electro-hydraulic system with hydraulic
motor speed control via a pulse width modulator (PWM),
consisting of: 1 — PWM, 2 — DC Motor, 3 — Pump, 4 — tach
generator, 5 — hydraulic motor and 6 — PID Regulator.

PWM

Fig. 1. Frequency response of the Butterworth filter for
different filter orders.

The speed of the hydraulic motor is adjusted by PWM
via the signal received from the feedback sensor /tach
generator/, where the signals from the developed control
optimization filter are transmitted and enters the summing
device. Then is compared with the signal from the setting
device and is processed by the PID regulator.
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B. Filter comparision

A Wiener filter (WF) is a complex statistical filter that
aims to optimally reconstruct a signal from noisy data,
while a low-pass filter (L-PF) is a simpler filter that
removes high-pass components, often used to smooth out
or reduce noise.

TABLE 1 FILTER COMPARISION

Feature Wiener Filter Low-Pass Filter
Goal To optimally estimate To attenuate high-
an unknown signal frequency
from noisy components in a
observations. signal
Approach Based on statistical Based on frequency
principles, minimizing response,
the mean square error attenuating
between the estimated | frequencies above a
and desired signals. cutoff frequency.
Design Requires knowledge of Primarily
the signal and noise determined by the
power spectra cutoff frequency
Adaptivity Can adapt to changes Fixed unless the
in signal and noise cutoff frequency is
characteristics adjusted
Performance Can achieve optimal Performance
performance in the depends on the
mean square error choice of cutoff
sense frequency and the
nature of the signal
and noise.

It would be good to use WF when optimal signal
estimation is crucial, and knowledge of signal and noise
statistics is available.

On the other hand, when a simpler approach is
sufficient and the main goal is to eliminate high-frequency
noise, L-PF are recommended.

In an electro-hydraulic tachometer feedback system, we
have high-frequency noise that can come from various
sources such as:

a) Tachometer noise: Electronic noise, mechanical
vibrations, etc.

b) Hydraulic system noise: Pressure fluctuations, valve
switching noise, etc.

¢) Environmental noise: Electromagnetic interference,
etc.

Precise speed control is required in closed-loop driving,
S0 accurate measurements are essential.

Low pass filter advantages are: Simple,
computationally inexpensive, effective in silencing high-
frequency noise.

Disadvantages: It can lead to phase shift and
slowdown, potentially affecting the stability or
performance of the system.

Wiener filter advantages is: Optimally minimizes the
mean square error, can adapt to changing noise
characteristics.

Disadvantages: Requires knowledge of signal and noise
statistics, can be computationally more complex.

For most practical electro-hydraulic systems, a well-
designed low-pass filter is often sufficient for easier
implementation and adjustment.

It can effectively reduce noise while maintaining
reasonable system response. The reduced computational
burden has fewer requirements on the control system.

let us look at the following factors in which the Wiener
Filter is preferable:

a) Noise characteristics: If the noise is strongly
connected or stationary, the Wiener filter can offer better
performance.

b) System complexity: If computing resources are
plentiful and noise is a significant problem.

C. Principle of operation of the Low-pass filters
a)Butterworth filter

A Butterworth filter is a type of signal processing filter
designed to have the flattest frequency response in the
passband. It is also known as a maximum amplitude flat
filter. It was invented in 1930 by British engineer and
physicist Stephen Butterworth in his paper "On the Theory
of Filter Amplifiers".

The main characteristic of a Butterworth filter is that it
provides a flat frequency response up to a cutoff frequency,
after which this response begins to decline. The cutoff
frequency is the point at which the signal amplitude
decreases by 3 dB. Butterworth filters can be designed with
different orders, with higher orders providing a steeper
decrease in the frequency response after the cutoff
frequency.

Butterworth filters are preferred when it is necessary to
provide a smooth frequency response without ripples in the
passband.

In design, we aim for a response close to the ideal filter.
Finding the exact ideal characteristics is a challenge that
requires complex higher-order filters.

If we increase the order of the filter, the number of
cascaded stages with the filter also increases. But in
practice, we cannot achieve the ideal Butterworth
frequency response. Because it produces excessive ripples
in the passband.

The Butterworth filter provides a mathematically flat
frequency response up to the -3dB cutoff frequency without
any ripples. Frequencies above this limit will roll off at a
rate of -20 dB in a first-order filter.

If you increase the order of the filter, the rate of roll-off
period also increases. And for the second order it is -40 dB.
The quality factor for the Butterworth filter is 0.707.

The fig.2 below shows the frequency response of the
Butterworth filter for different filter orders.
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Gain (dB)
Ideal Response
n=order of filter

n=1

Fig. 2. Frequency response of the Butterworth filter for
different filter orders.

The generalized form of frequency response for nth-
order Butterworth low-pass filter is:

1

H(jw) = —, (1

2n
1+82(i>
wc

where: n- order of the filter, w- operating frequency
(passband frequency) of circuit,
w- cut-off frequency, e- maximum passband gain =
Amax-
The below equation is used to find the value of e.
= @)

where: H; — minimum passband gains and Ho —

maximum passband gain.
b) Savitzky-Golay filter

The Savitzky-Golay filter (S-GF) is a digital filter used
to smooth data while preserving important signal features,
such as peaks and valleys. It was developed by Abraham
Savitzky and Marcel Golay in 1964 and is also known as
the polynomial smoothing filter.

The basic idea of the S-GF is to apply a polynomial fit
to subsets of adjacent data points using the linear least
squares method. This is achieved by convolution, using
convolution coefficients that are applied to all subsets of
the data to obtain estimates of the smoothed signal.

The S-GF is particularly useful in data processing
where it is important to preserve the high-frequency
components of the signal while reducing noise. It is used
where it is necessary to smooth data without significant loss
of information.

Savitzky-Golay smoothing filters tend to filter out less
of the signal's high-frequency content than standard
averaging FIR filters. However, they are less successful at
rejecting noise when noise levels are particularly high.

In general, filtering consists of replacing each point of
a signal by some combination of the signal values
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contained in a moving window centered at the point, on the
assumption that nearby points measure the same
underlying value. For example, moving average filters
replace each data point with the local average of the
surrounding data points. If a given data point has k points
to the left and k points to the right, for a total window length
of L = 2k + 1, the moving average filter makes the
replacement

~ 1
Xg 2 Xg = ZZ?:—}{ Xs +r, (3)

S-GF generalize this idea by least-squares fitting an
nth-order polynomial through the signal values in the
window and taking the calculated crucial point of the fitted
polynomial curve as the new smoothed data point. For a
given point, X

Xs+1
Xs+k

[by + by (tg — kAL) + by (tg — kAE)? + -+ b, (ts — kAL)™]

by + by (tg — 1At) + b, (ts — 1At)% + -+
bo + by (ts — 0AL) + by(t; — 0AL)% + -+
bo + by (ts + 1At) + by(ts + 1A£)% + -+

+ by (ts — 100"
+ b, (t, — 0AD)™
+ b, (ts + 1AE)"

by + by (ts + KAL) + by(ts + kKAL) + -+ by (ts + kAL
[ag + a,(=k) + a, (k)% + - + a, (k)™
ag+a;(—1) + a,(—1)? + -+ a,(—1)"

=[ao + a;(=0) + az(=0)* + - + @, (=0)"|, (4
ap +a; (1) +a,(1)?+ - +a, ()"

o + (k) + (k)2 + - + a, (k)"

or, in terms of matrices,

(1 —k (—k)? - (=)™
1 -2 (-2 =2)"
1 -1 (-D? (=D™|[%
X=11 o 0 0 l =H, (%)
11 12 . |l
1 2 22 . 2"
1k k2 gl
To find the Savitzky-Golay estimates, use the

pseudoinverse of H to compute a and then premultiply by
H:

£=H(HTH)*H"x = Bx. (6)

To avoid ill-conditioning, “sgolay” uses the “qr”
function to compute an economy-size decomposition of H
as H= QR, in terms of which B = QQT.
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It is necessary to compute B only once. The Savitzky-
Golay estimates for most signal points result from
convolving the signal with the center row of B. The result
is the steady-state portion of the filtered signal. The first k
rows of B yield the initial transient, and the final k rows of
B yield the final transient.

¢) Median filter

The main idea of the median filter (MF) is to run
through the signal entry by entry, replacing each entry with
the median of the entry and its neighboring entries. The
idea is like a moving average filter, which replaces each
entry with the arithmetic mean of the entry and its
neighbors. The pattern of neighbors is called the "window",
which slides, entry by entry, over the entire signal. For one-
dimensional signals, the most obvious window is just the
first few preceding and following entries, whereas for two-
dimensional (or higher-dimensional) data, the window
must include all entries within a given radius or ellipsoidal
or rectangular region (i.e., the MF is not a separable filter).

Typically, by far most of the computational effort and
time is spent on calculating the median of each window.
Because the filter must process every entry in the signal,
for large signals, the efficiency of this median calculation
is a critical factor in determining how fast the algorithm can
run. Furthermore, some types of signals use whole number
representations: in these cases, histogram medians can be
far more efficient because it is simple to update the
histogram from window to window, and finding the median
of a histogram is not particularly onerous.

D. Principle of operation of the Wiener filter

A Wiener filter is a signal processing method that is
used to smooth out superimposed noise data and to
optimally recover the original signal. It is suitable for
stationary systems where noise and signal have certain
statistical characteristics (average value and dispersion).
The main purpose of the filter is to minimize the RMS error
between the restored signal and the original one.

The formula for the Wiener filter depends on the noise
covariance matrix and the signal covariance matrix.
Assuming that o2 is the dispersion of noise and that R is
the autocovariance matrix of the signal, it follows that.

W =R(R + 02Dt (7

This matrix can be calculated if the exact statistical
characteristics of the noise and signal are known. In
practical terms, the calculation of W may require
measurements or experimental data to accurately determine
parameters. In case we want to include the specific noise
from the sensors to measure the parameters of the electro-
hydraulic system, we need to model these influences in the
specific dynamic conditions of the measurement mode. The
autocovariance matrix R It usually represents the internal
dynamics of the signal, including the interactions between
the different states of the system.

The Disturbance Matrix (noise) o2 defines the input
noise uncertainty, which, in the case of optimization of
electro-hydraulic systems, determines how noise affects the

spectral components of the signal and how they are
processed to minimize the rms error. This matrix is usually
diagonal, with each diagonal field representing the
dispersion of the corresponding noise signal. Estimates of
states are calculated according to the formula:

X =Wy ®)

where X is the vector of the evaluated states.

E. Development of the Wiener filter design

Implementing a Wiener filter alongside a PID
controller can effectively enhance signal processing and
control system performance by reducing noise and
improving signal estimation.

It was developed linear filter used in signal processing
to minimize the mean square error between an estimated
random process and the desired process. A control loop
feedback mechanism that computes an error value based on
the difference between a desired setpoint and a measured
process variable.

To define the system model let assume we have a
desired signal s(t) that is corrupted by noise n(t) .
Then the observed signal x(t) is:

x(t) = s(®) +n(t) )

The purpose of the Wiener filter is to obtain an estimate

of s(t) from x(t). The estimated value $(t) is.
$(t) = H().x(t) (10)

Here H(f) is the transmission function of the Wiener

filter, which is determined by the spectral properties of the
signal and noise.

The Wiener filter minimizes the following function:

] =E{(s(®) - 3(t))*} (11)
where E{.} is the operator of the mathematical
expectation.

The goal is to design a filter H(f') that minimizes the
mean square error. The transmission function of the Wiener
filter in the frequency space is given by:

Ss (f)

H) = 5 hesa

(12)

where S; (f) is the spectral density of the signal and
S, (f) is the spectral density of noise.

In the simulation, the Wiener filter is implemented by
an FIR (Finite Impulse Response) filter that approximates
the desired transmission function H(f). In the MATLAB
the firl function generates an FIR filter that can be set to a
certain frequency limit (in this simulation, 0.3 is set).

After filtration (fig.3), the output of the Wiener filter
(the filtered signal) is fed to the PID regulator, which
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controls the system based on the values obtained. The
mathematical model of the PID regulator is:

de(t)
pm (13)

u(t) = Kye(t) + K; [ e(t)dt + K,

where e(t) is the error between the set value and the
actual value, u(t) is the output of the PID regulator.

III.  RESULTS AND DISCUSSION

To simulate the ongoing processes in the system, the
software product Matlab Simulink, Sim hydraulic, Sim
Electronic is used.

In Fig.3. shows the signal from the tach generator and
the transients of the change in the speed of the hydraulic
motor at different through sections of the load throttle
valve. The red curve shows the signal filtered by the
Wiener filter.

Wiener Filter on Step Signal from Tachometer

Noisy Signal
214 — Fitered signal (wiener)
— original step Signal

Fig. 3. Signal from the tach generator and the transients of the change
in the speed of the hydraulic motor at different through sections of the
load throttle valve.

The developed simulation model makes it possible to
study the dynamic characteristics of an electro-hydraulic
drive system with rotary movement of the actuator.
Transients obtained under different loads and input signals
allow to analyze the behavior of the system and evaluate
the influence of different parameters of setting the analyzed
types of filters.

When using a Wiener (see fig.4) filter with an
appropriate setting, a significant reduction in the identified
error in the system is achieved and the quality of the
transient process is improved.

The use of hydraulic and electro-hydraulic systems to
drive several machines and assemblies in the industry
places different demands on the quality of work and the
accuracy of work in static and dynamic modes.

As a result of the simulations and analysis of the
electro-hydraulic speed control system of a hydro motor, it
can be concluded that the error is greater between the set
value and the actual value of the signal from the speed
sensor in the low-pass filters compared to the Wiener filter
under the same conditions. As can be seen in Fig.4. With
the reduction of the load (opening the load throttle) in the
first minute of the simulation, the speed response from the
tach generator changes ramp wise.

DC motors can be used in a variety of applications in a
wide range of prices and sizes. Therefore, the PWM control
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system of the DC motor driving an unregulated pump is
energy efficient and cheaper to implement.

Noisy Signal

Butterworth Filtered Signal

Time

Median Filtered Signal

06 o8 1o 12 14 1 18 20
T

Fig. 4. Comparative presentation of simulated filter results.
The main reason for using pulse width modulation in DC
motor regulation is to avoid excessive heat dissipation in
linear amplifiers. The problem of dissipation often leads to
high heat absorption, because of which forced cooling.
PWM amplifiers can significantly reduce this problem
because they have much higher power conversion
efficiency. In addition, the input signal can be directly
received from any digital system without the need for
digital-to-analog converters.

IV. CONCLUSIONS

Evaluating the selected filter in a simulation
environment can evaluate its performance under various
conditions. Evaluating the filter on the actual system and
fine-tuning the parameters based on observed performance
reduces the time required to implement the system, as
potential problems can be identified and resolved.

Simulation and analysis of several types of filters for
processing signals with sensor noise in electro-hydraulic
systems provide significant benefits, including system
optimization, increased reliability, improved signal quality,
flexibility, and ease of implementation. These benefits lead
to more efficient and reliable systems that can meet the
specific requirements of different applications.

The main advantage of the Wiener filter over low-pass
filters is its ability to optimize the signal-to-noise ratio
(SNR). While low-pass filters reduce the high-frequency
components of a signal, they can also reduce useful
information and introduce distortion. The Wiener filter, on
the other hand, uses the statistical properties of the signal
and noise to minimize the mean square error between the
filtered and the original signal.
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In this way, the Wiener filter can better restore the
original signal and preserve the useful information, while
reducing noise. This makes it more effective in situations
where preserving signal quality is important.
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Experimental Study of the Frequency
Characteristics of an Electropneumatic Tracking
System with High Speed Pneumatic Valves and
PWM Control
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Abstract— This paper describes an experimental study
on the frequency characteristics of an electropneumatic
tracking system with a high-speed pneumatic on/off valve
(HSPV) and Pulse Width Modulation (PWM) control. A
demonstration experimental test bench has been developed
to analyze the Bode diagrams of magnitude and phase for
an electropneumatic tracking system with a double-rod
pneumatic cylinder, and the system's critical frequency has
been determined. A specialized virtual instrument is used
for control and data acquisition. The process control and
data processing are performed automatically by a computer
and the corresponding NI interface board. The results are
presented in graphical form and analysis of the obtained
Bode Diagrams was made.

Keywords — critical frequencies, electropneumatic
positioning  system, frequency responses, high speed
pneumatic valves, PWM control.

I.  INTRODUCTION

Electropneumatic tracking systems offer several
advantages—they are fast-acting, reliable, and easy to
maintain. Traditionally, they are built using a proportional
valve or a servo valve, which are high-cost pneumatic
control components. However, designing a pneumatic
tracking system with high

speed pneumatic on/off valves (HSPV) and PWM control
enables similar advantages at a lower cost.
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The high-speed pneumatic on/off valve (HSPV) is a
commonly used and fundamental component in modern
digital fluid power control systems. As a key control
element, the dynamic characteristics of HSPV influence
the response of the entire pneumatic tracking system.

Due to air compressibility, the adverse effects of
friction, and low damping properties, pneumatic devices
require complex control strategies. Pneumatic actuation
systems are widely used in CNC machines, aviation
technology, and other applications, where they must meet
strict requirements in both static and dynamic operating
modes [1],[3],[5].

To analyze electropneumatic tracking systems and
design control algorithms, frequency characteristics
(amplitude-frequency and phase-frequency) are widely
used to describe the system’s dynamic properties.
Experimental determination of frequency characteristics
allows for the development of accurate mathematical
models, which can be utilized in system design to achieve
specific performance and precision levels [8].

A demonstration research test bench has been
developed for real-time control and investigation of an
electropneumatic tracking system. This test bench enables
the determination of frequency characteristics and the
critical frequency range of an electropneumatic tracking
system under dynamic conditions.

In many cases, electropneumatic systems must meet
requirements not only for precise tracking of input signal
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variations but also for high response speed [9], [18], [20],
[24].

The response speed of an electropneumatic system is
characterized by two key parameters:

Response time — The time required for the output
signal to match the input signal. Fast systems exhibit
minimal response times.

Natural (critical) frequency — indicates the rate at
which the electropneumatic system can respond to signal
variations per second.

\
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Fig. 2. Schematic Diagram of the High-Speed Pneumatic On/Off
Valve with PWM Control

1 - screw compressor; 2 - receiver; 3 — throtle valve; 4 — presure ruducting
valve; 5 - air preparation system preparatory; 6 - flowmeter; 7 - pressure
transducer, 8, 9, 10, 11 high speed pneumatic on/off valve; 12 -
potentiometric sensor, 13 - double-rod pneumatic cylinder, 14 - terminal
board (NI); 15 - power supply unit; 16 — Valve Controler, 17 - Power
saving unit, 18 — PC,

II. MATERIALS AND METHODS

A. Experiment Description

The demonstration research test stand is shown in Fig.
1. The control of the experimental process, data collection
and processing, and data archiving are performed

System with High Speed Pneumatic Valves and PWM Control

automatically by a computer and an interface board
manufactured by National Instruments. For the purposes
of this experiment, specialized software—LabVIEW—is
used to manage the experimental processes, allowing an
unlimited number of real-time measurements and data
processing.

The investigated system consists of the following
elements: a screw compressor, a high-speed pneumatic
on/off valve, a double-rod pneumatic cylinder AIGNEP
MIJ0250125, and measuring equipment, a regulator, and
an energy-saving block [1], [3], [5], [ 6]

The position control of the pneumatic cylinder with a
double-ended rod is implemented using four HSPV- (SX
12 F-AH) valves, operating as follows. When all four
valves are closed (Off), the piston remains in the required
position. When Valve 1 and Valve 4 are open (On), the
piston moves to the left. Similarly, when Valve 2 and
Valve 3 are open, the piston moves to the right, thus
performing a reciprocating motion (Fig. 2). The solenoid
is actuated using PWM technique, with control
implemented

through analogue circuits. A virtual instrument for
control and dynamic process analysis in the electro-
pneumatic tracking system has been developed [8],[13].

The developed virtual instrument enables both the
control of the electro-pneumatic tracking system and its
real-time analysis by collecting and processing data from
displacement, flow rate, and pressure sensors. The virtual
instrument generates sinusoidal PWM control signals. The
formation of sinusoidal voltage through PWM is an
effective way to control the HSPV, allowing smooth
modulation depth adjustment. Using PWM significantly
improves energy efficiency while maintaining high-
quality process control [22], [24].

The variation of the input signal and the displacement
of the pneumatic cylinder are recorded using the same
virtual instrument. At low input signal frequencies, the
piston of the pneumatic cylinder oscillates at the same
frequency as the input signal. As the input frequency
increases while maintaining the signal amplitude, the
oscillation frequency of the cylinder also increases.
However, at high frequencies, the pneumatic cylinder can
no longer follow the input signal variations, and its
oscillation amplitude decreases. The frequency at which
this begins to occur is defined as the critical frequency [2],

(6], [8].

Natural (critical) frequency — indicates the rate of
input signal changes to which the electropneumatic
system can respond.

The frequency response of the system is determined
by two graphs:

- Amplitude-Frequency Response (AFR)

The ratio of amplitude at measured frequencies to the
amplitude at very low frequencies is recorded in decibels
(dB) and plotted on a logarithmic scale. An amplitude
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ratio of -20 dB means that the amplitude at a given
frequency is ten times smaller than the amplitude at low
frequencies. Plotting the amplitudes for all measured
frequencies yields the amplitude-frequency response [7],
[15].

- Phase-Frequency Response (PFR)

The delay of the output signal relative to the input
signal is measured in angular degrees. A phase delay of
360° means that the output signal lags by one full cycle.
The graphical representation of phase shift as a function
of frequency is known as the phase-frequency response.

When the input signal amplitude changes by 10%, the
cylinder should move only a small distance. Therefore, it
can respond to such input signal changes even at high
frequencies. The amplitude and phase characteristics
deviate from the horizontal line only at high frequencies.
When the input signal amplitude changes by 90%, the
distance the pneumatic cylinder needs to travel is nine
times greater. It almost does not follow the input signal
variations. The amplitude and phase characteristics also
deviate from the horizontal line at low frequencies.

- Critical Frequency

The critical frequency value is obtained from the
amplitude-frequency response. It is the frequency at
which the amplitude drops to 70.7% or -3 dB [2],[6].

The limitations of using HSPV- “SX 12 F-AH
(0.15~0.7 MPa) SMC Japan” with PWM control are
determined by the maximum pressure specified by the
manufacturer.

B. Order of Experiment Execution

1. The selected operating pressure for the experiment
is 4 bar (it is possible to conduct the experiment at
different pressures).

2. The chosen parameters for the operation of the
virtual instruments created for the experiment are
configured. A sinusoidal input signal with different
amplitudes—0.3 V, 0.5 V, and 0.7 V—and a frequency
ranging from 0.7 Hz to 5 Hz is set. The initial position of
the electro-pneumatic tracking system is established. After
preliminary tests of the control and measurement circuit,
the experimental study begins. The obtained results, the
input signals, as well as the assigned output signals, are
displayed on the screen, recorded, archived, and processed
to be presented graphically. After recording is completed,
the system returns to its initial position [2].

