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Abstract

Introduction. Environmental improvement involves the recycling of man-made materials for product recovery with high
performance characteristics. However, in general, energy-intensive and uneconomical materials have no alternative in
construction. Literary information on the problem is insufficient and uncompiled. The presented article is intended to fill
this gap. The research objective is to study mono-reinforced and hybrid-reinforced fibergeopolymers. For this purpose,
two problems are solved: design of polymers and analysis of beams made from them using the finite element method.
Materials and Methods. The binding base for the production of fibergeopolymers was sintered particles (beads) extracted
from basalt wool waste — technogenic fibrous materials (TFM). The fiber was made from metal cord, basalt wool waste
and polypropylene. Beams made from hybrid-reinforced fibergeopolymers were studied under bending and shear in the
ANSYS 16.1 software environment.

Results. Two types of geopolymers were obtained:

— mono-reinforced (fiber from metal cord, polypropylene fiber, and TFM — fiber from waste from basalt wool production);
— hybrid-fiber-reinforced (metal cord + polypropylene, metal cord + TFM, polypropylene + TFM).

High values of elastic modulus (more than 25 GPa), bending strength (up to 10.19 MPa) and compression strength (up to
46.67 MPa) were defined. The ratio of bending and compression strength for the studied and traditional materials was 1:4
and 1:10, respectively. The simulated and experimental indicators of beam deflections under loads from 5 to 72 kN were
compared. It was found that finite element modeling allowed designing structures from the developed materials and
predicting their performance characteristics.

Discussion. The cases of the smallest discrepancy between the modeling and experimental data were established. For
FGP-1, it was 8% (load — 35 kN), for FGP-2 — 11% (50 kN), for FGP-3 — 7% (38 kN), for FGP-1 (1%) — 3%
(30 kN). Among the hybrid-reinforced fibergeopolymers, the best compliance was that of HFGP-3. At a load of 55 kN,
the discrepancy was 0.80% (theory — 4.98 mm, experiment — 5.02 mm). For HFGP-1, the best indicator was 1.85%
(72 kN, 5.85 mm, 5.96 mm), for HFGP-2 — 9.12% (63 kN, 5.58 mm, 6.14 mm). The applied value of the results was
confirmed by their visualization — the similarity and coincidence of the curves on the graphs.

Conclusions. The advantages of the proposed innovative components for the production of building materials are proved.
They are environmentally friendly and show sufficient workability. Design of hybrid-reinforced fibergeopolymers makes
it possible to obtain high values of bending and compression strength (significantly higher than that of unreinforced
concrete). The modulus of elasticity of more than 25 GPa proves good resistance of the material to deformations. The
results of the modeling are adequate to the results of the experiments.

Keywords: mono-reinforced fibergeopolymers, hybrid-reinforced fibergeopolymers, processing of technogenic raw
materials, technogenic fibrous materials, technical properties of fibers, geopolymer concrete
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AHHOTAIUSA

Beeoenue. YnydieHue S5K0JIOTHH MPEIIoaraeT nepepadoTKy TEXHOTCHHBIX MAaTEPHANIOB JUIS TIOJTYYEHUsI TPOILYKINH C
BBICOKMMHU 3KCIUTyaTallMOHHBIMU XapakTepucTukamu. OJJHaKO B CTPOUTEIBCTBE B LIEJIOM Oe3a/IbTepHATHBHBI SHEPTOeM-
KHe ¥ HePKOHOMUYHbIe MaTepuaibl. JIutepaTypHble cBeeHUS 1O Ipo0ieMe HeIOCTaTOYHbl U pa3po3HeHsl. [IpeacTas-
JICHHAs CTaThsl IIPU3BaHa BOCIIOIHUTH 3TOT Ipoben. Llens paboTsl — HccnenoBaHne MOHOAPMHUPOBAHHBIX M THOPHUAHO-
apMHUPOBAaHHBIX (UOpOreonoauMepoB. s TOCTIDKEHUS ENN PEIlaINCh JBE 3aJadl: MPOCKTUPOBAHHE MOJINMEPOB U
aHanu3 OAJIOK M3 HUX METOAOM KOHEYHBIX JIEMEHTOB.

Mamepuanst u memoosl. Bsoxyiieit ocHOBoH (prOporeonoanMepoB CITyKHIIH CIIEKIINECs YaCTUIIBI (KOPOJIBKH) U3 OTXO-
JIOB TEXHOT€HHBIX BOJIOKHUCTHIX MarepranioB (TBM), a uMeHHO 13 6a3ainbToBOH BaThl. PHOPY M3roTaBIMBAIN U3 METAN-
JIOKOPAA, 0TX0/10B 0a3aIbTOBOM BAThI M IOJIMIIPOITIIIeHA. bakn n3 rubpuaHoapMUpoOBaHHBIX (HOPOTEOTIOINMEPOB HU3Y-
YaJi