3. The experiment is repeated as many times as
necessary to eliminate errors.

For the experimental study of the frequency
characteristics of the pneumatic positioning system, it is
assumed that the instruments have significantly smaller
time constants than the tested system. In practice, their
transient processes occur much faster, and they are
considered ideal first-order aperiodic units with time
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constants significantly smaller than the time constant of
the investigated system [2].

III. RESULTS AND DISCUSSION

Figure 3 presents the amplitude-frequency (AFR) and
phase-frequency response (PFR) of the pneumatic
positioning system at an input signal amplitude of 0.3 V.
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Fig. 3. AFR and PFR at an input signal amplitude of 0.3 V.

Figure 4 presents the AFR and PFR of the pneumatic
positioning system at an input signal amplitude of 0.5 V.
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Fig. 4. AFR and PFR at an input signal amplitude of 0.5 V.

Figure 5 presents the AFR and PFR of the pneumatic
positioning system at an input signal amplitude of 0.7 V.
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Fig. 5. AFR and PFR at an input signal amplitude of 0.7 V.

Figure 6 presents the AFR of the pneumatic
positioning system at input signal amplitudes of 0.3 V,
0.5V,and 0.7 V.
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Figure 7 presents the PFR of the pneumatic
positioning system at input signal amplitudes of 0.3 V,
0.5V,and 0.7 V.
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Fig. 7. PFR at input signal amplitudes of 0.3 V, 0.5V, and 0.7 V.

IV. CONCLUSIONS

The conducted experimental study has yielded
frequency characteristics of an electro-pneumatic tracking
system with high-speed pneumatic valves (HSPV) and
PWM control at different input signal amplitudes—0.3 V,
0.5V, and 0.7 V. The obtained characteristics confirm the
nonlinear nature of the system, as the frequency
characteristics vary depending on the amplitude of the
input signals.

From the presented characteristics, the system’s
critical frequency can be determined. It remains within
narrow limits for different input signals, ranging from 0.8
Hz to 1.5 Hz, as defined by the PFR at -90°.
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Abstract— This paper presents a demonstration
experimental test bench for investigating the dynamic
characteristics of an electropneumatic positioning system
with High Speed Pneumatic Valves (HSPV) and Pulse
Width Modulation (PWM) control. A specialized virtual
instrument has been developed for real-time control, data
acquisition, and processing. The transient response of the
electropneumatic positioning system is examined under
various single-step input signals with frequencies ranging
from 30 Hz to 70 Hz and varying duty cycles from 30% to
90%. The results are presented graphically, demonstrating
that the system exhibits better linear characteristics
compared to conventional pneumatic actuation systems.

Keywords— dynamic characteristics, electropneumatic
positioning system, high speed pneumatic valves, PWM
control.

1. INTRODUCTION

Pneumatic actuation systems have been utilized in
engineering for many years. In the past, they were
primarily used for movement between two positions with
end-of-travel switches due to their poor dynamic and
nonlinear characteristics [4],[6],[12]. Advancements in
technology, electronics, and microprocessor systems have
led to a growing adoption of pneumatic actuation systems
in the industry. They are widely applied in robotics,
aviation, CNC machines, metallurgy, and many other
technologies. These systems are environmentally friendly
and energy- saving.

In most applications, pneumatic actuation systems are
utilized for position control of the pneumatic actuator
when using pneumatic servo valves or proportional
distributors. However, pneumatic servo valves are
expensive, and proportional distributors do not offer the

Hristo Nedev Hristov
dept. Power Engineering
Technical University of Gabrovo
Center of competence "Smart mechatronic, eco-and energy-
saving systems and technologies"
Gabrovo, Bulgaria

christo@tugab.bg

fastest response time due to their deadband sensitivity [1]-
[51,[10].

To find an alternative technical solution for the precise
positioning of pneumatic actuation systems, switching
valves with digital control techniques such as Pulse Width
Modulation (PWM) can be used to achieve linear dynamic
flow control characteristics with the fastest possible
response time and significantly reduced electrical power
consumption. Conventional single-stage solenoid on/off
valves are bulky and have low dynamic characteristics.
These valves make fine positioning control difficult due to
the valve’s response limitations. Therefore, a high speed
switching valve is required to achieve high performance
[11],[13],[16], [18], [20].

The primary reason for using PWM control for fast
switching is to reduce the valve response time. These
valves are characterized by miniaturization of the main
overall dimensions of the housing and internal elements,
as well as advanced electronics. Many researchers have
applied PWM techniques in controlling pneumatic
switching valves and have obtained positive results. The
PWM signal frequencies used depend on the valve
response time and typically range between 20 Hz and 100
Hz. The relationship between pulse width and flow rate
has always been considered linear.

The standard equation for flow rate through a
pneumatic valve is defined in ISO 6358 (2013) and is
used in almost all mathematical models of high speed
switching pneumatic valves. As a result, further in-depth
research is required to examine the dynamic
characteristics of electropneumatic positioning systems
with High Speed Pneumatic Valves (HSPV) and PWM
control. More accurate mathematical models should be
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developed to describe the dynamics of position control in
electropneumatic positioning systems utilizing HSPV and
PWM control [20], [21].

II.  MATERIALS AND METHODS

The HSPV wused in this study of the dynamic
characteristics of the electro-pneumatic positioning
system is the SX 12 F-AH (0.15~0.7 MPa) from SMC
Japan, with a response time of less than 0.4 ms.
Description and Construction of HSPV. The HSPV is
designed as an electromagnetic, on-off, 2/2 valve. The
plunger consists of a rectangular plate made of magnetic
material with a specific geometry. During operation, the
coil lifts the plunger, and when deactivated, it returns to
its initial position due to pressure (a spring is not
involved in the wvalve’s operation). A specialized
pneumatic demonstration stand has been developed, as
shown in Figure 2, for experimental studies on dynamic
processes in pneumatic actuation systems with HSPV.

.
P - elel
HE =

Fig. 1 Illustrates the schematic of the HSPV - SX 12 F-
AH, SMC Japan.

1. Cover cap; 2. Upper panel with an electromagnetic coil;
3. Second panel housing the working zone of the plunger; 4.
Lower panel with connectors for valve connection, inlet, and

outlet; 5. Plunger (plate made of magnetic material).

The stand is equipped with a state-of-the-art data
acquisition system (DAQ) and a specialized virtual
instrument that allows real-time investigation of transient
processes in the electro-pneumatic positioning system
with HSPV and PWM control.

The control of the piston position in the pneumatic
cylinder with a double-extended rod, "AIGNEP
MJ0250125," within the electro-pneumatic system is
achieved using four high-speed pneumatic valves, as
shown in Figure 1. The operation is schematically
illustrated in Figure 2. When all four valves are closed,
the piston remains in the desired position. When Valve 1
and Valve 4 are opened, the piston moves forward.
Similarly, when Valve 2 and Valve 3 are opened, the

System with High Speed Valves and PWM

piston moves backward. The solenoid is actuated using
pulse-width modulation (PWM) control, implemented
through analog circuits. A virtual instrument has been
created using the "LabVIEW" software for managing and
investigating the dynamic processes in the electro-
pneumatic positioning system with HSPV and PWM
control, along with the corresponding NI interface board
[4].

The closing position of the valve is determined by the
maximum force generated by the flow acting on the
plunger. This maximum force is equal to the force
exerted by the static pressure, which in turn can be
calculated based on the pressure in the closed state and
the surface area over which it acts [21].

The developed virtual instrument enables both the
control of the electro-pneumatic tracking system and its
real-time investigation by collecting and processing data
from sensors measuring displacement, flow rate, and
pressure [1],[5],[10].

. Fig. 2 Specialized pneumatic demonstration stand

1 - screw compressor; 2 - receiver; 3 — throtle valve; 4 —
presure ruducting valve; 5 - air preparation system preparatory; 6
- flowmeter; 7 - pressure transducer, 8, 9, 10, 11 high speed
pneumatic on/off valve; 12 - potentiometric sensor, 13 - double-
rod pneumatic cylinder, 14 - terminal board (NI); 15 - power
supply unit; 16 — Valve Controler, 17 - Power saving unit, 18 —
PC,

The virtual instrument generates both single-step input
signals and sinusoidal pulse-width modulated (PWM)
control signals. The formation of single-step signals and
sinusoidal voltage through pulse width modulation
(PWM) is crucial for effective control of the HSPV,
allowing smooth modulation depth adjustment. PWM
implementation results in significant energy savings
while maintaining high process control quality [4].

The measurement of input signals, piston rod
displacement, flow rate, and the pressures in the left and
right chambers of the double-rod pneumatic cylinder is
recorded using the same virtual instrument. [10], [14],
[20], [21].
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Displacement of the rod of the pneumatic cylinder,
A T ] _— 30Hz pressure in the left and right chambers of the cylinder and
i the flow rate entering the electropneumatic positioning
system. The results are shown graphically. The selected
operating pressure for the electro-pneumatic positioning
system is 4 bar.

30 Hz

| / 0
/ %
o Duty Cycle

Fig. 3. Displacement of the rod of the pneumatic cylinder at a
frequency of 30 Hz and different duty cycle.

Figure 3, 4, 5, 6. Shows experimental transients with
PWM at frequencies of 30 Hz and different duty cycles i Sy
from 30% to 90%. 0

Fig. 6. Variation of the flow rate entering the
electropneumatic positioning system.

Figure 7, 8, 9, 10. Shows experimental transients with
PWM at frequencies of 50 Hz and different duty cycles
from 30% to 90%.

Fig. 4. Pressure drop in the left chamber of the
pneumatic cylinder at a frequency of 30 Hz and a
different dudy cycle.

When a single-step input signal is applied, the
pneumatic cylinder rod moves a precisely defined
distance and stops at the set position. The pneumatic
cylinder can be controlled with different PWM
frequencies and duty cycles.

Fig. 7. Displacement of the rod of the pneumatic cylinder at a
frequency of 50 Hz and different duty cycle.

50 Hz

Fig. 5. Pressure washout in the right chamber of the pneumatic

: ' Fig. 8. Pressure drop in the left chamber of the pneumatic cylinder at
cylinder at a frequency of 30 Hz and a different dudy cycle.

a frequency of 50 Hz and a different dudy cycle.
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Displacement of the rod of the pneumatic cylinder,
pressure in the left and right chambers of the cylinder and
the flow rate entering the electropneumatic positioning
system. The results are shown graphically.

50 Hz

Fig. 9. Pressure washout in the right chamber of the
pneumatic cylinder at a frequency of 50 Hz and a different
dudy cycle.

50 Hz

q,Umin

Fig. 10. Variation of the flow rate entering the
electropneumatic positioning system.

Figure 11, 12, 13, 14. Shows experimental transients
with PWM at frequencies of 50 Hz and different duty
cycles from 30% to 90%. Displacement of the rod of the
pneumatic cylinder, pressure in the left and right
chambers of the cylinder and the flow rate entering the
electropneumatic positioning system. The results are
shown graphically.

From the resulting transients, at 30 Hz frequency and
Duty Cycle change, the following is observed:

At 20% Duty Cycle, there is a time delay of the spent
input signal of 0.08 seconds. The rod travel time of the
pneumatic cylinder is from 0.08 to 0.22 s for a distance of
70mm. The average speed is 0.50 m/s.

System with High Speed Valves and PWM

0% Duty Cycle

Fig. 11. Displacement of the rod of the pneumatic cylinder at a
frequency of 90 Hz and different duty cycle.

Fig. 12. Pressure drop in the left chamber of the pneumatic cylinder
at a frequency of 90 Hz and a different dudy cycle.

Fig. 13. Pressure washout in the right chamber of the pneumatic
cylinder at a frequency of 90 Hz and a different dudy cycle.

At 90% Duty Cycle, the time delay of the spent input
signal is 0.08 seconds. The rod travel time of the
pneumatic cylinder is in the time range, measured in

seconds, of 0.03 to 0.10 for a distance of 70 mm. The
average speed is 1.00 m/s.
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Fig. 14. Variation of the flow rate entering the electropneumatic

From the resulting transients, at a frequency of 50 Hz
and Duty Cycle change, the following is observed:

At 20% Duty Cycle, there is a time delay of the spent
input signal of 0.18 seconds. The rod travel time of the
pneumatic cylinder is from 0.18 to 0.37s for a distance of
70mm. The average speed is 0.368 m/s.

At 90% Duty Cycle, the time delay of the spent input
signal is 0.05 seconds. The rod travel time of the
pneumatic cylinder is in the time range, measured in
seconds, of 0.05 to 0.13 for a distance of 70mm. The
average velocity is 0.966 m/s.

TABLE 3 EXPERIMENTAL RESULTS AT 90 Hz

positioning system. Duty 90 Hz
The measurements and the results obtained in percent Cycle Signal Move time, | Distance, C ms
fill between 20 and 90% are described in TABLE 1 delay time,s S mm ’
20% 0.24 0.24-0.45 70 0.333
TABLE 1 EXPERIMENTAL RESULTS AT 30 Hz
0, -
30 Hz 30% 0.17 0.17-0.36 70 0.368
Duty
Cycle Sign'al Move time, Distance, C, m/s 40 % 0.13 0.13-0.28 70 0.467
delay time,s N mm
20% 0.08 0.08-0.22 70 0.500 50% 0.12 0.12-0.26 70 0.500
30% 0.07 0.07-0.19 70 0.583 60% 0.10 0.10-0.23 70 0.538
40 % 0.06 0.06-0.17 70 0.636 70% 0.09 0.09-0.21 70 0.538
50% 0.05 0.05-0.15 70 0.700 80% 0.08 0.08-0.18 70 0.700
60% 0.04 0.04-0.13 70 0.707 90% 0.07 0.07-0.17 70 0.700
70% 0.03 0.03-0.11 70 0.795 The measurements and the results obtained in percent
fill between 20 and 90% are described in TABLE 2
80% 0.03 0.03-0.10 70 1.000 . .
’ From the resulting transients, at a frequency of 90 Hz
90% 0.03 0.03-0.10 70 1.000 and Duty Cycle change, the following is observed:
At 20% Duty Cycle, there is a time delay of the spent
input signal of 0.24 seconds. The rod travel time of the
TABLE 2 EXPERIMENTAL RESULTS AT 50 Hz pneumatic cylinder is from 0.24 to 0.45s for a distance of
70mm. The average speed is 0.333 m/s.
Duty 50 Hz
0 . .
Cycle Signal Move time, | Distance, o . At QOA Duty Cycle, the time delay of the' spent input
delay time,s s mm s M/S signal is 0.07 seconds. The rod travel time of the
neumati linder is in the time range, measured in
20% | 0.18 0.18:037 | 70 0.368 pneumatic cylinder is ¢ time range, measured
seconds, of 0.07 to 0.17 for a distance of 70mm. The
30% | 0.14 0.14-029 | 70 0.467 average speed is 0.70 m/s.
The measurements and the results obtained in percent
40% | 0.10 0.13-0.24 | 70 0.636 fill between 20 and 90% are described in TABLE 3.
50% 0.08 0.08-0.19 70 0.636 CONCLUSIONS
60% 0.07 0.07-0.17 70 0700 The . gxperlmental studies on .the dyparmc
characteristics of the electro-pneumatic positioning
70% 0.06 0.06-0.15 70 0.778 system with High Speed Pneumatic Valves (HSPV) and
Pulse Width Modulation (PWM) control have yielded
80% | 0.05 0.05-0.13 70 0.875 transient processes—flow rate of the system, pressure in
the left and right chambers of the double-rod pneumatic
90% 0.05 0.05-0.12 70 0.966 cylinder, and displacement of the cylinder rod—at
different input signal values, with frequencies ranging
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from 30 Hz to 70 Hz and varying duty cycles from 30% to
90%.

The PWM allows to control the speed of the
pneumatic cylinder with a double out rod, as well as to
monitor the input signal time (delay time). The pressures
in the left and right chambers of the pneumatic cylinder
show instantaneous response as well as the flow rate
entering the system.

The obtained characteristics confirm the improved
linear properties of the electropneumatic positioning
system, which allows for its broad application in the
industry.
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A study of the Boilover Phenomenon.
Experimental Determination of Mass Burning
Rate and Boilover Time
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Abstract- The phenomenon of “boilover” a catastrophic
event characterized by the explosive ejection of burning
liquid from heated storage tanks, poses significant safety
risks in industrial settings. This study investigates the critical
parameters influencing boilover, such as mass burning rate
and time to onset, utilizing a meticulously designed
experimental apparatus that simulates real-world conditions
on a reduced scale. The experiment setup includes a
combustion chamber, precise thermocouple arrays for
temperature monitoring, and scaled-down oil storage models
to replicate the thermal dynamics observed in actual tanks.
By observing the combustion process from its initiation to the
critical boilover event, this study not only tracks the
progressive temperature changes but also identifies specific
precursor signals of impending danger. The research
employs a combination of direct observation and
sophisticated data analysis techniques to dissect the
interactions between the burning fuel and the underlying
water layer, crucial for understanding the boilover
mechanism. Enhanced by mathematical modeling, the
findings propose predictive tools that forecast the timing of
boilover, enabling preemptive safety measures. Ultimately,
this study aims to refine risk assessment practices and
improve preventive strategies, thereby safeguarding lives
and property against one of the most dramatic threats in fire
safety management when handling and storing flammable
liquids.

Keywords- boilover, experiment, mass burning rate, time to
boilover.

I INTRODUCTION

The occurrence of "boilover" in storage tanks presents
significant safety risks within industries handling
flammable and combustible liquids, characterized by a
sudden, violent ejection of burning fuel from heated storage
vessels. This event drastically escalates fire intensity,
threatening infrastructure integrity, environmental safety,

Stefan Parvanov
Faculty of Fire Safety and Civil Protection
Academy of the Ministry of Interior
Sofia, Bulgaria

sip_81@abv.bg

and posing extreme hazards to emergency responders,
including firefighters engaged in suppression and rescue
operations [1], [2], [3].

Historical incidents, laboratory experiments, and
theoretical analyses underscore the critical necessity of
comprehensive research into boilover phenomena to
enhance preventive strategies and improve emergency
responses.

Boilover typically occurs during fires involving storage
tanks containing oils, petroleum products, alternative fuels,
or vegetable oils layered atop water, which may accumulate
due to condensation, leakage, or firefighting activities. The
mechanism involves complex thermal and physical
interactions, notably heat transfer from the burning fuel to
an underlying water sublayer, creating conditions for
explosive vaporization and ejection of fuel [4]. The
boilover process occurs in distinct stages, including the
steady burning stage, "slop over," "froth over," and the
violent "boilover" itself. During steady burning, a hot layer
forms and gradually propagates downward into the fuel
layer. "Slop over" describes discontinuous frothing releases
of fuel, generally from one side of the tank, while "froth
over" represents a continuous, less intense release akin to
rolling liquid. Finally, "boilover" constitutes the most
violent and hazardous stage, characterized by explosive
fuel ejection and fireball formation [5].

Several researchers have provided critical insights into
these mechanisms. [6] investigated steady-state
combustion dynamics of oil slicks on water, establishing
foundational thermal transfer relationships widely
referenced in boilover studies [7].

In-depth analyses furthered understanding through
models predicting boilover onset based on experimental
data, emphasizing thermal interactions between fuel layers
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and water substrates [2]. This paper highlighted specific
combustion characteristics of crude oil, detailing the
precursors and conditions necessary for boilover
occurrence through extensive experimental validation of

(3]

Fundamental insights into liquid fuel combustion
dynamics and diffusion burning characteristics essential to
boilover studies were pioneered by [3], [8] who provided
critical empirical data and theoretical models still widely
utilized today. The complexities involved in heat
propagation through layered liquids, especially heat
accumulation in water sublayers, were rigorously
addressed through mathematical models employing inverse
Stefan problems, greatly enhancing predictive accuracy

[9].

Further, [4]provided comprehensive theoretical
frameworks on fire dynamics, crucial for conceptualizing
boilover phenomena within broader fire safety contexts.
[10] complemented this theoretical knowledge by
advocating detailed experimental modeling to validate
predictive theories effectively, bridging gaps between
empirical data and theoretical predictions.

Despite  significant  advancements,  systematic
validation of boilover predictive models remains limited,
particularly regarding diverse fuel properties and mass
burning rate influences. This study aims to address these
gaps by systematically quantifying key parameters, such as
mass burning rate, temperature gradients, and boilover
onset timings under controlled experimental conditions.
Ultimately, this research seeks to refine predictive models,
enhancing industrial safety protocols and emergency
response  strategies, significantly — mitigating the
catastrophic impact of boilover incidents.

II.  MATERIALS AND METHODS

The prediction of the time required for the onset of the
"boilover" phenomenon in a burning tank containing oil,
petroleum products, alternative fuels, and vegetable oils is
of utmost importance. This allows firefighters on the scene
to be alerted, enabling the timely evacuation of all
individuals near the fire. Accurate prediction of the
phenomenon's onset time necessitates information about
the type and quantity of the stored substance, as well as the
presence of water in the tank.

To develop a model for predicting the boilover onset
time, it is essential to study the formation and growth of the
hot layer. Subsequently, an accurate profile of the heat
transfer rate between the hot layer and the underlying fuel
must be established, along with the heat transfer from the
heated tank walls to the fuel layers beneath the burning one.

Research shows that boilover occurs within seconds
after the water layer within the fuel reaches a temperature
of 100°C. Therefore, a precise analysis of the temperature
interface between the water and fuel layers is a viable
method for predicting the phenomenon.

Due to the large size of fuel tanks, heat transfer within
them is significant. Consequently, cooling the tank walls

Boilover Time

has little influence on the formation of the hot layer and,
therefore, on the occurrence of boilover.

Materials Used:

e Combustion Chamber: A controlled environment
where the burning experiments are conducted.
This chamber is designed to safely contain the fire
and prevent external influences;

o Qil Storage Tank Models: Scaled-down versions
of real oil storage tanks, typically made from
metal, used to simulate real-world scenarios.
These models are filled with oil and a layer of
water to mimic the conditions found in industrial
storage tanks;

o Thermocouples: Used to measure temperatures at
various points within the tank. These are essential
for monitoring the progression of heat through the
layers of oil and water.

Methods employed:

o  Experimental Setup: The experiment involves
setting up the scaled-down tank models within the
combustion chamber. These tanks are filled with
a predetermined ratio of oil and water;

o  Data Collection: Temperature data collected from
the thermocouples are logged continuously
through a data acquisition system. This data is
crucial for mapping the temperature gradient and
for modeling the conditions leading to boilover;

e Data Analysis: The collected data (temperature
and oil level reading) are analyzed to identify the
key thermal dynamics and physical behaviors that
precede a boilover event. This analysis helps in
refining predictive models for boilover.

The expulsion refers to the spilling of the tank's
contents over its entire external surface. The spreading of
burning fuel poses significant risks to the environment,
equipment, and human safety. In the study [9] reported the
formation of a hot zone within the fuel layer (crude oil and
kerosene) during the combustion process. The mechanism
behind the formation of such a hot zone in the fuel layer
examines the process of distillation of fuel components and
the heat transfer toward the water sublayer and the tank
walls.

Both models are developed in the study of [10]. The
reason for selecting lies in their ability to incorporate
variable values derived from the experimental setups.

t, = —20.5235 + 557.20435—% (1)

t, = Time to boilover occurrence (min).
Ho = Initial thickness of the fuel layer (m).
D = Diameter of the tank (m).

This model assumes that the time to boilover is influenced
by the initial thickness of the fuel layer and the diameter of
the tank. It suggests a linear relationship with these
variables.
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_ Ho

ty = o~ —k(Ho + Hy) @

Vhz
t, = Time to boilover occurrence (min).

Vi = Growth rate of the hot zone (m/min).

Ho = Initial thickness of the fuel layer (m).

Hw = Thickness of the water layer (m).

k = Coefficient, where k=0k = 0k=0 if the fuel temperature
is below its ignition temperature, and k=lk = lk=1
otherwise.

Ah

Vi = 22 &)

Ah = distance between the first and the third thermocouple
(m).

At = The time between thermocouple three reaching 100
°C and thermocouple one reaching 100 °C (min).

This correlation accounts for the growth rate of the hot
zone, the initial thickness of the fuel layer, and the
thickness of the water layer beneath the fuel. It also
introduces a coefficient that varies depending on whether
the fuel temperature is below its ignition temperature.

III. RESULTS AND DISCUSSION

During the experimental study of the boilover
phenomenon, six experiments were conducted using
flammable liquids (diesel fuel, motor oil and sunflower oil)
with varying amounts of fuel added to the system. In the
initial experiments, the boilover effect was not observed,
which can be attributed to insufficient time for the
development of a "hot layer" beneath the fuel surface.
Additionally, the distillation of the fuel occurred rapidly,
predominantly yielding heavier distillates that did not
sustain burning effectively.

Fig. 2. Extinguishment due to the insufficient amount of fuel.

As the experiments progressed, more fuel was added to
the crucible, increasing the energy within the system. This
adjustment facilitated the development of the "hot layer"
essential for the onset of boilover. This layer acts as a
thermal reservoir, gradually heating the underlying non-
flammable layer (typically water), leading to the eventual
boilover effect. During the experiments the "boilover"
phenomenon was observed with the presence of all its
stages.
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Fig. 2. Stages of boilover occurrence.

The results from the six experiments and the
correlations employed are shown in Table 1. Each
experiment investigated variables such as fuel layer
thickness, heat wave propagation and the dynamics of
temperature distribution leading to ,,boilover”.

TABLE 1 STUDY RESULTS

Ne \—4
o
o 8 B
3 = | = |&% |5 2
£ E E g g o
= = ~ 2 &0 o
g = = & g =S
g g g g g 8
g5 | E g S| E»| 8 ¢
5z o S E o g §
— v o b1 b1 = 2 g 3
g gz & | B | el E5| 58
= o a Q Q TE| & &8
1. Diesel * * * * *
fuel
2. Diesel * * * * *
fuel
3. Diesel 16,3 12,68 8,8 0,005 | 0,014 | 107,6
fuel 13
4. Motor 19,1 17,42 | 14,29 | 0,003 | 0,050 | 172,9
oil 36 Hok
5. Motor 21,2 22,17 19,76 | 0,003 | 0,284 | 1039
oil 30
6. Non 24,5 26,91 2,06 0,018 * *
refined Fok 5
sunflo
wer oil
“*” _No data
“®%_ Large deviation
The results provided critical insights into the

mechanisms and predictive models for determining the
onset of this phenomenon. Observations confirmed the
importance of precise measurements of thermal transfer,
which were analyzed using both manual data collection and
computational tools like the "Polymonitor" program.

Experiment one was terminated due to an incorrect
connection of the thermocouples. Experiment two showed
that the “boilover” phenomenon does not occur when the
fuel quantity is insufficient, confirming the necessity for a
sufficiently energetic "hot layer." Experiments three and
four, involving diesel fuel and motor oil, demonstrated
violent boilover events, with the presence of all its stages,
consistent with previously reported experimental analyses
of fuel burning on water layers [10], characterized by sharp
temperature rises (107.6 °C and 172.9 °C respectively), as
illustrated in Figure 3.
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Fig. 3. Boilover phenomenon

These findings show a strong correlation between the
mass burning rate and the intensity of the boilover — motor
oil displayed significantly higher burning rates (0.050—
0.284 g/m?s), which explains the severity of the event.

In experiment five, the excessive fuel volume led to
flame smothering during the frothing phase. Experiment
six showed a boilover without ignition, highlighting the
low flammability of unrefined sunflower oil despite
considerable heat accumulation.

Analysis of numerical values from Table 1 indicates
that the applied predictive correlations (equations 1 and 2)
yielded results closely matching experimental values,
particularly in experiments 3-5. Significant deviations,
especially with sunflower oil, suggest the need for model
adaptation based on the specific physicochemical
properties of fuels. The propagation speed of the heat wave
(ranging from 0.0033 to 0.0185 m/min) also significantly
influenced water layer evaporation dynamics and time to
boilover.

IV. CONCLUSIONS

This research focuses on the experimental and
theoretical investigation of the "boilover" phenomenon
during the combustion of flammable liquids stored above
water layers, including diesel fuel, motor oil, and unrefined
sunflower oil. The phenomenon, characterized by the
sudden and explosive ejection of burning liquid, poses
significant fire safety hazards in industrial facilities
handling hydrocarbons, alternative fuels, and vegetable
oils.

A specially designed experimental setup was developed
and validated to simulate real-world storage conditions at a
reduced scale. Experiments measured critical parameters
such as mass burning rate, heat wave propagation speed,
and the time to boilover onset. Data were analyzed using
two correlation models and compared against experimental
results to assess model accuracy.

Boilover Time

Key findings indicated that:

e  The mass burning rate and heat wave propagation
speed are the primary predictors of boilover onset.

e Higher mass burning rates, particularly observed
with motor oil, led to more intense and violent
boilover events.

e  Fuel properties, such as flammability and thermal
behavior, significantly influence the accuracy of
predictive models.

e While the models showed good predictive
capability for diesel and motor oil, significant
deviations were found for unrefined sunflower oil,
highlighting the need for model adaptation based
on specific fuel characteristics.

Future work will extend the research by scaling the
experimental apparatus to larger vessel diameters (up to
150 cm) and studying the impact of turbulent flame regimes
on boilover formation. The ultimate goal is to refine risk
assessment methodologies and enhance preventive
strategies for facilities that store and process flammable
liquids.
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Abstract- The phenomenon of “boilover” in storage
tanks containing petroleum products is among the most
hazardous events that can occur during large-scale fires.
When water is present at the bottom of the tank, the burning
hydrocarbon layer may cause a sudden evaporation of the
water, followed by a violent ejection of hot liquid and a
massive fireball. This scenario poses severe threats to
personnel safety, facility integrity, and environmental
protection. Given the increasing global demand for
petroleum-based fuels and the continued use of large above-
ground storage tanks, understanding and mitigating the risks
associated with boilover has never been more critical. The
primary objective of this study is to clarify how two key
parameters - time to boilover and mass burning rate -
influence both prevention and response strategies during
petroleum product tank fires. The research employs a
combination of experimental data analysis and critical
literature review to assess how these parameters correlate
with the escalation of fire events. The experiments, conducted
under controlled laboratory conditions, measured the
influence of fuel properties, water layer thickness, and
burning surface area on boilover onset and burning intensity.
Based on these findings, the study synthesizes the most
applied structural (e.g., tank design, insulation, drainage
systems) and operational (e.g., cooling tactics, fuel-level
monitoring, emergency response timing) fire protection
strategies. Emphasis is placed on how real-time assessment of
the mass burning rate and the predicted time to boilover can
inform decision-making during emergencies. The results
show that the earlier identification of critical thresholds
significantly enhances the effectiveness of intervention
measures. Moreover, certain prevention methods - such as
early cooling and drainage - can delay or even prevent
boilover if applied in a timely manner. Ultimately, this study
bridges the gap between theoretical fire behavior parameters
and practical fire safety management, offering a more
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Academy of the Ministry of Interior Sofia, Bulgaria
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predictive and data-driven approach to handling storage
tank fires.

Keywords: boilover, prevention and response, mass
burning rate, time to boilover.

I. INTRODUCTION

Petroleum product storage tanks are essential for
industrial operations, yet they present significant fire safety
hazards, particularly the phenomenon known as boilover.
Boilover is a violent event resulting from the rapid
vaporization of a water layer beneath a burning fuel,
leading to a sudden ejection of hot liquid and a massive
fireball [1], [2].

This phenomenon severely threatens personnel safety,
environmental integrity, and critical infrastructure.

The increasing storage and industrial use of alternative
fuels, edible oils, and essential oils further elevate these
risks due to their distinct thermophysical properties
compared to traditional petroleum products [3], [4].

Previous studies have categorized boilover into thin-
layer and deep-layer events, where thin-layer boilover
occurs with fuel layers below 10 mm and deep-layer
boilover with thicker fuel deposits [5], [6]. While thin
layers can lead to rapid ignition and spread, deep-layer fires
can accumulate significant thermal energy, culminating in
explosive boilover.

The fundamental works of [6] and [7] established that
the development of a “hot zone” within the fuel layer and
the heat conduction toward the water layer are critical
factors leading to boilover. Subsequent experiments
conducted by researchers such as [4] , [8] have emphasized
the relevance of the mass burning rate and the temperature
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gradients within the fuel to predict the onset of this
phenomenon.

Despite considerable progress, most existing models
focus on one-dimensional heat conduction and neglect the
complex multicomponent composition of biofuels and
vegetable oils [9], [10].

Moreover, empirical correlations proposed by [2] and
experimental observations by researchers like [11] point
out the limitations of generalizing data obtained from crude
oil fires to other fuels.

This study aims to experimentally and theoretically
investigate the relationship between two critical parameters
mass burning rate and time to boilover for various
classes of combustible liquids, including petroleum
products, biofuels, edible oils, and essential oils. By
analyzing the dynamics of heat and mass transfer, as well
as the development of the “hot zone” within the fuel layer,
this research seeks to create predictive models capable of
assessing boilover risks in a wide variety of industrial
conditions.

Building upon the experimental work and theoretical
models described in prior literature [7], [6], [4], [8], [5] the
present research develops an integrated framework linking
experimentally determined burning rates and boilover
times to preventive and emergency response strategies.
Ultimately, the findings aim to contribute to safer storage
system designs, improved firefighting protocols, and risk
management practices.

II. MATHERIALS AND METHODS

A. Time to boilover

The time to boilover (1) represents the interval between
the ignition of the fuel and the sudden ejection of hot liquid
when the water at the bottom reaches a critical temperature.
A simplified conceptual model often used in literature [12]
is:

= p1cphuc(Taw—Ta) )
B Qf—m [Ahv"'cp (Toav—Ta)]

where:

p - fuel density at the temperature T, (kg/m?);

C,- specific fuel temperature T, (kJ/kg K);

hpyc - initial fuel tank thickness before start of fire (m);
h - mass burning rate (kg/m? s);

Ah,, - temperature for start of evaporation Ta (kJ/kg);
T, - ambient temperature (K);

Tyw - temperature of Heat wave during boilover (K).
Tyw can be derived from fuel-distillation curves.

In simplified form, the equation has the following form:

h
ty = 2LBLT )
qar

where:

py - density of the fuel;

Cp,s - specific heat capacity of the fuel;
hs - fuel layer thickness;

qr - net heat flux or thermal transfer rate reaching the
bottom layers.

B. The mass burning rate

After analyzing literary sources [13] [14] the mass
burning rate (m") can be defined as:

d;nf

3y — t

i = & 3)
where:

my - mass of the fuel;
t - time;
A - surface area of the fuel layer.

The negative sign highlights the reduction in fuel mass
over time. A higher m" implies a more intense fire and a
faster buildup of heat within the tank. However, the
relationship between m’ and t, can be influenced by
numerous parameters, including fuel composition,
moisture content, and tank geometry.

III. RESULTS AND DISCUSSION

The preliminary experimental data used in this study is
summarized in Fig. 1. It includes:

fuel type (diesel fuel, motor oil);
experimental time to boilover (compared to
two correlation-based predictions);
heat wave propagation rate;
mass burning rate (1)

e temperature of boilover occurrence.
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T
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Fig. 1. Preliminary experimental data.

A. Key observations

Drawing on the data presented in Fig. 1, several
essential observations emerge regarding the behavior of
different fuels and their corresponding boilover dynamics.
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a) time to boilover

The experimental time to boilover for Diesel Fuel is
measured at 16.3 minutes, whereas Correlation 1 predicts
12.68 minutes and Correlation 2 suggests 8.8 minutes. This
discrepancy highlights those experimental conditions (fuel
composition, ambient temperature, initial water layer
thickness, tank geometry) can lead to significantly different
outcomes than theoretical or semi-empirical models.
Diesel, being relatively more volatile than heavier oils, can
heat up the water layer quicker. However, external factors
(e.g., wind, tank insulation, or the formation of a partial
foam due to combustion byproducts) may delay the actual
onset of boilover compared to simplified models. The first
sample of motor oil exhibits a boilover time of 19.1
minutes, which is only moderately higher than the
predicted 17.42 minutes (Correlation 1) but substantially
longer than 14.29 minutes (Correlation 2). These figures
suggest that the fuel’s higher viscosity and lower volatility,
compared to diesel, slow the overall heat penetration. The
second sample shows the longest measured time to boilover
at 21.2 minutes, aligning closely with one correlation
(22.17 minutes) and slightly exceeding the other (19.76
minutes). The relatively better match might indicate that
the correlation used for 22.17 minutes was calibrated to
fuels with similar physical properties.

Together, these findings confirm that heavier, more
viscous fuels (such as motor oil) may yield a longer time to
boilover, yet the margin between experimental and
predicted values can vary considerably depending on fuel-
specific parameters.

b) discrepancies between experimental and correlation
values

In some cases, Correlation 1 is closer to the
experimental result (e.g., Diesel at 12.68 vs. 16.3 minutes)
than Correlation 2 (8.8 vs. 16.3 minutes). However, for
Motor Oil 1 or 2, the reverse scenario can occur.

These discrepancies can arise from assumptions about
uniform heat flux, constant burning rate, or simplified
water layer behavior in the models. Additionally, minor
differences in initial conditions — such as water salinity,
micro-emulsions, or tank wall thickness — can lead to
significant variability in real experiments.

¢) Heat Wave Propagation Speed

Measured at 0.00513 m/min in the diesel fuel layer,
indicating a moderate rate of thermal penetration. Although
this could cause the water layer to reach boiling in a
relatively short timeframe, the actual event (16.3 minutes)
was somewhat delayed, possibly due to environmental
cooling or partial foam formation on the surface.

Both samples of motor oil exhibit lower heat wave
propagation speeds, around 0.0033 m/min, reflecting the
higher viscosity of motor oil. This slower progression of
the thermal front can postpone boilover onset, which partly
explains the longer times to boilover observed
experimentally (19.1 and 21.2 minutes). Even with a slower
heat wave, if the bottom water layer remains trapped and
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eventually reaches a critical temperature, the ensuing
boilover can still be severe. The longer heat accumulation
period may also allow more time for intervention measures
— yet, if no intervention occurs, the ultimate boilover event
can be dramatic.

d) Mass Burning Rate ()
Diesel Fuel: 0.014 g/m?'s
Motor Oil (1): 0.050 g/m*'s
Motor Oil (2): 0.284 g/m?*:s

These values reveal significant variability even among
“similar” fuels (two samples of motor oil). Such differences
highlight the importance of specific fuel characteristics,
including the presence of additives, contaminants, or
differing moisture content. A higher mass burning rate
typically implies more rapid heat release; however, the
corresponding time to boilover does not decrease at a strict
linear proportion. Factors such as tank geometry, water
distribution, and potential surface crusting or partial foam
formation can alter the dynamics.

Practical implications of safety measures in petroleum
fire scenarios stress the necessity of tailored strategies. The
design and establishment of specific safety thresholds
involve the creation of an equation to determine the
possible fire extinguishing interval based on various
dependencies. Each type of petroleum product may require
its own calibrated correlation or monitoring approach to
ensure that safety protocols are accurate and reflective of
the distinct properties of different fuels. This necessitates
continuous verification of these safety measures through
regular validation against live or pilot-scale testing to
prevent reliance on potentially inadequate emergency plans
that are based on a single correlation if conditions deviate
from those initially assumed.

A multimodal approach is advocated by some fire
safety experts, who suggest combining multiple
correlations and then comparing real-time data to both,
using the most conservative estimate to trigger an early
response. Thermal monitoring plays a critical role,
especially the deployment of thermocouples at various
depths to detect the gradual rise in temperature, which is
particularly important for heavier oils. For these fuels, fire
crews might gain extra minutes to apply foam or cooling
measures before a boilover occurs, emphasizing the
importance of robust early detection systems to capitalize
on this extended intervention window.

In practice, adaptive foam application strategies require
operators to adjust foam concentration and application rates
according to the observed burning rate. Heavier fuels might
need more robust or sustained foam coverage to effectively
manage the fire. Additionally, knowing the variability in
burning rates helps emergency planners in allocating
resources more efficiently, estimating the quantity of
firefighting media needed under worst-case scenarios [15],
[16].
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Such detailed understanding and adaptable responses
are critical in enhancing safety protocols and ensuring
preparedness in facing the dynamic challenges of
petroleum fires.

B. Strategies for Prevention and Response

Building on these data-driven insights, the strategies for
prevention and response to potential petroleum fires are
intricately designed to tackle specific challenges through
various proactive and reactive measures. The prevention
strategies focus on controlling the water layer and
constructive measures. Regular drainage is emphasized to
minimize water accumulation at the tank's bottom, which is
crucial since even a small layer can cause sudden boilover
at higher burning rates. Managing water-fuel emulsions is
also critical to avoid hidden pockets of water that can
rapidly turn into steam. In terms of constructive measures,
the use of thermal insulation helps slow down heat
conduction to the tank's bottom, potentially extending the
time before a boilover occurs. Adjusting tank geometry to
include proper drainage and slopes can further reduce water
retention, while advanced monitoring systems like real-
time thermocouple arrays and mass-loss measurements are
employed to predict the onset of a boilover.

A further innovative approach involves the integration
of multisensory early warning systems linked to predictive
algorithms. These systems combine real-time data from
multiple indicators—such as temperature gradients, heat
flux, and fuel mass loss—and use calibrated boilover
models to trigger automated alerts or activate suppression
systems. Such predictive frameworks enable dynamic
adaptation of emergency protocols before critical
thresholds are reached.

Another  preventive  strategy  includes  the
implementation of fuel classification protocols based on
boilover sensitivity. By categorizing stored liquids
according to key physical and thermochemical properties -
such as density, heat capacity, boiling point, and water
solubility - fire safety engineers can assign specific
intervention procedures tailored to each fuel type. This
enhances decision-making and response planning,
particularly in facilities storing mixed classes of
combustible liquids [17].

Additionally, dual drainage systems with automatic
thermal activation represent a highly effective structural
safeguard. These systems are designed to automatically
open secondary drainage channels if the tank bottom
temperature exceeds predefined safety thresholds. By
rapidly evacuating accumulated water before it reaches a
critical evaporation point, this measure helps to prevent
boilover in scenarios where manual intervention might be
delayed or impossible [8].

Organizational measures are also integral to prevention,
with regular personnel training focusing on critical roles
such as managing the rate of mass loss and water
accumulation. Maintenance and inspection routines ensure
that drainage systems, seals, and measurement devices are

functioning properly,
preparedness.

enhancing overall safety and

Response strategies are varied and cater to different
emergency scenarios. Foam application is a primary
response, reducing oxygen availability and cooling the
surface layer, with continuous monitoring required to
maintain effective coverage, especially with volatile fuels.
Cooling techniques include external water sprays on tank
walls to limit downward heat transfer and, more rarely,
internal cooling, which carries the risk of water entrapment
beneath the hot fuel. Controlled fuel removal strategies,
such as lowering the fuel depth, can delay boilover by
shortening the heat path, although this requires specific
infrastructure and adherence to safety protocols due to the
risks involved with transferring hot fuel. Smoke and gas
management are critical, as high mass burning rates (rh)
can produce large quantities of hazardous combustion
products, with ventilation strategies often being limited but
potentially supplemented by external cooling and foam.
Lastly, effective communication and coordination through
an operational center that receives real-time data on m and
temperature are essential, deciding on the appropriate
response measures like foam application or cooling.
Evacuation protocols are established to act preemptively if
m exceeds critical thresholds, ensuring safety and
minimizing risk to personnel and infrastructure.

The implementation of the strategies highlights the
need for a structured prioritization of prevention and
response measures based on their influence on fire
dynamics. The following Table 1 categorizes each measure
according to its criticality and effectiveness in controlling
the two key parameters: time to boilover and mass burning
rate. This prioritization framework supports decision-
makers in optimizing fire safety protocols by focusing on
the most impactful interventions.

TABLE 1: PREVENTION AND RESPONSE MEASURES

Measure Priority Level Justification/
Influence
Enables early
Real-time detection of
the”?’al . Critical approachmg
monitoring boilover through
systems heat gradient
tracking.
Combines
Predictive alarm thermal, mass
systems with .. loss, al?d flux
ystel Critical data with Al
multisensory
: models for early
nputs . .
ntervention
triggers.
Eliminates the
. root cause of
Water drainage Critical boilover by
management .
removing water
accumulation.
Dual drainage glgsilrjigesep(;ﬁs;ge
systems with Critical ge during
. emergencies,
automatic ? .
reducing reliance
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Measure Priority Level Justification/
Influence
thermal on human
activation response.
Shortens
Automated foam response time
e . and reduces heat
application High Importance flux: .
ux; especially
systems L. .
critical during
high .
. Limits vertical
Tank cooling . heat transfer and
systems High Importance
slows heat wave
(external sprays) ;
propagation.
Allows scalable
Dynamic foam and
firefighting cooling tactics
strategies based High Importance | according to
on mass burning real-time
rate (1h) combustion
intensity.
Reduces fuel
Fuel removal
infrastructure for . colun_ln,
High Importance | delaying heat
emergency depth S
. transmission to
reduction
the water layer.
Enables tailored
Fuel intervention
classification strategies for
protocols based High Importance | different liquid
on boilover fuels based on
sensitivity thermophysical
properties.
Reduces surface
heat absorption
Floating thermal gnd delays .
. Supplementary internal heating,
shields
but adds
operational
complexity.
Contains spread
of burning liquid
during partial
Segmented tank Supplementa boilover,
design PP y applicable to
new
constructions
only.
Enhances
Drone-based situational
. awareness but
thermographic Supplementary o
o2 serves primarily
monitoring -
as an auxiliary
measure.
Improves
forecast
Multimodal accuracy but
prediction Supplementary requires high
approach computational
input and
calibration.
Differentiated Fac1htgtes
evacuation . proactive
thresholds based High Importance | protection of
on th personnel based

on measurable
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Measure Priority Level Justification/
Influence
hazard
escalation.
Builds

Regular preparedness and

emergency drills . improves

for b(g;ilovzr High Importance cogrdination

scenarios under real fire
conditions.

IV. CONCLUSION

In addressing the critical challenges associated with
petroleum product storage tank fires, particularly the
hazardous phenomenon of boilover, this study highlights
the necessity of integrating precise experimental data and
robust theoretical frameworks into practical fire safety
strategies. The findings wunderscore the complex
relationship between key parameters specifically, the time
to boilover and mass burning rate and their implications for
effective fire prevention and response.

Experimental ~ results  demonstrate  significant
discrepancies between theoretical predictions and observed
outcomes, reinforcing the importance of accounting for
fuel-specific properties, environmental conditions, and
tank design features in risk assessment models. The
variation observed among different fuels emphasizes the
need for tailored safety protocols and adaptive intervention
strategies, particularly in scenarios involving fuels with
distinct thermophysical characteristics, such as diesel and
motor oils.

The study identifies critical preventive measures,
including effective drainage systems, thermal insulation,
and advanced monitoring technologies, which collectively
enhance safety by delaying or preventing boilover events.
Additionally, dynamic response tactics—such as adaptive
foam application, external cooling, and real-time data
monitoring—are shown to significantly reduce risks when
promptly and appropriately implemented.

Ultimately, this research contributes valuable insights
toward the development of comprehensive, predictive, and
adaptable fire safety management practices. Continuous
validation and refinement of these strategies against
experimental data are recommended to ensure their
reliability and effectiveness in diverse operational
conditions. These steps will significantly strengthen the
capacity to safeguard human life, infrastructure integrity,
and environmental sustainability in the face of petroleum
product storage tank fires.
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Abstract— In recent years, there has been a resurgence of
scientific interest in polynitrogen energetic materials. The
considerable number of nitrogen bonds contributes to a high
formation heat, and their low carbon and hydrogen content
results in a good oxygen balance. The main decomposition
product is nitrogen and that turns them into environmental-
friendly energetic materials attracting research and
investment. Very promising chlorine-free oxidizer is
Ammonium dinitramide (ADN). In addition to its excellent
performance and low ecological impact, this innovative
oxidizer provides tactical advantages by eliminating primary
metal oxide smoke and secondary aerosol smoke from
condensed water vapor and exhaust products. Mitigating the
risk of detection, reduction in corrosive combustion products
and low flame temperature define Ammonium dinitramide
as high energy eco-propellant and pyrotechnic igniter for
rocket fuels. The minimized smoke output and reliable
combustion characteristics make it well-suited for high-
acceleration tactical missiles and underwater propulsion
systems. Nevertheless, the high hygroscopicity of Ammonium
dinitramide is a property severely influencing the hazards
and safety of this promising energetic. To prevent ADN from
absorbing moisture during handling, storage and processing
the relative humidity of the environment should be below
55% [1]. Beyond its hygroscopic nature, ADN is also known
to be incompatible with isocyanates, leading to spontaneous
reactions and decomposition. To address the challenges
associated with ADN and facilitate its production and
application, the research community employs innovative
methods. There are ongoing studies investigating the most
efficient ADN particle form. The research discovers the
utilisation of different polymers to lay uniform ADN particle
coating thus improve the absorption of ambient humidity.
This paper presents a summary of recent advancements in
ADN improvement methods aimed at enhancing stability.
Successful solutions for anti-hygroscopicity method are
essential for the future application. Tests are being conducted
to enhance the conditions of the ADN synthesis for scalable
production.
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Defence Institute “Professor Tsvetan Lazarov”
Sofia, Bulgaria
p.gencheva@di.mod.bg

Keywords— Ammonium dinitramide,
Synthesis, Sensitivity.

Hygroscopicity,

L INTRODUCTION

Numerous studies with promising results are being
published from various geographical regions, competing
with the hope of breakthroughs. The advantages of the
polynitrogen salts over their atomic-like non-ionic
analogues include lower vapor pressure, higher density,
and higher thermal stability.

It is extremely important that polynitrogen salts are
ecological, "green materials," as the primary product of
decomposition is molecular nitrogen. Although it is
expected that purely polynitrogen compounds will reach
ten times higher detonation pressure and a detonation
velocity of 30 km/s, their synthesis and regeneration under
atmospheric conditions are problematic. The properties of
polynitrogen salts are improved when combined with
various cations and anions or because of independent
modification of the ionic parts. Progress is being observed
in the creation of high-performance polynitrogen salts with
improved sensitivity.

II. MATERIALS AND METHODS

A.  Ammonium dinitramide

In 1971, a triazole, called dinitramide N(NO>),™, was
created, characterized as an ammonium salt with potential
use in rocket fuels. This molecule can be used as a partially
oxidizing product of the azide ion, where an oxygen
molecule is added to each nitrogen atom. Ammonium
nitrate (AN) and ammonium perchlorate (AP) are the most
utilized propellant oxidizers. AP has excellent
performance characteristics but during the decomposition
process releases large amounts of chlorine containing gas
with negative influence on ozone layer, formation of acid
rain and toxic pollution of soil and water. The aammonium
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dinitramide (ADN) excelled in performance, reaching
explosive heat 3.92 kJ/g and detonation velocity 6000 m/s
with charge diameter of 100 mm [2]. Thanks to the low
characteristic signal, enthalpy of formation — 1207.4 kJ/kg
and high gas yield its application spread from solid
propellants to explosives [3]. The mechanical properties,
stabilities and detonation performance of hexogen (RDX)
and octogen (HMX) are not satisfactory. Another
nitramine explosive hexanitrohexaazaisowurtzitane (Cl-
20) expresses high mechanical sensitivity that increases its
hazard and safety handling. C1-20 is reporting with impact
sensitivity 4 N and friction sensitivity 94 N [4]. Compared
with these nitramine explosives ADN is an excellent
chlorine-free inorganic oxidizer with high performance
and detonation velocity and can be quickly introduced as
their replacement.

The use of dinitramide salts in composite solid fuels
prevents the formation of chlorine waste products during
combustion. These salts have high heat of formation and
density. They are promising candidates for high-energy
materials with extensive military and civilian applications.
Key advantages of these salts include high specific
impulse, high combustion speeds, low gas emissions, and
attractive prices.
ADN is the best-known dinitramide salt due to its good
performance in composite solid fuels. As a natural
alternative to AP, ADN is characterized by a lower oxygen
balance and lower formation heat than perchlorate, but
with better specific impulse and combustion gases that do
not contain hydrogen chloride. The drawback is that like
other ammonium salts, this salt is hygroscopic, which
challenges its use in fuels. Unlike nitramines, ADN burns
near the surface with a strong exothermic reaction,
contributing to higher heat efficiency by returning it to the
deflagrating surface, hence increasing the burning rate.

Various methods are known for obtaining ADN, but it
is mainly produced in large quantities from sulfamate salts
and nitrating acid. The production process is known as the
"one-step reaction" (1) and occurs in a strongly acidic
environment, leading primarily to dinitramide acid
HN(NO»)2 [5].

[H,NO,S]™ + 2NO, + H,0 - HN(NO,), +
[SO; OH]™ + 2H* (1)

Dinitramide acid in this acidic environment is unstable
and prone to decomposition into AN. For this reason, in
2005, Carin Voerde and Henrik Skifs patented a method
for converting dinitramide acid into ADN [6]. The reaction
is shown in (2).

HN(NO,), + NH,* - NH, + [N(N0O,),]” + H*
(2)

The resulting ADN has properties that can be
compared with AP, as shown in Table 1.

TABLE 1. COMPARISON OF PROPERTIES OF AP AND ADN
i : Oxygen
Compoul .. [Formation [Detonation
nd Formula ?72;::{ Heat Velocity lzalance
8 (MJ/kg)  (km/s) (%)
AP | NHCIO: |99 2.52 160 34.00
ADN | NHiN(NO2:]| 8o -1.22 206 440

ADN is registered under REACH with the number
453-090-2. Assessment tests were conducted by an
independent and accredited institute in Switzerland with
results determine ammonium dinitramide as non-
carcinogenic and non-allergenic. It is not irritating when
in contact with skin and eyes but may cause irritation if
inhaled. ADN is harmful if ingested. Toxicological studies
with 90-day follow-up on the reproductive system of
female rats indicate embryotoxicity of ammonium
dinitramide. Studies show that it can decompose and form
reactive nitrogen metabolites that could be harmful to
biological systems. Hepatocyte studies suggest that the
compound affects cellular DNA in vitro. Further
traditional gene-toxicity tests indicate that it is potentially
mutagenic [4].

The form of the synthesized ADN crystals, produced
in the standard manner without solvent or cooling, is rod-
like or needle-like. These forms are unsuitable as they
increase the viciousness of the product. This has led to
research for a more suitable crystal form. The preferred
form is spherical. This plays an important role in solid
fuels since round crystals contribute to higher density of
ADN. In 2011, Muskatei proposed a method for shaping
the initial crystals by applying a chemical modifier during
the crystallization process. This method results in
obtaining crystals with a specific size ranging from a few
microns to several hundred microns, with a spherical
shape. Key parameters to be determined include: the type
of solvent, primarily its viscosity to control the
crystallization rate and atom integration; temperature
cycles affecting solubility; impurity presence; stirring
speed, and others [7].

B. Silver Dinitramide

In 2016, a group of scientists synthesized and
characterized the structure of silver dinitramide
(AgN(NO2)») [8]. The aim was to investigate its potential
use as an ecological alternative to AP. The thermal
decomposition mechanism was studied to track the
toxicity of the products and the conditions for activating
the process. The thermal decomposition of AgN(NOy),
occurs in two stages: the first stage (408-483 K) results in
a 21.86% weight loss, and the second stage (483-800 K)
results in a 28.24% mass loss. The products of the
decomposition include N,O , AgNOs, NO,, O, and Ag.
The activation energy was found to be Ea = 66.59 kJ/mol,
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with a linear correlation coefficient of r=0.9913,
calculated using the Kissinger method. The silver
dinitramide shows promise as a high-energy material with
potential industrial or military applications. Its advantage
over current materials is the elimination of pollution from
chlorinated combustion products.

III. RESULTS AND DISCUSSION

In 2013, research was published where the viscosity of
ADN was lowered using an alcohol solvent such as
glycerol or a mixture of alcohols, such as glycerol and 1,4-
butanediol. The experiment used a solvent with a viscosity
equal to or higher than 0.25 Pa/s, at which spontaneous
nucleation occurs. Under these conditions, the
crystallization process results in ADN with a high charge
level [9].

Other methods for controlling the shaping of ADN
crystals are also being explored. Important conditions
include product purity and viscosity, considering its
melting point of 93°C, which is lower than its
decomposition temperature of 124°C.

A. Prilling Tower

In this method, molten AND is sprinkled at the top of
a prilling tower. The droplets, moving downward in the
cooling tower, meet a counterflow of cooling nitrogen,
resulting in granules of AND as depicted in Fig. 1 [10].

melted | = A '
ADN P !N, outlet
1
]
|
!
- <
i
1
1
1
i
: N, inlet '
R "Q" N; reservoir
prilled <
ADN

Fig. 1. The schematics of Prilling Tower technique for production of
ammonium dinitramide granules.

B. Emulsion Crystallization

High-purity ADN is poured into a reactor with a non-
polar liquid. The mixture is stirred constantly to form a
homogeneous dispersion. The liquid is heated until the
crystals melt, forming an emulsion. Stirring continues
until the desired droplet size is achieved. The emulsion is
cooled, and the droplets solidify into spherical shapes [11]
[12].

C. Spray Crystallization

In this method, molten ADN is sprayed through a
nozzle into a container filled with liquid nitrogen. This
technique was introduced for ammonium dinitramide in
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2005 and further modified in 2006. Its advantage lies in
the compactness of the equipment used [5].

D. Microencapsulation

The surface of each particle is coated with a thin
polymer layer, typically wax, to protect it from moisture
and reaction with hardening agents during transport and
storage. However, wax is not suitable for use in rocket
propellants, and it must be washed off the surface before
further polymer processing.

E. Coacervation

ADN particles are dispersed in an emulsion of ethyl
cellulose in cyclohexane. The dispersion continues until
the ethyl cellulose particles surround each ADN particle,
forming a thin, continuous layer on its surface. The process
is induced by pH, temperature, and the addition of a third
component. The dispersion is then cooled, and the layer
hardens. The processed ADN is separated and dried.

F. Fluidized Bed

In this method, ADN particles are suspended in a
chamber with an upward flow of air. The polymer is
sprayed into the chamber, either from the bottom or the
top. The particles remain suspended until the coating
hardens. The process is outlined in Fig. 2 [5]. In 2009
Heintz successfully tests different polymers used as
binders in propellants.

air outlet ¢
fluidized | — T

bed
chamber { J resin

e

Fig. 2. The schematic of Fluidized Bed process.

G. Supercritical Fluidized Bed

This is a modification of the fluidized bed method,
where air is replaced with carbon dioxide, taking
advantage of its supercritical properties at moderate
temperatures and high pressure. Supercritical fluids
exhibit low viscosity (like gases) and high density (like
liquids), making them more suitable for this process.
However, the chamber walls must be reinforced to
withstand the high pressure.

H. Spray Dryer
This method is typically used for smaller particles (<50
microns), where the fluidized bed method is not
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applicable. The resin and ADN are dispersed and sprayed
into a container, where solvents evaporate, leaving a
polymer coating on the surface of each particle. The coated
particles harden and are separated from the solvents as
shown in Fig. 3.

| ‘
] N, inlet L———g———;
resin [
* hill
= chiller
ALH T atomizer
I
I
: _________ 1
i N, outlet
I
|
|
h 4
N, + ADN outlet
ADN
powder

Fig. 3. The spray dryer technique.

L Prilling and Coating with Ultrasound

This method, researched in 2018, involves forming
spherical ADN granules and coating them with a polymer
using ultrasound [13]. The polymer mixture includes
toluene, graphene, citryl ammonium butyl, Cab-o-sil, and
a coating polymer (polystyrene or polybutadiene). The
method reduces the working temperature and eliminates
melting during the shape transformation process. The
resulting product has particle sizes and thermal stability
close to those obtained through conventional melting
methods. This innovative method could provide an
alternative route for producing ADN particles for use in
rocket propulsion systems.

Other research published in 2021 combines utilization
of ultrasound with power of 70 W, volume ratio of solvent
to antisolvent is 1:50 and the antisolvent temperature
20°C [14]. The conclusion based on the test results is that
the volume ratio of solvent to antisolvent is the most
important factor in controlling the morphology and
particle size of ADN crystals. There is a correlation
between the antisolvent temperature and crystal size. The
increase in antisolvent temperature leads to gradual
increase in crystal size.

J.  Co-crystalization technology

Co-crystallization is a supra-molecular method that
two or more diverse types of molecules could be placed in
one cell with a pre-defined molar ratio and interactions like
hydrogen bonds, electrostatic interactions, m-n stacking,
van der Waals forces etc. would occur among these
molecules initiating co-crystallization. The main driver for
co-crystallization mechanism are the interactions. This
technology is utilized to amend the oxygen balance,
molecular structure, density, improve mechanical
properties, decrease sensitivity, increase detonation

performance, and enhance thermal stability of energetic
materials. Co-crystallization has been used to improve the
hygroscopicity of ADN. In 2019, Bellas and Matzger
developed an ADN/PDO (pyrazine-1,4-dioxide)
composite using stoichiometric ratio of 2:1. This
compound reached excellent physical and energy
characteristics, zero oxygen balance, enhanced specific
impulse and improved hygroscopicity. The relative
humidity at 25°C elevated from 53.5% to 79.5%.
However, the melting point of ADN/PDO cocrystal was
low of 113°C[15]. Co-crystallization can improve the
hygroscopicity and density of ADN, but attention should
be paid to the ligand content since higher values can
negatively impact the energy characteristics of the
composite. Co-crystallization technology succeeded to
improve ADN hygroscopicity, but results lead to a
conclusion that the method will not be able to complete the
target by its own.

All above methods illustrate various approaches to
improving the physical and chemical properties of ADN,
as part of ongoing efforts to reduce its hygroscopicity and
expand its potential use in rocket propellant systems and
explosives.

IV. CONCLUSIONS

The replacement of AP with the environmentally
friendly and economical ADN results in an increase of the
specific impulse of a rocket by 20%, with a 40% decrease
in rocket motor weight. In other applications like low
characteristic signal propellants, the total specific impulse
can be increased by 7%. ADN unveils excellent
characteristics paving the road to successful utilization if
the obstacles as high hygroscopicity and sensitivity to
mechanical stimulation are eliminated. Methods like
prilling, surface coating, and co-crystallization prove to be
to some degree successful but not enough or not well
developed yet to deliver the desired goals. A combination
of different technologies might be the future direction for
further development in the research field.
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of a Mechanical Watch
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Abstract — This paper presents a new system for
measuring the accuracy of mechanical clocks with Swiss
Movement. Mechanical watches are complex devices
consisting of many miniature components. Even small
deviations in accuracy can lead to significant differences in
timekeeping. Testing the accuracy of mechanical watches is
an important process that ensures their functionality,
durability, and value. It helps maintain a high level of
precision in timekeeping, which is critical in many aspects of
daily life and professional activity. The developed system
provides a readily applicable alternative to measure and
improve the accuracy of watches using a personal computer
and acoustic analyses. The proposed methodology
contributes to expanding the possibilities of investigating the
dynamic characteristics of mechanical watches.

Keywords — Accuracy, Mechanical watch, Accelerometer,
Measurement system.

I. INTRODUCTION

Mechanical watches are inherently less precise than
quartz watches [2]. A typical modern mechanical watch
exhibits a daily deviation of approximately +10 seconds,
whereas a certified chronometer-grade mechanical watch is
tested to run within -4 to +6 seconds per day [7]. In
practical terms, this indicates that an ordinary mechanical
watch may deviate by several minutes per month, while a
chronometer-grade mechanical watch maintains accuracy
within 1 or 2 minutes per month [10,11]. In comparison, an
average quartz watch shows a greater degree of accuracy,
typically exhibiting a daily deviation of approximately +1
second equivalent to 30 seconds per month.

Mechanical watches, despite the lower accuracy,
continue to be preferred both for their complexity, yet
combined with engineering precision, and for their
reliability [16]. In the context of dynamic processes, the
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accuracy of these devices is determined by the interaction
of multiple factors such as the oscillations of the balance
wheel, the influence of the environment and the mechanical
characteristics of the components.

II.  MATERIALS AND METHODS

A. Components of a Mechanical Watch

The block diagram of a mechanical watch is structured
into the following key components — fig. 1.

Power source includes mainspring and barrel. The main
spring is the primary energy source of a mechanical watch.
It stores mechanical energy when wound manually or
automatically. The barrel houses the main spring and
regulates its release of power to the gear train. It also
provides a consistent force over time.

Gear train transmits the energy from the barrel to the
escapement and hands of the watch. It involves a series of
gears that step down the speed of the main spring's release.
The gear train also drives the hands of the watch, which
displays the time.

Escapement is crucial for maintaining consistent time
intervals. It allows the gear train to move forward in fixed
steps, thus controlling the movement of the hands. It
transfers energy to the balance wheel and ensures that the
gear train advances at a regulated pace.
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Fig. 1. Block Diagram of the Elements of a Mechanical Watch.

Balance wheel oscillates back and forth, acting as the
timekeeping element of the watch. It works alongside
escapement to divide time into equal parts [5].

Regulation system adjusts the tension of the balance
spring, fine-tuning the rate at which the balance wheel
oscillates, thereby ensuring the watch keeps accurate time.

Timekeeping is the outcome of all these processes,
displaying accurate time to the user through the watch's
hands.

Each component plays a critical role in the mechanical
harmony of a traditional watch, resulting in precise and
reliable timekeeping.

B. Balance Spring Oscillation System. Analytical
Description of the Movement of the Balance
Wheel

We will focus on the balance spring oscillation system
in more detail because the accuracy of the mechanical clock
depends on it. The balance wheel of a mechanical watch
operates on the principles of harmonic motion, driven by
the interplay between the balance wheel itself and the
attached hairspring also known as the balance spring.

Oscillatory motion — The balance wheel performs a
periodic back-and-forth rotational movement around its
pivot. This motion is akin to that of a simple harmonic
oscillator, like a pendulum but rotational. The angle of
rotation (0) as a function of time (t) can be described by:

0 = 6, cos(wt + @) @)
where:
6 is the maximum angular displacement,

o is the angular frequency,

¢ is the phase constant.

The hairspring provides a restoring torque that is
proportional to the angular displacement:

T=—k©O )
where:

7 is the restoring torque,

k is the spring constant of the hairspring.

Angular frequency and period — The balance wheel's
natural frequency depends on the spring constant and the
moment of inertia (I) of the wheel:

w=\/§ )

The period (T) of oscillation, which is crucial for
timekeeping, is given by:

2 I
T—X—Zn\/; 4)

Since the period is independent of the amplitude, the
balance wheel is an effective timekeeper. During each
oscillation, the escapement provides a small impulse to
maintain the amplitude of the balance wheel's motion.
Damping is minimal in a well-designed watch, ensuring
that the amplitude remains stable over time.

Regulation of timekeeping — The balance wheel's
consistent period ensures that each tick of the escapement
wheel is uniform, translating to precise movement of the
watch's hands. A typical mechanical watch balance wheel
oscillates at a rate of 5 to 10 beats per second, often
described as 18000 to 36000 beats per hour (BPH).

C. Energy Transfer Mechanism

In a mechanical watch, energy transfer and damping are
critical for maintaining accurate timekeeping. The process
involves the coordinated function of the mainspring, gear
train, escapement, and balance wheel — fig. 2. The
mainspring stores potential energy when wound. This
energy is gradually released to drive the gear train. The gear
train multiplier the high torque of the mainspring to a
suitable level and delivers it to the escapement.

Fig. 2. Schematics of the oscillator beats

The escapement mechanism serves two main purposes
— Regulates the release of energy to the balance wheel and
converts the continuous motion of the gear train into
discrete impulses. The escapement transfers a small
amount of energy to the balance wheel with each
oscillation, maintaining its motion against damping losses.

The energy transfer can be quantified as:
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E=10 (5)
where:

E is the energy transferred,

7 is the torque applied by the escapement [22],

@ is the angular displacement of the balance wheel.

D. Damping in the Balance Wheel System

Damping is the process that dissipates energy from the
oscillating system, primarily due to friction — at the pivot
points of the balance wheel, air resistance — as the wheel
moves through the air, internal friction in the hairspring —
especially as it flexes during oscillation.

Damping introduces a resistive torque proportional to
the angular velocity w:

T, =-bw (6)
where:

74 is the damping torque.

b is the damping coefficient

o is the angular velocity of the balance wheel.

E. Mathematical Model of the Damped Harmonic
Oscillator

The balance wheel's motion under damping follows the
equation [2]:

da%e
dt?

124 p% r ke =0 7)
dt

where:

1is the moment of inertia of the balance wheel.

k is the spring constant of the hairspring.

The solution of this equation for [11] underdamped
systems is:

b
0(t) = Bye 21" csc(wyt + @) ®
where:
6o is the initial amplitude.

The exponential term represents the decay of the
oscillation amplitude over time.

k b\?% .
wq = |7~ (5) is the damped angular frequency.

F. Quality Factor (Q-Factor) of the Oscillator

The quality factor O measures the efficiency of the
oscillation and is defined by [13]:

2nE

Q=22 ©
where:

E is the energy stored per cycle,

AE is the energy lost per cycle due to damping.
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A high Q factor indicates minimal energy loss and thus
a more precise timekeeping device. Good mechanical
watches often achieve Q values above 500 [14].

Insufficient energy transfer leads to a decrease in
oscillation amplitude, affecting the escapement's
performance. Excessive damping causes a loss of
oscillatory energy, potentially stopping the balance wheel.
Balanced damping ensures that the balance wheel receives
just enough energy to counteract losses, maintaining
consistent oscillations. The fine-tuning of energy transfer
and damping is essential for the watch's consistent and
accurate performance over extended periods.

III. RESULTS AND DISCUSSION

A. Factors Affecting Accuracy of Mechanical
Watches

Despite careful design and certification, a mechanical
watch’s accuracy can be influenced by numerous factors.
Some are inherent to the mechanism, while others are
external influences or related to maintenance. Factors like
gravity (position), temperature, magnetism, shocks, and
maintenance all play a role in a mechanical watch’s
accuracy [16]. High-quality watches are engineered and
adjusted to minimize these influences — for instance, being
adjusted in multiple positions, using anti-magnetic and
temperature-compensated materials, and having shock
absorbers [8]. Yet even the best mechanical watch is a
balance of tiny physical forces, so its rate can never be as
unwavering as a quartz oscillator.

Furthermore, the accuracy of a mechanical watch can
be influenced by the nonlinearity of the static
characteristics of its components. In [3], methods for
analyzing and correcting these errors are proposed, along
with mathematical models that enable the evaluation and
compensation of errors caused by nonlinearity. Together
with this, the accuracy of such measurement systems is also
affected by instrumental and methodical errors, especially
in dynamic measurements. In [19], a method for analyzing
these errors and determining their probabilistic
characteristics is proposed, which is important for
mechanical watch accuracy testing [19].

B. Mechanical watch accuracy measurement devices

Mechanical watch accuracy measurement devices are
specialized instruments used to evaluate the performance
and accuracy of mechanical watches. These devices
analyze key parameters such as rate, amplitude, beat error,
and positional variations [6]. Some of the commonly used
devices include:

Timegrapher — A timegrapher is a professional
instrument that measures the accuracy of mechanical
watches by analyzing the sound of the ticking mechanism.
It provides key metrics such as rate — the deviation in
seconds per day (s/d), amplitude — the swing range of the
balance wheel (typically 270° to 315° is ideal), beat error
— the difference in time between ticks, indicating if the
balance wheel is centered, /ift angle — specific to the
watch's design, affecting amplitude calculations.
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Mechanical Watch Timing Machine — These machines
measure the watch's performance in various positions (e.g.,
dial up, dial down, crown up). They simulate the watch's
wear and help detect positional accuracy issues.

Vibrograph — A traditional device that measures the
watch's vibrations to calculate its accuracy. Though older
technology, it is still used in some watchmaking
workshops.

Smartphone Apps — Modern smartphone apps, coupled
with a microphone adapter, can provide basic accuracy
measurements by analyzing the ticking sound of a
mechanical watch. Apps like Watch Tuner and Tickoprint
offer similar functionalities as professional devices but at a
consumer level [9].

These devices cater to diverse needs, ranging from
professional ~watchmakers who require precision
instruments to enthusiasts seeking cost-effective methods
to assess the accuracy of their timepieces.

C. Methods for increasing the accuracy of
mechanical watch

Increasing the accuracy of a mechanical watch involves
fine-tuning its components and maintaining optimal
operating conditions [21]. Here are some methods for
increasing the accuracy of mechanical watches:

Regulating the Balance Wheel — The regulator lever can
be moved to change the effective length of the hairspring,
which affects the rate of oscillation of the balance wheel. If
fine tuning needs to be done, this can be done by
lengthening or shortening the balance spring.

Temperature Compensation — Balance wheels and
hairsprings are made of materials with low thermal
expansion help maintain accuracy despite temperature
changes or there is another one older method include using
bimetallic balance wheels that adjust their diameter with
temperature changes [20].

Shock Resistance and Incorporating shock absorbers
are systems like Incabloc or Kif that prevent damage to the
delicate pivots of the balance wheel, maintaining accuracy
even when subjected to shocks.

Optimizing amplitude — Ensuring the balance wheel
swings between 270° and 315° to avoid over-rotation or
under-rotation. Regular servicing helps maintain the ideal
amplitude by reducing mechanical resistance [24].

Testing in various positions — Mechanical watches are
typically adjusted in multiple positions (e.g., dial up, crown
down) to minimize positional variance. Watchmakers
adjust the watch to minimize deviations across different
orientations.

Using High-Precision Components — The escapement
controls the release of energy and the ticking rate.
Enhancing its precision improves the watch's accuracy.

Regular Maintenance — Over time, oils dry out, and dirt
accumulates. Regular service ensures all components
function smoothly. Components like the mainspring or the
escapement may need replacement to restore accuracy [10].

Environmental Control — Modern watches may include
anti-magnetic materials to prevent the balance spring from
becoming magnetized. Controlling temperature and
humidity is necessary because extreme conditions can
affect the metal components, altering the watch's accuracy.

Use of advanced technologies like implementing
silicon hairsprings which these are less affected by
temperature, magnetism, and wear. Use of advanced
technologies like implementing silicon hairsprings which
these are less affected by temperature, magnetism, and
wear. Other advanced technology is the use of high-beat
movements which are increasing the frequency of the
balance wheel oscillations e.g., 36000 BPH enhances
timekeeping stability.

D. Accuracy Measurement System for Mechanical
Watch via LabVIEW

A LabVIEW measurement system was developed to
analyze the acoustic signals from the watch operation — fig.
3. This LabVIEW measurement system is designed for the
real-time acquisition, filtering, spectral analysis, and
visualization of sound signals [4]. The system utilizes a
continuous data acquisition method, processes the data
through configurable filters, performs spectral analysis,
and displays the data in both time and frequency domains
[15]. Below is a detailed step-by-step description of how
each component functions and interacts within the system.

Fig. 3. Block diagram of the measuring system in LabVIEW

The built-in microphone on the laptop was used for the
measurement. The system begins by configuring a virtual
channel DAQmx for sound input with continuous sampling
mode. The sample rate is set to 100,000 samples per
channel, ensuring high-resolution data acquisition. Shell
sound format is appropriately configured to match the input
device specifications [12].

DAQmx Start Task — This VI initializes the acquisition
process, enabling the continuous collection of sound data
from the input source [17].

DAQmx Read — The DAQmx Read VI captures the
waveform data based on the defined sample rate and the
number of samples per channel. The captured waveform is
output for further processing.

Signal Filtering — Filter VI — Filters are used to remove
noise from the signal. The raw signal is processed through
a configurable filter (e.g., a bandpass or bandstop filter).
The Upper Cut-Off and Lower Cut-Off frequency controls
allow the user to define the passband of the filter, removing
unwanted frequencies from the signal. The output of the
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filter is a Filtered Signal, which is then ready for
visualization and analysis.

Time-Domain Visualization — The filtered signal is
displayed in real-time on a Waveform Graph, allowing the
user to visualize the signal in the time domain. This view is
useful for observing how the filtering process affects the
raw signal, showing wave shapes and amplitude changes
over time.

Spectral Analysis — The filtered signal is also fed into
the Spectral Measurements VI for frequency domain
analysis. The spectral [18] measurements VI computes the
FFT (RMS) (Fast Fourier Transform - Root Mean Square)
and Phase of the signal. The FFT provides insight into the
frequency components present in the signal, revealing
peaks at dominant frequencies and overall spectral
distribution. The frequency domain data (FFT) is displayed
on a second waveform graph. This graph presents the
power spectrum of the signal, showing frequency versus
amplitude, which is valuable for identifying specific
frequencies present in the sound input. The spectral
analysis of the signal in this case has nothing to do with the
measurement. It can be used for diagnostics on the work of
the mechanical watch.

The addition of the Spectral Measurements VI
enhances the system's capability by providing insights into
the frequency spectrum of the signal, making it particularly
useful for applications in audio analysis, noise reduction,
and frequency-specific monitoring. This is necessary to
understand the condition of the watch and if you need to
service the movement.

This LabVIEW system is a real-time measurement
system for sound pulses coming from a mechanical watch,
which receives sound data, filters it according to user-
defined frequency ranges, and visualizes the processed
signal — fig. 4 [23].

Wavelorm Gragh rrered G
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Fig. 4. LabVIEW measurement signal visualization

The data from the measuring system can be transferred
to Excel and from there the time between individual pulses
can be determined and the clock error calculated for 24
hours [1]. The period on the clock 7; is determined by the
impulse in Excel. The absolute error for a time equal to a
period is determined by the expression:

143

AT =T; =T, (10)
T; — measured value for the period,
Ty — nominal value for the period.

The time for which the clock is ahead or behind in one
day is determined by the expression in seconds per 24 hours
(s/24h):

© = 864007 (11)
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Fig. 5. Measurement signal in Excel
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E. Experimental Data and Results

TABLE 1 MEASUREMENT RESULTS

N Measured error — s/24h
Brand watch Timegr. LabVIEW
1 Zaria +23 +24
2 Poljot +9 +6
3 Molnija -10 -8
4 Pobeda +27 +24
5 Seiko 5 +11 +11
6 Orient +9 +9
7 Citizen -3 +1
8 Certina -5 -7
9 Slava +11 +9
10 Doxa +3 +3

The measurements were taken with professional
Timegrapher No.1000 and the developed LabVIEW
system at temperature 20 °C and at the same watch
position.

CONCLUSIONS

The developed system for testing and determining the
accuracy of mechanical watches provides a reliable and
practical solution for watchmakers and researchers. By
leveraging acoustic analysis and the LabVIEW platform,
the system offers a cost-effective and efficient alternative
to traditional measurement devices such as professional
timegraphers. The experimental results demonstrate that
the system delivers comparable accuracy, with minimal
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deviation between measurements. Moreover, the system's
adaptability for real-time analysis and its ease of use makes
it a valuable tool for ongoing studies of the dynamic
characteristics of mechanical watches.
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Abstract—The operational performance of gearwheels is
largely determined by the accuracy of the parameters and
the quality of the working surfaces of the teeth, the
requirements for which are constantly increasing. To
optimize the machining conditions (increasing productivity,
tool durability and the quality of the machined gearwheels),
a method for finishing machining by calibration on gear-
shaving and thread-rolling machines is proposed in the
work. Experimental studies have been conducted to prove
the operability of the proposed method. The results
obtained have been analyzed and compared with gear-
milled gearwheels in terms of Kkinematic accuracy,
smoothness of operation and contact of the teeth. Regression
models have been obtained for the accuracy parameters of
the teeth before and after processing by calibration and
subsequent heat treatment, the analysis of which shows that
their size is largely determined by their input values. The
results of the studies confirm the assumption of the presence
of a correlation between the same accuracy parameters at
the input and at the output during processing by calibration
and subsequent heat treatment.

Keywords—calibration, gear-shaving machines, thread-
rolling machines, accuracy.

I. INTRODUCTION

In today's complex environment and in the conditions
of Industry 4.0, engineering companies are required to
make great efforts to maintain their competitiveness in
the domestic and foreign markets and constantly seek
solutions for higher efficiency and productivity [1] - [3].
The practice of industrially developed countries has long
proven that one of the preferred solutions is the
development of progressive methods for processing the
surfaces of parts, determining their operational
characteristics.
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Gabrovo, Bulgaria
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The operational performance of gearwheels is largely
determined by the accuracy of the parameters and quality
of the working surfaces of the teeth, the requirements for
which are constantly increasing. This results from the
sharp increase in the peripheral speeds, transmitted
power, accuracy, as well as the need for their reliability
and durability in production conditions, with optimal
metal consumption. This leads to the need of conducting
research, related to improving the qualities of gearwheels
and gear trains.

One of the directions is to develop progressive
methods for finishing gear teeth based on reconstruction
of existing universal machines or adding special
attachments to them, which can be manufactured and
maintained by tool-shops of medium capabilities [4] - [6].

One such method is calibration, in which the teeth are
processed by surface plastic deformation, using the
property of metals to deform plastically in their cold state
[4], [7]. Hardened gear rollers are used as deforming
elements, which roll the workpiece with pre-cut teeth.
The axes of the machined wheel and the gear rollers are
parallel, and the machining is performed with gradual
reduction of the center distance between the teeth.

Under the action of the deforming element, the micro-
irregularities, resulting from the previous tooth
machining are smoothed out, with the metal moving
away from the contact point and filling the adjacent
recesses. Thus, the size of the micro-roughnesses on the
machined  surfaces decreases, creating micro-
irregularities, qualitatively different from those, resulting
from machining by material removal. This method allows
to obtain teeth with low roughness and increased ability
to retain a continuous oil layer.
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In calibration there is an opportunity to significantly
increase the contact surface, which leads to lower contact
stresses and reduced noise when the tooth pair is in
operation. The surface metal layers get strengthened and
their hardness increases at a certain depth, while the main
part of the metal remains with a high impact toughness;
residual compressive stresses arise; and, in result,
gearwheels with improved strength and operational
performance are obtained.

The aim of the present work is to study and model the
quality indicators of the teeth of cylindrical gearwheels,
machined through calibration in order to substantiate the
real possibility for commercial implementation of the
calibration method as a method for tooth finishing
processing.

II. MATERIALS AND METHODS

The engagement without lateral clearance between the
machined gearwheel and the tool in the calibration
process is performed along two crossed tangents to the
main cylinders of the part and the tool (the engagement
lines), one of which starts from the tooth head of the part
and passes through the engagement pole to the tooth
base, machining one side of the tooth, the driven one. On
the reverse side of the tooth, the engagement occurs from
the base to the head of the tooth. The sliding motion of
the lateral surfaces of the teeth, relative to each other,
causes material accumulation (in the direction from the
tooth head and base towards the dividing cylinder) on the
driven teeth surfaces of the machine part (Fig.1). In
result, material compression occurs along the dividing
cylinder and, on the reverse side of the tooth, material is
removed from the dividing cylinder towards the base and
head of the tooth. As a consequence, the outer diameter
of the wheel increases.

free side driven side

Fig. 1. Material displacement in the process
of tooth machining by calibration.

The conditions for implementing the calibration
process are related to:

o The choice of a machine, which allows: the radial
feed of the tool to be limited with great accuracy;
synchronous rotation of the calibration gearwheels; a
possibility to disengage and center the calibration
gearwheels depending on the number of teeth of the
workpiece; a possibility to adjust the radial force.

Calibration

e The tool material: with individual for each
particular case thermal treatment and accuracy; with high
hardness and impact toughness of the working surfaces.

o The material of the blanks — the hardness of the
workpieces should not be greater than HB 220.

In order to optimize the conditions of machining (to
increase productivity, tool durability, and improve the
quality of the machined gearwheels) a tool has been
proposed and a method for finishing machining by
calibration on gear-shaving machines has been
implemented by the Department of Mechanical
Engineering Equipment and Technologies at the
Technical University of Gabrovo.

Experimental studies were conducted by machining
60 gearwheels, made of 41Cr4 steel with a hardness of
HRCI18, divided into 12 groups of 5, by calibration on a
semi-automatic gear-shaving machine 5702B with the
following tooth  parameters: m=3mm; z=52;
Ba=14°04"; b = 25mm.

The tooth parameters were measured before and after
processing by calibration:

e to assess the kinematic accuracy — the
differential indicators: radial chatter of the
gear ring Frr and fluctuation in the base
tangent length FVwr;

e to assess the smoothness of operation — the
deviation from the tooth profile ffr,

e to assess the contact between the teeth - the
deviation from the direction of the teeth Ffr;

e roughness of the working surfaces;

e surface layer hardness.

The control and measurement of the obtained quality
indicators was carried out with: a normometer (with an
accuracy of 0.01 mm), a gear tooth measuring machine
PFSU 640 (KLINGELBERG - Germany), a TESA
Rugosurf 20 profilometer and a "NEQFOT-2"
microhardness tester.

The calibrating carbide tools had the following
parameters: m = 3 mm; z = 53; accuracy grade - 6
(ENBDS3296), hardened to HRCS5S...60 and with
roughness of the working surfaces Ra = 0,32um.

The preliminary processing of the teeth before
calibration is milling with a worm modular cutter on a
5K310 gear-milling machine.

To establish a rational operating mode, preliminary
single-factor experiments were conducted. Based on
them, the following were adopted: tool rotation frequency
n =100 min”!, longitudinal feed V;= 35 mm/min, radial
feed f, = 0,14, 0,04; 0,02; 0 mm at number of strokes

p=4.
III. RESULTS AND DISCUSSION

The obtained results of the measurements, made
before (curves 1) and after (curves 2) processing by
calibration, are presented graphically in Fig. 2.
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Fig. 2 Results from the experimental studies.

The graphs show that the accuracy of the studied
parameters increases by an average of 1.5 to 3 times. To
achieve higher accuracy for f; and Fj. (Fig. 2), it is
necessary to distribute the most of the allowance to the
tooth head, since with an increase in f,, the thickness of
the tooth head becomes thinner, which leads to an
increase in the deviations f; and Fp. If this condition is
met, a reduction of f; and F from 3 to 6 times can be
achieved.

A barrel-like shape is obtained along the direction of
the tooth, which is favorable when the axes of the
assembled gear train are not parallel. A significant
reduction in the roughness is obtained on the lateral
surfaces of the teeth (up to R, = 0,16 um, while with
shaving the roughness is R, = 0,63 um). The surface
hardness of the working surfaces of the teeth also
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increases, which is favorable for non-heat-treated
gearwheels, and subsequent thermal and chemical-
thermal treatment results in more uniform phase changes
and saturation.

The deformation rate depends on V7 (at a low rate of
deformation, the tool acts on the machined surfaces for a
longer time and the plastic deformation spreads to a
greater depth, making it necessary in practice to work
with a higher deformation rate, as this leads to higher
productivity).

Productivity increases up to 2 times, since the
allowance during calibration is deformed for 3+4
longitudinal strokes, while in a process of shaving it is
removed for 6+8 strokes.

The durability of the carbide calibrating tools is 6+8
times greater than the durability of the high-speed steel
shavers (the increase in tool durability is explained not
only by the carbide design of their teeth, but also by the
replacement of the sliding friction during shaving with
rolling friction during the process of calibration).

It is not possible to apply a large deformation force
when processing teeth by calibration on a shaving semi-
automatic machine, as this leads to rapid breakage of the
supporting elements of both the mandrel and the
machine. Therefore, it is necessary to use four working
strokes, setting radial feed for three of them (0,14; 0,04;
0,02 mm/stroke), and the fourth stroke performed without
radial feed in order to deform the allowance, remaining
from the elastic deformations in the technological system.

The company “Troymash” AD Dryanovo owns a
thread-rolling machine UPW-25 x 100 (Germany), which
can also be used as a tooth-calibrating one.

Fig. 3. Scheme of conducting the experimental research.

This machine allows to carry out finishing machining:
with two calibrating synchronously rotating gearwheels
during radial feed of one gearwheel to the other; with
options for sensing and limiting the radial feed of the
tool; and with an axial feed of the workpiece for
machining the tooth profile across the entire width (Fig.
3). The machine is with a stepless control of the rotation
frequency (50+200min~!) and radial force (< 250.10°N),
and can be switched on to a semi-automatic or automatic
cycle of operation with an accuracy of the center distance
+4.10mm.

Experimental studies were carried out on this machine
to determine the dependencies between the input values
of the different accuracy parameters before calibration,
i.e., after tooth milling, and their values at the output of
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the processes of calibration and heat treatment. Planetary
gearwheels from a planetary reducer for electric hoists,
made of C45 steel, with a number of teeth z = 49 and
module m = 2,25 mm, were used as objects for research.
The accuracy of the gearwheels before and after
calibration was evaluated according to the same
indicators specified above.

The processing of the experimental data involves two
stages. The first stage (preliminary statistical analysis)
consists in checking the homogeneity of the samples and
the hypothesis of normality of distribution of the studied
parameters. The second stage involves finding the
mathematical description for the change in gearwheel
accuracy after processing their teeth by calibration and
heat treatment. Such a description is a polynomial (linear
or nonlinear), establishing the relationship between the
input and output values of the accuracy parameters. The
method of correlation analysis was used to find the
model.

The regression model allows to perform a complete
statistical analysis of the empirical regression equation.
For all studied accuracy parameters, it is established that
the correlation between the output and input values is a
linear one. Then the regression equation has the form:

y=a+bX 1)
Table 1 shows the results, concerning the individual
accuracy indicators, as well as the regression equations

after calibration for input factors of tooth milling.

TABLE 1 REGRESSION MODELS AND STATISTICAL ANALYSIS AFTER

CALIBRATION
Parameter X % 52 52 ry Equatiofn of
of accuracy * Y regression
Er 0,11220,0768 |0,00148 | 0,00120] 0,845 | $=0,0086+0,7615X
Fror 0,0288 [ 0,02720,00249 [0,00111| 0,766 | ¥=0,0125+0,5119X
Sir 0,0577]0,0364 10,00017 | 0,00002 | 0,466 | ¥=0,0261+0,1799X
Fpr 0,05530,0335 [0,00017 |0,00010| 0,630 | ¥=0,0067+0,4834X

The regression equations determine the magnitude of
the error in the output depending on the error in the input.
The coefficient b in these equations shows what part of
the error at the input is transferred to the output, and the
free member a — the magnitude of the error, obtained
during the execution of the given operation. A criterion
for the strength of the relationship between the same
accuracy parameters before and after calibration is the
coefficient of correlation 7.

The regression analysis shows that the free member in
the regression equations for the parameters Fr., Fru, frr
and F'g is insignificant, i.e., the error, obtained during the
execution of the calibration operation is insignificant and
can be ignored. Since in all equations the coefficient b is
in the range 0<b<lI, from here it follows that for the
studied parameters partial correction of the output error
occurs. The correction is the smallest for the parameter
Fy., and the largest — for f;. In the latter case, an error

Calibration

occurs during the execution of the operation itself, equal
to 0,026 mm.

As a result of the plastic deformation, hardening of
the working surfaces of the teeth occurs (at a depth of up
to 0,05 mm), which results in strengthening the material
and increasing its hardness (up to 70.10% N/m?). Greater
hardness is obtained on the driven side, where the
material is compressed against the dividing cylinder of
the gearwheel.

The roughness of the working surfaces of the teeth
reaches R, = 0,16m and is an indicator of the noise and
efficiency of the gear trains.

The experiments conducted showed the real
possibility to implement finishing machining of
gearwheels by cold plastic calibration in manufacturing.

During the heat treatment of the gearwheels after the
calibration operation, an increase in the values of the
individual parameters is observed, which is also reflected
in the regression equations shown in Table 2.

The studies show that after heat treatment the actual
dispersion field expands for all studied parameters of
accuracy.

TABLE 2 REGRESSION MODELS AND STATISTICAL ANALYSIS AFTER

HEAT TREATMENT
Parameter e 7 sz S§ Far Equatiogl of
of accuracy regression

Fr 0,0768 ] 0,0863]0,00120]0,00125 [0,981| ?=0,0094+1,001X
Frwr 0,02720,0505(0,00111 {0,00133 10,923| ¥=0,0206+1,101.X
Sir 0,0364 | 0,0413] 0,000160,00017 | 0,948 | ¥=0,0086+0,9786X
Fpr 0,0335] 0,0452| 0,0015 |0,00145|0,933| ¥=0,0076+1,122X

IV. CONCLUSION

A relationship has been established between the
values of the accuracy parameters of the teeth of
cylindrical gearwheels before and after processing by
calibration and subsequent heat treatment, with the
magnitude of all studied accuracy parameters being
largely determined by their input values. The results of
the research confirm the existence of a correlation
between the same accuracy parameters at the input and
output when processing by calibration and subsequent
heat treatment.

After machining by calibration, the parameters of
accuracy for the gear teeth are improved, except for the
length of the base tangent.

The obtained regression models allow the tolerance of
the accuracy parameters to be distributed between the
mechanical and thermal processing and thus to avert
waste.

The roughness of the calibrated tooth surfaces is
improved by 3 to 6 times.

The hardness of the surface layer increases 1,5 times
after calibration, and 2,1 times after subjecting the
workpieces to calibration and heat treatment (with the
existing technology - shaving and heat treatment by high-
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frequency current (HFC) - the hardness of the surface
layer increases 1,5 times).

The research shows that calibration can also be applied to
finishing the teeth of cylindrical gearwheels.
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Abstract— This paper presents an analysis of the surface
roughness during turning of hardened 42CrMoS4 steel using
a quick-change tool holder with innovative design. The
experiments used a Swiss-type CNC lathe - GOODWAY SW-
20. The process was performed at cutting speed of 130 to 170
m/min, feed of 0.12 to 0.18 mm/tur and cutting depth of
1.5mm. Based on the results obtained, a mathematical model
was developed, the graphic interpretation of which is
presented in two-dimensional and three-dimensional
coordinate systems. The mathematical model was used in the
dispersion analysis to determine the influence of speed and
feed during turning on the roughness of the machined
surface. Graphical relationships are presented for the
influence of the controlling factors on roughness.

Keywords—hardened alloy steels, regression analysis,
Swiss type lathes.

1. INTRODUCTION

When solving quality problems, it is important to
ensure the accuracy and stability of technological
processes, especially those parameters that have a
significant functional impact on the performance of
manufactured products [1], [2], [3]. Perhaps the most
significant event that almost completely changed the world
of tools is associated with the emergence and development
of powder metallurgy. It created the technology for the
production of metal-ceramic hard alloy - carbide [4], [5],
[6]. Over the next few decades, a wave of innovations was
observed that improved the performance characteristics of
carbide tools and expanded their range of applications [7],
[8], [9]. Most of the key technologies in the field have
already existed for several decades, which is expected to
lead to a certain degree of standardization in some product
groups and markets. However, the tool manufacturing
industry manages to maintain a high level of innovation in
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most of its areas, which allows for increased
competitiveness through savings, increased productivity
and capacity, and in some cases, improved quality. In this
regard, in recent years, various modifications of quick-
change holders have been designed and implemented in
production, which have significantly improved the
conditions for turning and increased the quality of the
machined surfaces [2], [3].

Swiss-type CNC lathes are widely used in various
sectors of the industry due to their many advantages over
other CNC machines and turning centers. They are
automatic lathes with a movable headstock and a guide
bushing, designed for precise high-performance
machining of complex small-sized parts with a short cycle
of the technological process, obtained from bar material in
conditions of high-volume production. Their application is
especially effective in machining short and thin parts due
to their specific design, which allows the cutting tool to
perform machining in close proximity to the guide bushing
[10], [11]. In this regard, the aim of the present study is to
investigate, model and analyze the influence of the
elements of the cutting mode (speed and feed) [3], [12],
[13] on the roughness of the machined surfaces when
turning short axisymmetric parts made of hardened steel
42CrMoS4 using a new design of a quick-change
toolholder.

II.  MATERIALS AND METHODS

Experimental studies on the influence of the type of
tool holder on the roughness of the machined surfaces
were conducted when manufacturing parts from alloy steel
42CrMoS4 (1.7227) — Fig. 1 with a hardness of 33-35
HRC and a chemical composition according to Table
1[14,15].
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TABLE 1 CHEMICAL COMPOSITION OF STEEL 42CRMO0S4, %

C Si Mn Ni Cr Mo P S
0.38- | 0.17- | 0.50- | <03 | 0.9- | 0.15- | <0.035 | <0.035
0.45 0.37 0.80 1.2 0.25

The turning process was carried out on a Swiss CNC
lathe, model GOODWAY SW-20. — Fig. 2. In the
experiments, an innovative design of a quick-change holder
type NX02-K-SV-HCL11- Fig. 3[2] was used, allowing
the delivery of coolant directly to the cutting zone, thus
significantly reducing local heating at the tip of the cutting
tool and improving the chip removal process [16]. In the
research process, a carbide insert type VCMT11.03.02 was
used.
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Fig.1. Detail drawing.

Change Tool Holder

Fig.3. Quick-change holder.

The used quick-change tool holder ensures constant
tool geometry:

front angle — y=-5°;
rear angle — o = 0.7°;
main setting angle — kr = 93°;
auxiliary setting angle - kr' = 32°;
tool tip radius - re.= 0.2mm.
The turning process was carried out with the following
parameters:

e cutting speed Ve = 130+170 m/min;

e feed f=0.12+0.18 mm/turn;

e cutting depth ap = 1.5Smm.

When assessing the roughness, a control size
@15.7+0.2 was used — Fig. 1, on the surface of the
machined parts. The measurements were made with a
TESA Rugosurf 20 profilometer according to the
methodology described in [17], [16]. The device is
compatible with the following standards and regulations:
DIN 4762, DIN 4768, DIN 4771, DIN 4775 and DIN 4766-
1, ISO 4287; 1SO 12085 (BDS 728-79).

In practice, various methods are used for the formation
of mathematical models and optimization of technological
processes [18], [4], [5]. In this particular case, the
regression analysis method was used. When building the
mathematical model based on preliminary experiments and
literature data, the cutting speed (Ve, m/min) — X1, and the
feed rate (f, mm/tur) — X2 were selected as input variables,
and the roughness of the machined surfaces — Y1(Ra, pm)
was studied as a target function.

The areas of variation of the factors are shown in Table

III. RESULTS AND DISCUSSIONS

The roughness values in — table 3 were determined
when turning batches of 550 parts, with measurements
made every 50 pieces. The graphical interpretation is
presented in Fig. 4. The statistical processing of the
experimental results was carried out in accordance with the
methodology set out in [18], [5], in the following sequence:
— determination of the model coefficients; — determination
of the significance of the regression coefficients using
Student’s t-test — determination of the multiple correlation
coefficient R"2 — determination of the significance of
multiple coefficients using the Fisher criterion. The results
of the study were processed with the QstatLab software and
a mathematical model — 1 was obtained, describing with
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high accuracy the relationship between the roughness and E 5.00
the cutting mode (Vc m/min and f mm/tur). 3 4 .
TABLE 2 FACTORS AREAS OF VARIATION 4,00 b~
3,50 A
Factor levels X"(V.c) X2 Coded value //
m/min (H)mm/tur 3,00
Z
X;() + AXl 170 0,18 +1 250 /
Xio 150 0,15 0 200 ]
Xio - AX; 130 0.12 1 e
1,00
0 100 200 300 400 500 600
n, 6p.

A 0,12 mm/tur ® 0,15 mm/tur ® 0,18 mm/tur

The graphical interpretation of the model is shown in
Figure 5. c

Fig.4. Roughness changes on a 550 pcs. batch and feed rate 0,12; 0,15
u 0,18 mm/tur and cutting speed: a - 130 m/min; 6 - 150 m/min u B -

¥=3,4395556+0,30916667X,+0,147X, 170 n/min.

M
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i 4,00 TABLE 3. EXPERIMENT PLAN
= u
& 350 .- Nl X | X | X §1 X2 | X2 | v
? 2
1,00 1 +1 +1 +1 +1 +1 +1 3,927
2 +1 -1 +1 -1 +1 +1 3,182
2,50
7 3 +1 +1 -1 -1 +1 +1 3,605
2,00 - 4 +1 -1 -1 +1 +1 +1 3,022
L5 b 5 +1 +1 0 +1 3,658
| 6 | +1 -1 0 +1 3,131
1,00 = 7 +1 +1 0 +1 3,654
0 100 200 300 400 500 600
n, 6p. 8 +1 -1 0 +1 3,254
4 0,12 mm/tur = 0,15 mm/tur ® (0,18 mm/tur 9 11 0 0 0 3,523
a
g 450
3
2 40 .
regrezzion] . model bt autal; =1 x2
3,50 .
3,00 /
5,
2,50 SIS,
2,00
1,50
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Fig.5.Graphical presentation of the mathematical model
a — tridimensional; b — bidimensional.

Based on the obtained model, an analysis of variance
(ANOVA) was performed to determine the influence of the
controlling factors on the roughness of the machined
surface.

A graphical interpretation of this influence is shown on
Figure 6.
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Fig.6. Influence of the factors cutting speed — V¢ and feed rate -f to the
roughness of the surface.

IV. CONCLUSION

From the studies conducted and the results obtained,
the following important conclusions can be formulated:

1. The change in roughness during hard turning of short
rotary parts was monitored depending on the cutting speed
- Vc = 130+170 m/min, and the feed - f = 0.12+0.18
mm/tur, at a constant cutting depth - ap = 1.5mm.

2. Graphical dependences for the change in roughness
- Ra, um, as a function of the cutting speed and feed, for
batches of parts from 50 to 550 pieces, were developed.

3. It has been proven that with an increase in the
number of processed parts from 50 to 550, the roughness
of the size @15.7+0.2 increases by 3.5+4.5 um.

4. The cutting speed has a more significant influence
on the roughness. With its increase from 130 to 170
m/min, the roughness of the machined surfaces when
processing batches of 550 parts increases by
approximately 1 pm.

Change Tool Holder

5. It has been proven that with a roughness limit of
Ra=3.0pm with a cutting speed of 130 m/min, up to 450
parts can be processed regardless of the feed. With an
increase in the cutting speed to 170 m/min, while
maintaining the roughness requirement, up to 400 parts
can be processed.

6. Based on the experimental results, a mathematical
model was compiled for the influence of the factors cutting
speed and feed on the roughness of the machined surfaces.

7. Graphical dependencies in two- and three-
dimensional coordinates of the compiled mathematical
model were developed.

8. A dispersion analysis of the mathematical models
was performed and graphical dependences for roughness
as a function of cutting speed and feed were presented.
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Abstract — In this article, options for woven-like knitting
structures on a crochet basis are considered worked on
circular Kknitting machines. Technical and technological
parameters for their production are described. Nine variants
to achieve knitting on type of a double-faced and an
interlocking basis have been developed. In both groups, sub-
variants with the presence or absence of press elements are
proposed. The cylinder and disc rows with two types of
needles — short and long are presented in tabular form. The
all structures were successfully knitted on the circular
knitting machine.

Keywords — low elasticity knitting, round knitted fabric,
woven-like knitting structure.

1. INTRODUCTION

Knitted fabrics made with a single-face single-thread
knit on linear or circular knitting machines with a single
needle bed are easily deformed (stretched) in width and
length. This means that the stitches have great freedom of
movement. The bending resistance of the thread that
formed the stitch is negligible and a large slippage is
possible at the contact points where the stitches are joined.
In longitudinal stretching, the loops lengthen due to the
narrowing of their arcs, and in transverse stretching, the
loops widen due to the shortening of their hips [1]-[3].

Single-thread double-face knits can have a completely
identical or different appearance on both sides. This
depends on the combination of the front and back stitches
when knitting. The two types of stitches are arranged in
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Gabrovo, Bulgaria
pet_nik1979@abv.bg

separate stitch columns and in the knitting one or more
front stitches alternate with one or more back stitches. Such
knits have a high compressibility in width, which is why in
arelaxed state two adjacent front stitches (when alternating
one front stitch with one back stitch) touch and cover the
back stitch knitted between them. As a result, only the front
stitches remain visible on both sides of the knitting, with
the back stitches being hidden between them. However,
when the knitting is stretched, the back stitches between the
front stitches are also revealed [4]-[6].

In knitted fabrics made in a smooth double-faced
single-thread knit on double-row circular knitting
machines, the number of stitches along the width of the
fabric is doubled. As a result, a thread of a correspondingly
longer length is incorporated into them, which allows for
greater stretching of the fabric and from there — of the
product made from this fabric. In order to knit the stitches
easily, the following general rule must be observed when
pulling and shaping them - when a needle begins to push
the thread caught by its hook through the old stitch, the
opposite needle adjacent to it must already have pushed and
pulled its stitch. By following this rule, the goal is to
prevent two or more needles from simultaneously being in
the position of threading and pulling the thread, because
this would make knitting difficult on the one hand, and on
the other hand, the thread itself is subjected to tension and
friction in a couple of needles, which leads to increased
fragility during knitting.
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Knitting in which the stitches are drawn in and out of
the two rows of needles alternately is called sequential
knitting. Sequential knitting without welding multiple
needles in simultaneous knitting is only done on coarser
machines, where the needles are spaced farther apart [7],
[8]. As a rule, this knitting principle is applied on linear
knitting machines (with a maximum fineness class of E12).

On finer machines, such as modern large-diameter
circular knitting machines (with fineness class E16 - E32),
sequential knitting is not suitable, since many needles will
always be overlapped during the knitting process. As a
result, uneven knitting, thread breakage, etc. will result.
Therefore, on finer machines, knitting from both rows of
needles is done in the so-called distributive way. Knitting
in this way is done twice. First, the needles from one row
knit their stitches, while the needles from the other row
only catch the thread. After a few stitches from the first row
of needles have been knitted, the needles from the second
row thread and knit their stitches. Since a thread is needed
to knit these stitches, and the thread guide has already
passed, the thread is taken from the opposite previously
knitted stitches, which are pulled out significantly longer
for this purpose. In this way, the stitches on both rows of
needles are aligned, the thread is distributed equally
between them and the knitting becomes more uniform.
With this knitting, much denser knits can be obtained than
with sequential knitting.

There are two possible needle arrangements on a
circular knitting machine:

1) elastic, sometimes called in practice “crochet” —
when a cylinder needle lies in front of a rib on the disc or
opposite — ,,rib against needle*;

2) interlock — when the mutual arrangement of the
cylinder and the disc is such that their needle distribution is
“needle against needle”.

Interlock circular knitting machines are loaded with
short and long cylinder needles and with short and long disc
/rip/ needles, the normal loading being interlock, i.e. needle
against needle. In addition, rip needles /short and long/ can
be with low and high heels. In this case, all the channels of
the cylinder are the same and the loading is unlimited,
while the disc long needles are through one, i.e. the
standard loading is “short-long”.

Despite this specificity, which largely limits the
sampling possibilities, the loop formation process is the
same as in other circular knitting machines. It is carried out
by both rows of needles and, as already mentioned, the
knitting principle is distributive.

To reduce the stretchability of double-faced single-
thread knits, it is often necessary to exclude needles in one
or both needle beds. The knitted fabrics thus obtained have
reduced elasticity and successfully replace a number of
woven fabrics.

The term “fabric-like knits” was originally used for
plain interlock fabrics made of wool, later it was used for
double-face knits with single-face rows, for double pique,
for single pique and “texi-pique” structures made of any

material suitable for outerwear [9]. The term is also used
for colored double relief jacquard and “cloquet” type
fabrics. The general name “fabric-like knits™ is applicable
to cross-knit fabrics made on a double-face or interlock
basis, the construction of which is designed to reduce the
natural extensibility of the structure [10].

Knitted fabrics for outerwear and sportswear are of
particular interest. The development of this part of knitwear
production is determined by the following factors:
favourable loop structure, properties of the processed
material, modern technical solutions in dyeing and
finishing, high productivity and small installation area,
leading to a small number and low capital investment,
expanded sampling capabilities of modern circular knitting
machines, etc.

With the mass introduction of high-performance
modern circular knitting machines into knitwear
production, the question of the optimal use of synthetic and
natural raw materials, i.e. their appropriate combination
both in share participation and in suitable knitted structures,
is relevant. Double-row circular knitting machines have a
wide range of options for manufacturing two-component
two-layer circular knitted fabrics in fabric-like knits. In
two-layer circular knitted fabrics, the inner layer is made of
cotton and cotton-type yarns, and the outer layer is made of
synthetic textured silks. The fabrics produced by this
technology have extremely high hygiene and performance
indicators. This group of knits is called fabric-like, due to
the alternation of single-face and double-face rows, in
which some of the stitches are extended and provide
stability in the direction of the stitch column, and the
presence of underlays - in the stitch row. The use of
synthetic silks also provides good dimensional stability
with appropriate finishing.

Characteristic features of these settings are the
relatively high material consumption (220 — 300 g/m?) and
residual shrinkage along the stitch column (e.g. up to 12%
for PA-s). The increased specific area density is primarily
due to the lower classes machines on which these settings
are worked (E18 and E20) on the one hand, and the linear
density of the raw materials used — cotton 20fex and 25¢ex.
The high residual shrinkage depends in principle on two
factors: the tendency of the hips of the press stitches to open
and deform the stitches supporting them and the heat
setting of the synthetic component. It should be known that
the polyester component is fixed better than the polyamide
one.

The aim of this article is to present the possibilities for
obtaining some fabric-like knits on a crochet basis, made
on circular knitting machines. In this way, it is possible to
optimally select an option for the production of knitted
fabric according to the specifics of its purpose.

II.  MATERIALS AND METHODS

Fig. 1 and Fig. 2 show relatively mass-produced two-
layer fabrics in a fabric-like knit on a double-faced base
with and without fang elements and alternative knitting of
the rip needles. The thread feeding schedule is: the odd
systems (first and third) knit with cotton (P) 100%, and the
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even ones (second and fourth) — with textured polyamide
silk (PA-s).
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Fig. 1. Fabric-like knit on a double-faced base.
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Fig. 2. Fabric-like knit on a double-faced base with fang elements.

Fabric-like knits, in addition to the property of reduced
stretchability, also allow for the placement of materials in
different planes of the fabric. The so-called two- and more
layered effect is obtained. This is due to the presence of
single-face and double-face stitch rows, in which the
material with a higher linear density is knitted in single-
face rows. This specificity of the structure determines a
significant improvement in the physiological hygienic
qualities that are crucial for sports products. There are two
main groups of fabric-like knits: on a double-face crochet
base and on a double-face interlock base. Each of these
groups has numerous derivatives depending on the ratio of
single-face and double-face rows in the repeat, the
sequence of knitting the needles and the presence of fang
elements. Variation with these parameters affects the
performance of the knitted fabric. Taking these influences
into account, the following knitting structures were
selected for experimentation:

A. On a double-faced basis:
1) with press elements

a) with successively alternating double-faced one-
sided half-thinned on the reverse side stitch rows and
single-faced reverse stitch rows with successive knitting of
the disc needles — Fig. 1.;

b) with successively alternating double-faced one-
sided half-thinned stitch rows with alternative knitting of
the disc needles — Fig. 2.;

2) without press element:

a) with successively alternating double-faced one-
sided half-thinned on the reverse side stitch rows with
alternative knitting of the disc needles — Fig. 3.,
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Fig. 3. Fabric-like knit with press elements.

b) with successively alternating double-faced one-
sided half-thinned on the reverse side stitch rows and
single-faced reverse stitch rows with successive knitting
on the disc needles — Fig. 4 and Fig. 5;
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Fig. 4. Fabric-like knit with press elements.
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Fig. 5. Fabric-like knit with press elements.

B. On an interlock basis

1) with press elements
a) with alternating interlock rows, semi-raised
single-faced reverse rows and one-sided press needles —
Fig. 6;
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Fig. 6. Fabric-like knit on interlock basis with press elements.

b) with alternating interlock rows, semi-sparse
single-faced reverse rows and single-sided press interlock
rows with sequential knitting of the disc needles — Fig. 7;
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Fig. 7. Fabric-like knit on interlock basis with press elements.

2) without press elements:

a) with alternating interlock rows and half-thinned
single-face reverse rows with sequential knitting of the
disc needles — Fig. 8;
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Fig. 8. Fabric-like knit on interlock basis without press elements.

b) alternating two interlock rows and single-faced,
reverse, semi-spaced rows — Fig. 9.
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Fig. 9. Fabric-like knit on interlock basis without press elements.

It should be noted that the design of the structural
parameters of fabric-like knits, based primarily on
geometric models, is inapplicable to these multilayer
composite knits. The main reason for this is the simply
interaction between the elements of the structure, which
determines their shape and mutual arrangement in the
repeat.

III. RESULTS AND DISCUSSION

The knitted structures shown in Fig. 1 — Fig. 9 were
successfully knitted on the circular knitting machine
“Multikarat” E20, 30”, 48f. Several clarifications should be
made for the listed knits. The selected technological
equipment allows for easy and convenient sampling,
especially when choosing cylinder needles. They can be
selected in any order due to the presence of additional
selection levers and selectors in the appropriate spacing.
The most convenient in this case is the sequential loading
of the selectors. In addition, the needles can be raised

(working or knitting position), half-raised (press or fan
position) or not work. A combination with the capabilities
of the selectors and the functions of the individual system
is also possible (e.g. conditionally odd ones to knit, and
even ones to fang, or in another order). In tabular form, the
figures are presented with the cylinder and disk rows with
two types of needles — short and long, respectively cylinder
and disc. This is the standard arrangement in most circular
knitting machines. Regarding the needle arrangement —
crochet and interlock: all machines, except for strictly
interlock ones, are usually fixed in crochet arrangement. In
this position, they can produce both types of knits. This is
because the transfer from one needle arrangement to
another is associated with precise machine centering,
especially when increasing the fineness of the machine.
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Abstract—In the publication is presented analytical
studies about an analyze of of boring heads cutting part
accuracy for combined tools for machining holes by cutting
and burnishing. It was found that the accuracy of the static
size of the tool when using triangular and square inserts is
determined by tolerances of inserts sides. When using round
inserts, static radius error depends only on insert radius
error.The conclusions drawn show that by determining
appropriate tolerances for elements of fixtures, the specified
accuracy of the processed parts is ensured.

Keywords—error, accuracy, boring, holes

I. INTRODUCTION

The accuracy of the dimensions obtained in combined
machining by cutting and burnishing of holes from hydro-
and pneumatic cylinders largely depends on the accuracy
of the cutting elements of the boring tool[1].

Analyzing the accuracy of machining when using tools
with square, triangular and round inserts is essential for the
process of static adjustment of the technological system in
boring and burnishing of holes. [2],[3].Using dimensional
analysis to assess the influence of the geometric parameters
of the tool on the accuracy, it is possible to minimize errors
from combined machining of holes[4]

II. MATERIALS AND METHODS

The diametrical size of the boring head is determined
by the position of the cutting elements. In modern metal-
cutting tool designs, soldering of the cutting inserts is
increasingly rare, preferring the use of non-returnable,
mechanically fixed inserts. In this case, the accuracy of the
diametrical size of the tool will be determined by the
accuracy of the insert and the accuracy of the position of
the socket for its installation [5],[6]

chukalov@tu-plovdiv.bg

Fig. 1 schematically shows the installation of a square
non-returnable insert in the boring head housing and the
dimensional chain determining the static radius of the tool
As[7].[8]. By projecting the dimensional chain onto an axis
parallel to As, an expression for determining its size can be
obtained.

As= A; + a(siny, + cosy;)
+r (siny, + cosy, — 1) (D)

where: AT — is the size of the tool body;

a — the width of the insert;

r — the radius of curvature at the tip of the insert;

Assuming that for each individual tool At = const from
formula (1) the following expression for the static radius
error can be obtained:

ws = T, (siny, + cosy,) + Tr (siny, + cosy, —
D ()

From the dependence (2) it follows that the accuracy of
the static size of the tool is determined by the tolerances of
the width a and the radius 1, as well as by the auxiliary
setting angle y,..[9] The degree of influence of these three
factors on the accuracy of the tool is different. The
influence of the width of the insert and the radius of
curvature can be compared by the ratio of their
transmission coefficients &a and &r[10]:

& _ sinyy+ cosy,—1

)

&r siny;+ cosy;.
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The graphical dependence for (§a )/&r as a function of
the auxiliary setting angle ;. is shown in Fig. 2. It can be
seen from it that the influence of the radius of curvature
error is significantly weaker than that of the width of the
insert, reaching its maximum at y, = 45°[11].

&/
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0.2 /f/( )\‘(
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I 7

Fig. 2. Dependence of the ratio of the transmission coefficients &a and
&r on the auxiliary setting angle

To express the influence of the auxiliary setting angle
on the accuracy of the tool, it is convenient to rework
formula (2) by setting T, = £kTa. This yields:

% = (1+k) (sin)('r + cosx'r )—k 4
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N
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Fig. 3. Dependence of the ratio (wx)/7a on the auxiliary setting angle
X

Combined Machining of Holes

Dependence (4) is presented graphically in Fig. 3. It can
be seen that with increasing ;. from 0° to 45° the total error
of the static radius of the tool grows and reaches its
maximum at y,= 45°. The intensity of the increase in the
total error is the smallest at 7/=0 and increases with
increasing 7.

An analogous expression for the error of the static
radius of the tool can be translated for other shapes of the
non-flowable plate.

Fig. 4 shows schematically the establishment of a
triangular, and Fig. 5 - of a round insert.
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Fig. 5. Dimensioning round insert

The expressions for the static radius of the tool and its
error in these two cases will have the form:

For triangle insert

As=A.+a (5)
ws=siny,. + Tr (3siny.. + cosx.) 6)
For round insert:

As=A, —r (7)
(V) Tr (8)

For round non-returnable inserts, the static radius error
of the tool depends only on the error of the insert radius.

For triangular inserts, as well as for square inserts, the
static radius error depends on three parameters: the insert
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size a, the radius of curvature r and the auxiliary setting
angle ;.

To compare the insert size a and the radius of curvature
r, the ratio of their transmission coefficients is used:

Nl

r _ V3sinys+ cosy;—1 )
siny;-

e |

a

III. RESULTS AND DISCUSSION

Graphically, the dependence (9) is shown in Fig. 6.
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Fig. 6. Dependence of the ratio of the transmission coefficients &a and
&r on the auxiliary setting angle

The influence of the auxiliary setting angle on the static
radius error is expressed by the dependence:

22 = siny;. +k (V3siny;. + cosy; — 1) (10)
a

The dependence (10) is presented graphically in Fig. 7.
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Fig. 7. Dependence of the ratio (nX)/Ta on the auxiliary setting angle
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With the increase in the auxiliary setting angle ;. in the
range from 30° to 60°, the error of the static radius of the
tool increases. The absolute increase in the error increases
r with increasing y;, [12,13].

In the course of the technological process, the size of
the static radius changes. The factors that influence it are:
elastic deformations arising from the cutting force between
the support surfaces of the boring head and the insert;
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thermal deformations; dimensional wear of the cutting
insert.

The first two factors are insignificant for the boring
heads of the considered class.

The dimensional wear of the tool is a systematic factor
that changes the static radius in the course of the
technological process. The intensity of its influence can be
estimated from the process accuracy diagram. Fig. 8 shows
an example of the accuracy diagram of a stable
technological process.

»
»

T

Fig. 8. Accuracy diagram of a stable technological process

The influence of dimensional wear on dimensional
formation is expressed by the linear regression equation for
the average size of the machined parts:

X=d+ bt (11)
From equation (11) it follows that for a certain period
of time, At, of operation at one setup, the change in the

static size of the tool, AX, as a result of dimensional wear
will be:

AX =bAt (12)
The error for one part of the batch, AX4e, can be

determined by replacing At in formula (12) with the time
spent on cutting, Tdet, during its processing.

AXee, = b. Taa (13)

IV. CONCLUSIONS

Analytical relationships have been obtained to determine
the influence of the geometric parameters of cutting carbide
inserts with different configurations (triangular, square,
round) on the static adjustment during boring. These,
together with the magnitude of the dimensional wear of the
inserts, can serve as a basis for creating a mathematical
model of the accuracy of the combined hole machining
process[ 14].
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Abstract—This publication proposes approaches to
improve accuracy of assembly of mechanical engineering
parts based on the use and application of dimensional
analysis. The conclusions drawn show that by determining
appropriate tolerances for elements of fixtures, the specified
accuracy of the processed parts is ensured.

Keywords—fixture, assembly, accuracy, accuracy analysis.

I. INTRODUCTION

Improving assembly accuracy by improving
approaches for fast and accurate orientation of the
connected components is an important stage in the fixture
design process. The applied approaches regarding the use
of dimensional analysis to calculate the error of locating
crankshaft-type parts will help reduce the amount of scrap
when assembling the journal bearings of a coaxial
crankshaft[1]. This makes the goal of this work relevant
and contributes to improving the quality and productivity
of the technological assembly process. The choice of
assembly method and approach is made depending on the
specific design features of the product, the size of the
production program, the content of the operations and the
technical requirements. For the implementation of the
study, technological dimensional chains have been
compiled, through which the relevant accuracy indicators
of the assembly process have been analyzed.

Quality of assembled mechanical engineering parts
included in the design of various machine units to a certain
extent depends on accuracy of the used fixtures [1]. In a
number of cases, the ultimate goal - assembly accuracy is
achieved entirely through appropriate design and high-
quality manufacture of an assembly fixture [2]. The
increased requirements in modern mechanical engineering
for the quality of assembled parts impose a new approach

to the dimensioning of the elements of technological
equipment [3].

This is based on the wider application of dimensional
analysis [4]. At present, the determination of dimensional
tolerances when designing fixtures is carried out
conditionally (depending on experience of the designer). In
this way, significant errors are allowed and often lead to
unnecessary expenditure of labor, funds and time in
technological preparation [5].

II. MATERIALS AND METHODS

The work presents an approach to improving the
accuracy of assembly of mechanical engineering parts,
based on the application of dimensional analysis. In it, the
accuracy of the elements of the fixtures is regulated,
proceeding from the accuracy of the assembled parts [6].

Dimensional analysis is widely used in the design and
assembly of special fixtures, regardless of their type and
degree of automation [7]. For fixtures intended for fixing
and fastening basic parts and assemblies, dimensional
analysis is not necessary. They are intended to provide the
necessary stability of the parts during the assembly process
and are usually not subject to requirements for the accuracy
of the position of the fixed part.

For special fixtures for accurate and rapid orientation of
assembled parts, the accuracy of their constituent elements
is of particular importance [8]. Therefore, the
determination of their tolerances must be carried out using
dimensional analysis. When using such fixtures, the
operator is freed from the need to ensure the mutual
position of the assembled parts. This is done automatically
by bringing the assembled parts into contact with the
supporting and guiding elements of the fixture. In addition,
this significantly increases labor productivity. As an
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example, Fig. 1 shows a fixture for assembling a composite
crankshaft [9]. It achieves alignment of the main journals 1
and 4[10]. This shaft can be assembled without a fixture,
but the correction of the misalignment of the main journals
must be carried out by the adjustment method [11]. The
nuts 5 and 7 are slightly unscrewed, the inaccuracy is
corrected, they are screwed in again and the displacement
is measured. This process can be repeated many times,
requiring high qualifications of the adjuster operator, and
the process itself is of low productivity. When using the
fixture, the position of the main journals is ensured by their
single installation in the support prisms, after which nuts 5
and 7 are fastened.

In the design variant of the fixture shown in Fig. 1, the
crankshaft is assembled in a vertical position. In this case,
the misalignment of the main journals will depend on the
accuracy of the dimensions of the fixture.

8

Fig. 1. Device for assembly of crankshaft.

III. RESULTS AND DISCUSSION

In the assembly process, the products are included in
technological dimensional chains. In these chains, the
achieved accuracy indicators of the assembled products are
closing links. Component links are the dimensions of the
parts and the inaccuracies and clearances in the joints of the

fixtures. Fig. 2 shows the dimensional chain for achieving
the alignment of the main journals A, of the crankshaft,
assembled using the fixture from Fig. 1. For convenience
in creating the chain, here the two prisms are shown one
above the other, while maintaining the common base
surface of the fixture plate. The dimensional chain is
symmetrical, and the component links are:

A1, Ag - distance from the axis of the prism to the axis
of the pin hole;

A, As - clearance between the hole in the prism and the
pin;

A3, A4 - distance from the base surface to the axis of the

in hole.
p 4,

Az

A%%
i

LA}

Fig. 2. Dimensional chain.

Depending on the number of units, the method of
complete interchangeability is applied (if the number of
units is more than 4) [12]. The solution of the straight-line
problem is carried out by initially applying the principle of
equal tolerances. i.e.

T,=T,=" =T 1 =Ty,
Ta

n—-1

Toy. = )]

The calculated average value is indicative. The
tolerances of the individual units are determined taking into
account the accuracy of the technological method of
processing and the size of their nominal values. The
displacement of the prism relative to the average position
as a result of the clearances A»> and As can occur in both
directions, therefore they participate in the dimensional
chain with the full value of their tolerance. After the
correction, a check is carried out according to the known
equation for the tolerance of the closing unit.

Ty =X 1T? . 2
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A characteristic feature of this design variant, as shown
by the composite dimensional chain, is that the
misalignment of the main necks A, is influenced only by
the structural dimensions and clearances of the fixture. The
inconvenience of this type of basing is that the operator
must hold the shaft by hand until the nuts are screwed in.
The same fixture can be made in another variant, in which
the wedge neck is in a horizontal plane and can rest on a
solid stop. This will facilitate assembly, since holding by
hand is not necessary. In the second variant, the
dimensional chain changes and the accuracy of the closing
link is influenced by other dimensions of the fixture parts.
This can be seen from the diagram constructed in Fig. 3.

[TV TTT

Fig. 3. Second design option.

For convenience in its compilation, the prisms are
shifted in a horizontal plane with the upper surface of the
plate remaining as a common base. The dimensional chain
in this case is also symmetrical. The constituent links are:

B1, Be - radius of the main journal,

B>, Bs - distance from the contact point to the top of the
prism (the intersection of the two inclined surfaces);

B3, B4 - distance from the top of the prism to its base.

For convenience in determining the error of the closing
link, only one (left) branch of the dimensional chain can be
considered[13]. The value of the nominal value in the left
branch B’ will be determined by the expression.

D . «a D a
By =—=sin-——zcos-—B; (3)
2 2 2ty 2

Y —
By = > (sin% + 1) Bs 4)
After mathematical transformations of equation (4)
based on the theory of dimensional chains, the dimensional
error is obtained as:

_To (L
Ty == (Sm§+ 1) + Ty (5)
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Since the dimensional chain is symmetrical, the total
error of the closing link 7 will be obtained by doubling the
Tp:

2

T 1
T, =—D(@+ 1)+2T3 6)

From this it can be seen that the error obtained when
setting a composite crankshaft in a horizontal position will
depend not only on the dimensions of the fixture parts, but
also on the tolerance of the diameter of the main journals.

IV. CONCLUSIONS

Based on the analyses and calculations made for the
example of assembling a composite crankshaft, it can be
seen that dimensional analysis can be used to determine
appropriate tolerances for manufacturing the elements of
the fixtures. The results of the study can be applied not only
in cases of initial assembly of products after the stage of
their manufacture, but also in cases of repair. This
contributes to the creation of conditions for the
implementation of flexibility in assembly operations and
control of the technical parameters of the assembly
operation of composite crankshafts..In some cases,
dimensional analysis helps to justify or reject a given
design variant of the fixture. The latter must be carried out
under well-defined specific production conditions. It is also
necessary to know the technological capabilities for
manufacturing the elements of the fixture, the accuracy of
the diameter of the main journals and the required
requirement for the alignment of the main journals. In
individual cases, if the accuracy indicators of the assembly
process are unsatisfactory, further processing of individual
surfaces of the assembled crankshafts is allowed in order to
ensure the necessary dimensional tolerances.
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Abstract— This study examined how the extrusion
process, which is affected by different thermal settings, and
the raw material sources, composed of various polypropylene
(PP) and polyethylene (PE) blends with or without calcium
carbonate (CaCOs) additives, influence the quality and
mechanical properties, such as tensile strength, elongation,
and stiffness, of composite ropes for fishing net production.
A comparative analysis of extrusion process parameters was
conducted among four distinct extruders from the
Promatech, Miyachi, Sima, and Ichikawa companies with a
focus on their thermal settings, characterized by varying the
temperature profiles. The investigation was extended to the
utilization of PP derived from different sources and granule
compositions, including formulations with CaCOs additives.
In terms of breaking force, the samples with CaCO3 showed
an average increase of 5.2% when compared to those without
CaCQOs. With the addition of CaCO3, the elongation at break
increased by an average of 8.7%. The addition of CaCOs3,
surprisingly, resulted in a slight decrease in stiffness,
averaging a decrease of 2.1% when compared to the samples
without CaCQs. Most significantly, the addition of CaCOs3
resulted in a significant decrease in Young's modulus, with
an average reduction of approximately 66.4% compared to
the samples without CaCOs. This study reveals substantial
differences in rope mechanical quality due to variations in
raw materials and extrusion parameters, emphasizing the

need for adapting the manufacturing process to consistently
produce high-quality composite ropes for knitting fishing
nets.

Keywords—Polypropylene; polyethylene; calcium
carbonate additives; extrusion process parameters; composite
ropes.

L INTRODUCTION

Polymers have many applications in various industries,
such as textiles [1], [2], packaging [3], automotive [4],
aerospace [5], biomedical [6]-[9], and electronics [8], [10].
Some of the common properties of polymers are elasticity
[11], [12], toughness, thermal stability, electrical
conductivity, optical transparency, and biocompatibility
[13], [14]. Composites are a type of materials that consists
of a matrix material and reinforcing fibers [15]. Composite
ropes are widely used for fishing net production, as they
can withstand harsh marine environments and reduce the
risk of ghost fishing [16]. Previous research indicates that
approximately 2.5% of all fishing equipment is lost
annually, encompassing over 78,000 km? of nets, more than
25 million pots and traps, and 740,000 km of longlines. The
degradation of oceanic plastic debris, including discarded
fishing gear, has significant implications for the health of
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marine organisms and ecosystems. Marine plastics are
hypothesized to serve as vectors for invasive species and
pathogens across oceanic environments [17]. Among
marine plastic debris, abandoned fishing nets, lines, and
ropes are considered the most lethal forms, as they
frequently result in the entanglement and subsequent
mortality of various aquatic mammals, seabirds, and turtles
[18].

The design and material choice of aquaculture nets can
have a big impact on the industry's profitability,
productivity, and environmental sustainability [19], [20].
The quality of these ropes is influenced by various factors,
including the extrusion parameters during the
manufacturing process and the characteristics of the raw
materials used [21]. Among the different materials used for
aquaculture nets, polypropylene (PP) and polyethylene
(PE) are the most common and widely used synthetic
polymers [22]. In terms of durability, strength, flexibility,
buoyancy, UV resistance, and corrosion resistance, PP and
PE outperform other materials such as nylon. PP and PE
are also relatively inexpensive and simple to manufacture,
making them suitable for aquaculture [23]. In particular,
the choice of polypropylene (PP) as the primary material
for composite ropes [24], as well as the potential inclusion
of calcium carbonate (CaCO3) additives, plays a significant
role in determining composite ropes' mechanical properties
and performance [25], [26].

CaCO; is specifically added to the granules with the
objective of reducing stiffness and ensuring that the final
ropes are flexible. This consideration holds particular
significance in the context of weaving fishing nets, where
flexibility is paramount, and rigid ropes present challenges
during the fabrication process (fragile and high volume)
[27]. By navigating the intricacies of variations in raw
materials and CaCOj3; modifications, this study aimed to
unravel the nuanced impact of these choices on the
mechanical properties and suitability of composite ropes
for specific applications.

Extrusion parameters, such as temperature settings,
impact the structural integrity and flexibility of composite
ropes. Different extrusion machines exhibit varying
thermal profiles, which may result in variations in rope
quality [28]. In this study, four different companies’
extruders, Promatech, Miyachi, Sima, and Ichikawa, were
compared in terms of their thermal settings.

Problem description: Comparative research has been
conducted on the mechanical properties of composite ropes
for fishing net production, particularly regarding the impact
of extrusion process parameters and raw material
variations. Previous studies have often focused on isolated
factors, neglecting the complex interplay between
extrusion conditions, polymer blends, and additives like
CaCOs. Moreover, the relationship between surface
morphology and mechanical properties in these specialized
composites remains poorly understood. This study aims to
address these knowledge gaps by conducting a
comprehensive analysis of the effects of diverse extrusion
parameters and raw material compositions on the

mechanical and surface properties of composite polymer
ropes.

Despite theoretical expectations of a uniform rope
quality, the existing empirical evidence suggests that
differences in raw materials (polymers) and extrusion
parameters lead to variations in rope thickness, bulk
volume, and stiffness [29]. Currently, there is no
standardized assessment on how raw materials and
extrusion parameters may affect rope quality, which
suggests that the manufacturing process can impact the
quality of composite polymer ropes for knitting fishing nets
in various ways. There are some standardized assessments
for rope quality, such as ISO 9554:20191 [30], which
specifies the general characteristics of fiber ropes and their
constituent materials. Therefore, it is important to
understand how the process parameters influence the
quality of composite polymer ropes and ensure their
consistency.

Limited comparative research has been conducted on
the mechanical properties of composite ropes for fishing
net production, particularly regarding the impact of
extrusion process parameters and raw material variations.
Previous studies have often focused on isolated factors,
neglecting the complex interplay between extrusion
conditions, polymer blends, and additives like CaCOs.
Moreover, the relationship between surface morphology
and mechanical properties in these specialized composites
remains poorly understood. This study aims to address
these knowledge gaps by conducting a comprehensive
analysis of the effects of diverse extrusion parameters and
raw material compositions on the mechanical and surface
properties of composite polymer ropes.

This study presents a comparative analysis of ten
types of composite polymer ropes (with the same
combination of polymer structures, as well as a variation of
calcium carbonate), showing how the process parameters
affect the quality of composite polymer ropes and how to
adjust the manufacturing process to consistently produce
high-quality composite ropes for knitting fishing nets.
Understanding the intricate relationship between extrusion
parameters and composite polymer raw materials is crucial
in achieving the desired rope characteristics (physical and
mechanical) and, ultimately, enhancing fishing net
production.

II.  MATERIALS AND METHODS

A. Extruder Specifications and Thermal Settings

In this study, four distinct extruders, manufactured by
different companies with the trade names Promatech,
Miyachi, Sima, and Ichikawa (Table 1), were utilized to
produce identical types of composite polymer ropes. Each
extruder was characterized by specific thermal settings
tailored to optimize both productivity and the quality of
the resulting ropes. The thermal parameters for each
extruder were meticulously controlled and varied.
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TABLE 1 EXTRUDER SPECIFICATIONS

SCrew | utlet | Bath | Oven
Countr Area Temper|Temper| Temper

Extruder Temper
y ature agure at’ure agure
et | CO | co | o
Promatech| Italy [215-240] 210 110 130
Miyachi | Japan [200-215| 190 100 140
Sima Italy [215-240] 200 110 130
Ichikawa | Japan [205-220| 205 110 140

B. Raw Material Selection and Utilization

The choice of raw materials influences the composition
and characteristics of composite polymer ropes. The
selection of distinct raw materials added complexity to the
study, as variations in material properties could contribute
to differences in the resulting composite ropes. This study
strategically employed a diverse range of raw materials,
consisting of polypropylene (PP) and polyethylene (PE).
The PP was sourced from various companies, and included
Capilene®, ©ORompetrol, Mosten® TB002, and Hyosung
Topilene F501, each with distinct granules. Polyethylene
(PE) granules were exclusively sourced from Orlen
Unipetrol RPA (Czech Republic) Company (trademark:
PE-HD Liten® TB 49-060) contributing to a standardized
granule composition adopted across all ten manufactured
ropes.

As described in the aforementioned references, adding
CaCOs; of different shapes and concentrations to
polypropylene composites has been shown to enhance
their mechanical properties. For instance, adding 10 wt%
of homopolymer polypropylene (PP) with spherical
CaCO:s increased tensile and flexural strengths by 14.5%
and 11.8%, respectively. Needle-like CaCOs, at a 30 wt%
concentration, resulted in a 20.6% increase in tensile
strength and a 25.8% increase in flexural strength.
Additionally, lower concentrations of CaCOs, such as 5
wt%, demonstrated tensile and flexural strength
enhancements of 12.7% and 8.9%, respectively. These
variations highlight the importance of optimizing CaCO3
content and shape to achieve specific mechanical
performance targets in polypropylene composites. [31]-
[34]. The masterbatch (granules) were composed of 70%
polypropylene (PP) and 30% polyethylene (PE), with
variations introduced in the 6%, 7%, 9% and 10" samples
through the addition of 5% and 10% CaCQOs, respectively
(Table 2). The physical, mechanical, and thermal
characteristics of the composite polymers utilized in this
study are shown in Table 2.

The granule composition, a critical determinant of the
mechanical and structural attributes, adhered to a
consistent formulation—polypropylene (PP) (CAS
Registry Number® 9003-07-0; molecular formula
(CsHe)x; melting point 158-170 °C; density 0.92 g/cm?)
and polyethylene (PE) (CAS Registry Number® 9002-88-
4; chemical formula: (C2Ha)n; flash point: 270 °C; density:
0.962 g/mL at 25 °C; melting point: 92 °C)—except for
samples 6, 7, and 10. This deliberate blend sought to
capture the synergistic effects of both polymers on the
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final properties of the composite polymer ropes. PP and
PE were obtained from Sigma-Aldrich chemicals (Merck
KGaA, Darmstadt, (64287) Germany).

CaCOs; (calcium carbonate 99.95 Suprapur®, CAS
471-34-1, was obtained from Sigma-Aldrich chemicals
(Merck KGaA, Darmstadt, (64287) Germany).

TABLE 2 COMPOSITION OF PP AND PE WITH/WITHOUT CACO3 ON

EXTRUDER TYPE
Polypropylene (PP) Polyethylene (ITE) Ca
Type of . o, +[and concentration
No and concentration (%) o CO;
extruder (%) (%)
0o
Promatech | pp (pilene® E 50 E, |PE-HD Liten® TB
extruder,
Polypropylene 49-060 Orlen
Promatech .
1 Technologi Homopolymer, Carmel| Unipetrol RPA,
CCMNOI0BICS, | Gyjefins Ltd (Israel) | (Czech Republic) | -
Crespellano— 70% 30%
Bologna, Italy ° °
Perot‘fﬁzﬁh PP $S-05:F401  |PE-HD Liten® TB
Pr)c(;rrllatec,ll ©Rompetrol Refining | 49-060 Orlen
2 Technologics SA, (Romania) Unipetrol RPA,
S1es, 70% (Czech Republic) | -
Crespellano— 30%
Bologna, Italy °
Promatech :
extruder, | PP Mosten® TBO02, |7 Len® T8
Promatech  |Unipetrol RPA, (Czech .
3 . . Unipetrol RPA,
Technologies, Republic) .
o (Czech Republic) | -
Crespellano— 70% 30%
Bologna, Italy °
Miyachi PE-HD Liten® TB
extruder, PP Hyosung Topilene 49-060 Orlen
4 | Miyachi Iron F501 (China) Unipetrol RPA,
Works, Ltd, 70% (Czech Republic) | -
Japan 30%
Sima f?xtruder, PP Mosten® TB002. PE-HD Liten® TB
Sima Unipetrol RPA, (Czech 49-060 Orlen
5 | Headquarters, P Re ublic,) Unipetrol RPA,
SRR.L., (MO) pus (Czech Republic) | -
Ttaly 70% 30%
Ichikawa PP Capilene® E 50 E, [PE-HD Liten® TB
extruder, Polypropylene 49-060 Orlen
6 | Ichikawa Iron |Homopolymer, Carmel| Unipetrol RPA,
Works Co. Ltd, | Olefins Ltd (Israel) | (Czech Republic) | 5%
Japan 66.5% 28.5%
Ichikawa PP Capilene® E 50 E, [PE-HD Liten® TB
extruder, Polypropylene 49-060 Orlen
7 | Ichikawa Iron |Homopolymer, Carmel| Unipetrol RPA,
Works Co. Ltd, | Olefins Ltd (Israel) | (Czech Republic) | 10%
Japan 63% 27%
Ichikawa PP Capilene® E 50 E, |PE-HD Liten® TB
extruder, Polypropylene 49-060 Orlen
8 | Ichikawa Iron |Homopolymer, Carmel| Unipetrol RPA,
Works Co. Ltd, | Olefins Ltd (Israel) | (Czech Republic) | -
Japan 70% 30%
Ichikawa PP Capilene® E 50 E, |PE-HD Liten® TB
extruder, Polypropylene 49-060 Orlen
9 | Ichikawa Iron |Homopolymer, Carmel| Unipetrol RPA,
Works Co. Ltd, | Olefins Ltd (Israel) | (Czech Republic) | 5%
Japan 65% 30%
Ichikawa PP Capilene® E 50 E, [PE-HD Liten® TB
extruder, Polypropylene 49-060 Orlen
10| Ichikawa Iron |Homopolymer, Carmel| Unipetrol RPA,
Works Co. Ltd, | Olefins Ltd (Israel) | (Czech Republic) | 5%
Japan 70% 25%
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TABLE 3 PHYSICAL, MECHANICAL, AND THERMAL CHARACTERISTICS OF

POLYMER COMPONENTS
. Hyosung| Liten®
Capilene| SS-05: |Mosten® .
Polymer ®ES50E| F401 | TB 002 Topilene| TB 49-
component ®P) ®P) ®PP) F501 060
(PP) (PE)
Melt Flow
Rate (g/10| 1.8 2-35 2 3.0 0.6
min)
Density 0.905 -
(g/cm3) 0.905 0917 0.902 0.90 0.949
Tensile
Strength .
at Yield 32 Min. 30 28 353 24
(MPa)
Flexural
Modulus | 1400 [Min. 900 1700 1570 1200
(MPa)
Izod
Impact .
Strength 4 Min. 2 6.5 3.9 7
(kJ/m2)
Vicat
Softening | 50 Iypin 150|155 105 125
Temperat
ure (°C)
Heat
deflection| o | \jin 45 | 55 150 80
Temperat
ure (°C)

C. Specimen Description

The commercially available ropes utilized in this study
were manufactured using low-power, single-type
extruders. Specifically, a one-screw extruders PP&PE
FDY - 40 Tex, featuring 2 positions x 10 ends and a
production capacity of up to 500 kg/hour, were employed.
This equipment is operational at the STA "MAGISTR" (24
Raina street, LV-5401, Daugavpils, Latvia) enterprise.
The selection of this particular manufacturing process and
supplier ensures consistency in the rope samples and
aligns with industry standards for rope production (EN
ISO 10572). Fig. 1 illustrates the comprehensive
methodological process, beginning with rope material
selection and culminating in comparative analysis (EN
ISO 2062). This flowchart delineates the sequential steps
of the procedure, providing a visual representation of the
study's systematic approach.

Commercially available ropes
(circular and rectangular) w/wo

CaCO;,
=
Mechanical testing and surface
morphology
1 4
SO

Data analysis and comparision

Fig. 1. Flowchart depicting the methodological sequence from
initial rope selection to final comparative analysis.

The length of the specimens was measured using a
Mitutoyo Strait-Line Tape Measure (Japan), which has a
range of 0 — 3 m and two scales, one in metric and one in

imperial units. The tape measure has a double coating at
the end of the blade, a dual-sided hook, and a finger brake
to control the retraction speed. The verification number is
G366V22, 15.06.2023. The thickness of the specimens
was determined using a Mitutoyo QuantuMike IP65
Digital Micrometer (Japan), which has a discreteness of
0.001 mm and a computer personal calibration at start-up.
The digital micrometer has a coarser spindle thread that
feeds the spindle by 2 mm per thimble revolution, a
carbide measuring face, and a waterproof design. The
mass of the specimens was determined using KERN PCB
M Laboratory Scales (Germany), which have an accuracy
class of II high, a maximum capacity of 200 g, and a
discreteness of 0.01 g. The laboratory scales have a large
LCD display, a stainless-steel weighing plate, and a shock-
proofplastic housing. The calibration certificate number is
MO0901K22, 15.06.2023. The prepared specimens are
shown in Fig. 2 in different shapes, such as circular and
rectangular, and their parameters are summarized in Table
4. Figure 2(a) depicts the shape of samples 1-7 with a
circular cross-section, whereas Fig2(b) depicts samples 8—
10 with a rectangular cross-section.

|

lD2

(a)

=L

(®
Figure 2. (a) Circular composite polymer rope and (b)
rectangular composite polymer rope.

TABLE 4 SPECIMEN PARAMETERS

Average Initial AYerage Ave.rage A.verage

No. Mass (g) Length |Thickness| Height [Diameter
(mm) (mm) (mm) (mm)
1 0.1 100 - - 0.416
2| 0.103 100 - - 0.432
3] 0.110 100 - - 0.443
4 0.1 100 - - 0.420
5 0.11 100 - - 0.405
6| 0.105 100 - - 0.407
7 0.1 100 - - 0.401
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8 | 0.031 100 0.353 1.241 -
91 0.034 100 0.430 1.240 -
10| 0.032 100 0.294 1.221 -

D.  Mechanical Testing: Breaking force and
elongation at maximum breaking force

The samples were kept under normal conditions for 24
hours in a controlled environment according to the
standard temperature, relative humidity, and pressure
specified by ISO 139:19732. The breaking force and
elongation at break of individual composite polymer rope
specimens were measured using ISO 5079:2020. The
physical and mechanical properties of the fiber ropes were
measured using ISO 2307:2010. The process parameters
for the standard atmospheres for conditioning and testing
are shown in Table 5.

TABLE 5 PROCESS PARAMETERS FOR STANDARD ATMOSPHERES FOR
CONDITIONING AND TESTING

Parameter Value Unit
Temperature 25£10; (21) °C
. . 45-80; (W (% o
Relative humidity RM)) = 60 %
Atmospheric pressure 84.0-106.7; (760) kPIarI(gr)nm
Clamping length 10 cm

Clamping area 5 cm
Pre-load 5 H
Elongation speed 5 mm/s

E.  Stiffness and Young's Modulus

The Young’s modulus E (Pa) of the specimens was
calculated using the following equation [35]:

FL (D
= ann
where F is the breaking force (N), L is the initial length
(mm), A is the cross-sectional area (mm?), and AL is the
elongation at maximum breaking force (mm). Young’s
modulus (E) is the material’s stiffness and it measures the
resistance to deformation under tensile stress [36].

The stiffness modulus k& (N/m) of the specimens was
calculated by multiplying the Young’s modulus (E) by the
cross-sectional area (A) and dividing by the initial sample
length (L), as follows [35]:

k= EA/L Q)
The stiffness modulus & is the ratio of the applied force
to the displacement caused by it along the same axis.

F.  Study of the Samples’ Surface Morphology

An Olympus LEXT OLS5000 3D Measuring Laser
Microscope (Japan) was used to obtain surface images and
3D relief of the samples, and to measure their roughness.
For this study, smooth areas on the sample surface without
initial (113-1125 times magnification) visible defects—
pores, cracks, or grooves—were selected at a magnification
of 2255 times. This microscope allows us to obtain surface
optical images and 3D models at 113, 227, 451, 1125, and
2255 times magnification for measuring the dimensions of
the surface elements, and determining the surface
roughness S, (arithmetical mean height) (um), S,
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. . ISO 5079:2020 .
(maximum height) (Lm), anu og uvoe tcan oyua height)

(pum).
III.  RESULTS AND DISCUSSION

A.  Breaking force and elongation

The results shown in Table 6 indicate that the
composite polymer ropes have different mechanical
properties depending on the type. The highest average
breaking force was observed for sample 3 (154.85 N),
followed by sample 6 (149.11 N) and sample 5 (147.30 N).
The lowest average breaking force was observed for
sample 1 (73.04 N), followed by sample 4 (116.50 N) and
sample 2 (122.12 N). The highest elongation at maximum
breaking force was observed for sample 6 (13.28 mm),
followed by sample 5 (12.76 mm) and sample 7 (12.20
mm). The lowest elongation at maximum breaking force
was observed for sample 1 (5.51 mm), followed by sample
9 (9.99 mm) and sample 4 (8.61 mm). A visual
comparative assessment of the test results of breaking
force and elongation at maximum breaking force of the ten
samples in accordance with ISO 5079:2020 is depicted in
Fig. 3 and 4.
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Fig. 3. Comparison graph of the values of breaking force of the ten
samples
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Fig. 4. Comparison graph of the values of elongation at maximum
breaking force of the ten samples.

TABLE 6 TEST RESULTS OF BREAKING FORCE AND ET ONGATION AT
IS0 5079:2020 1KING FORCE

Average .
No. |Breaking Force, Al‘;igi?fl?ﬁizozta(tml\gx'
1 73.04 5.51
2 122.12 10.38
3 154.85 11.38
4 116.50 8.61
5 147.30 12.76
6 149.11 13.28
7 129.50 12.20
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8 126.14 11.63
9 133.51 9.99
10 140.72 11.73

The samples processed through the Promatech and
Sima extruders (samples 1, 3, 5, and 8) exhibited higher
breaking forces, indicative of enhanced structural
integrity. The elevated screw area temperatures and
medium-to-hard rope hardness contributed to better
molecular alignment and interfacial adhesion. In contrast,
the samples processed with the Miyachi and Ichikawa
extruders (samples 2, 4, 6, 7, 9, and 10) showed lower
breaking forces, suggesting that lower screw area
temperatures and softer rope hardness may lead to reduced
tensile strength.

The breaking force of 73.05 N observed in sample 1,
which was the lowest breaking force observed among all
samples, produced by the Promatech extruder with the
highest screw area temperature and medium rope
hardness, aligns with the general trend. The highest
breaking force of 154.85 N was observed in sample 3,
which was composed of 30% PE-HD Liten® TB 49-060
and 70% PP Mosten® TB002. These results can be
attributed to the specific combination of polymer blend
composition and extrusion process parameters employed
by both the Promatech and Sima extruders.

The CaCO:s filler content also had a significant effect
on the breaking force and elongation of the ropes. The
ropes with 5% CaCO; filler (samples 9 and 10) had
relatively a lower average elongation (compared to the
sample 6) but samples 6 and 10 had higher breaking force
compared to the sample 9. Sample 6, with 5% CaCOs,
displayed the highest breaking force (149.11 N) among all
samples (excluding sample 3), emphasizing the positive
impact of CaCOs in enhancing the mechanical properties.
The average breaking force of the ropes with 5% CaCO;
increased by 14.42 % (compared to the ropes without
CaCQs). The average elongation at break of the ropes with
5% CaCOs; increased by 16.18% compared to the ropes
without CaCOs. This shows that the CaCOj filler enhanced
the strength and stiffness of the ropes by acting as a
reinforcing agent.

The rope with a higher 10% CaCOs filler content
(sample 7) had on 1.34 time average elongation higher
(than samples 9 and 10) but on 11.61 time lower breaking
force than the ropes with a lower 5% CaCOs filler content
(samples 6, 9 and 10). This shows that the 10% CaCO3
filler (compared to 5% CaCOs) reduced the strength and
stiffness of the ropes by acting as a diluent, lowering the
polymer content, as well as the interfacial adhesion and
molecular orientation of the polymer chains, thereby
leading to more flexible and weaker ropes.

B.  Stiffness and Young's modulus

Table 7 represents the stiffness and Young's modulus
results obtained from mechanical testing, where among all
the results, the two best and the two lowest, close in value,
were distinguished. The samples with the highest stiffness
were observed for: sample 3 (137.39*10? N/m) and sample
4 (135.67*%102 N/m), while the lowest stiffness were

noted: for sample 7 (106.12*10> N/m) and sample 8
(108.46*10> N/m). Similarly, the highest Young’s
modulus were observed for: sample 1 (9.8 GPa) and
sample 4 (9.725 GPa), and the lowest Young’s modulus
were observed for: sample 8 (2.478 GPa) and sample 9
(2.499 GPa). A visual comparative assessment of the
calculative results of stiffness and Young's modulus in the
ten samples in accordance with ISO 2307:2010 is depicted
in Fig. 5 and 6.
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Fig. 5. Comparison graph of the stiffness values of the ten samples.
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Fig. 6. Comparison graph of Young's modulus values of the ten
samples.

TABLE 7. RESULTS OF STIFFNESS AND YOUNG'S MODULUS

No Stiffness, £ |Young's modulus,
| (N/m) E (GPa)
1 |133.36*10° 9.8
2 | 116.89*10° 7.98
3 [137.39*%10% 8.94
4 1135.67*10° 9.725
5 | 114.11*%10% 8.91
6 | 112.24*10° 8.62
7 1106.12*10% 8.369
8 |108.46*10% 2.478
9 |133.59*10% 2.499
10 | 119.96*10? 3.335

The Promatech extruder, with a higher screw area
temperature and medium rope hardness, resulted in sample
1 having the highest stiffness (133.36*10%> N/m) and
Young's modulus (9.8 GPa). The elevated temperatures
likely facilitated better molecular alignment, leading to
increased stiffness. This aligns with the general
understanding that higher processing temperatures
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contribute to a more ordered polymer structure [33],
resulting in higher stiffness and Young's modulus.

Sample 3, utilizing Mosten® TB002, demonstrated the
highest stiffness (137.39*10% N/m). The unique properties
of Mosten® TBO002, possibly related to molecular weight
or chain architecture, contributed to the observed higher
stiffness. This indicates the significance of raw material
selection in achieving the adapted mechanical properties
in polymer composite ropes.

The samples with higher stiffness and Young’s
modulus (samples 1, 3, and 4) were produced by the
Promatech and Sima extruders, had a higher PP content,
and did not have CaCOj; filler. The samples with lower
stiffness and Young’s modulus (samples 7, 8, 9, and 10)
were produced by the Miyachi and Ichikawa extruders,
had a lower PP content, and had CaCO; filler. These
results confirm that higher temperature and hardness of the
extruders, higher PP content of the blends, and the absence
of CaCOs; filler enhanced the stiffness and Young’s
modulus of the ropes, while lower temperature and
hardness of the extruders, lower PP content of the blends,
and the presence of CaCOs filler reduced the stiffness and
Young’s modulus of the ropes. The obtained result well
correlated with [37].

Samples 6, 7, and 9, containing CaCOs3, exhibited
improved stiffness compared to their counterparts without
CaCOs. Sample 6, with 5% CaCOs, demonstrated the
highest stiffness (112.24*10? N/m), indicating that the
addition of CaCOj; contributed to the composite rope's
stiffness. The positive impact of CaCOs3 on stiffness is in
line with its role in reducing the overall rigidity of the
composite rope, making it more flexible for specific
applications. CaCOs addition, surprisingly, resulted in a
modest reduction in stiffness, with CaCOs-containing
samples showing an average decrease of 2.1% compared
to those without CaCOs;. CaCOs led to a significant
reduction in Young's modulus, with the CaCOs-containing
samples showing an average reduction of approximately
66.4% compared to samples without CaCO3.

The breaking force of the Ichikawa extruder-produced
composite ropes surpassed those observed in prior studies
by 51.49% to 54.07%, indicating a significant
improvement in mechanical performance. Comparative
analysis with prior studies [32], [38], and [39] reveals that
sample 6 (66.5% PP, 28.5% PE, 5% CaCOs) exhibits a
54.07% higher breaking force than that reported in a prior
study [32] (70% PP, 25% PE, 5% CaCO;). This
improvement is attributed to sample 6's higher PP content
and lower PE content, enhancing its stiffness, strength, and
crystallinity, while a lower CaCO; content reduces
brittleness and stiffness, and improves ductility and impact
resistance. Similarly, the elongation at maximum breaking
force surpasses that observed in prior studies by 51.85% to
56.32%. Notably, sample 6 displays a 56.32% higher
elongation compared to study [32], credited to its lower PP
content and higher PE content, thereby promoting its
ductility, toughness, and flexibility. Maintaining the same
CaCOs content as study [38] minimized the impact on
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composite deformation and strain. In contrast, stiffness
was 17.04% to 21.88% lower compared with studies [32],
[38], and [39]. Specifically, sample 9 (65% PP, 30% PE,
5% CaCQO;) exhibited a 21.88% higher stiffness than a
prior study [38], attributed to its higher PE and lower
CaCOs content, improving ductility and flexibility. A
lower PP content reduced the modulus, strength, and
crystallinity, enhancing deformation and strain. Also, it
should be noted, Young's modulus was 9.05% to 12.45%
lower, with sample 9 displaying a reduction of 12.45%
compared to study [40]. This is attributed to sample 9's
higher PE and lower CaCOj; content, reducing stiffness,
strength, and crystallinity, along with a lower PP content
further reducing the modulus and improving deformation
and strain.

Lastly, at 5 wt% CaCQOs, it is well dispersed in the
matrix. However, at a higher ratio, the CaCOs3 particle
(compared with 10 wt%) tends to gather to form bigger
clusters; therefore, these clusters could play as defects,
resulting in lower mechanical properties. The interfacial
connection and compatibility between PE, PP, and CaCO3
reinforce the mechanical properties of the plastic. This
effect could be mostly generated from the formation of f3-
form crystalline of PP, caused by the synergistic effect
between PE and CaCOs [41], [42].

C.  Study of the Surface Morphology of the Samples

Fig. 7 shows the surface structure of the sample 1.
These are presented under two different magnifications: (a)
113 times (image area size of 2.57 x 2.57 mkm) and (b)
2255 times (image area size of 128 x 127 mkm). The red
squares in (a) show the corresponding location in (b) under
higher magnification. The colored scale in (b) shows the
height change in mkm on the viewed surface. The
measurement of surface roughness was carried out along
30 points on the sample surface (along the transverse line
based on the mode indicated in Fig. 7), and the average
value is shown in Table 8.
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Fig. 7. Sample 1 under magnification of 113 times (a) and 2255
times (b).

In samples 1 and 4-10, in the longitudinal direction of
the fiber, microgrooves can be observed on the surface (in
samples 1, 6, and 7, there are possibly also microcracks
because they have an uneven surface), with a width and
depth of 1-8 um; in samples 2 and 3, there are practically
No Microgrooves.

In samples 1-5, in the transverse direction of the fiber,
there are ridges (ramps) that are 0.5-2.5 um high (the
surface of all these ridges is smooth); in samples 6-10,
there are practically no such ridges.

The surface roughness was measured in a square size of
32 x 32 pum located in the center of the analyzed area (128
x 127 pm) of the sample (Fig. 8). A relatively small area
(32 x 32 um) was used because the surface of the samples
is not flat (it is curved). In this case, only the microstructure
was studied (the macrostructure with its defects was not
taken into account). Surface roughness S,, S;, and Sq are
shown in Table 8.

The surface of sample 3 has the least number of defects
and one of the smallest roughness values. Perhaps for this
reason, the breaking force (Table 6) and stiffness (Table 7)
are the highest for this sample in comparison with the other
nine samples.

It is highly important to know and analyze the surface
morphology of a material, primarily due to the performance
characteristics of the product (the fishing net).Microscopic
abrasive particles (sand, corundum, etc.), which are present
in seawater, can become stuck on surface defects
(micropores, microgrooves, and microcracks) [43]. During
operation, they will accelerate the material’s wear process.
Additionally, seawater is an “aggressive” environment for
the operation of rope materials due to the seawater
chemical composition. Six major ions make up > 99% of
the salts dissolved in seawater: four cations—sodium
(Na*), magnesium (Mg?"), calcium (Ca?"), and potassium
(K*)—and two anions—chloride (CI°) and sulfate (SO4>)
[44]. These six ions and the five next most common ones
make up the major constituents of seawater and comprise
99.99% of dissolved materials; they have a chemical effect
on rope materials and accelerate their aging; this leads to
the breakdown of the polymer chains (in materials made of
polymer fiber) [45]. Aging is faster on surface defects. Both
wear and aging processes reduce the lifespan of fishing
nets. Therefore, a mate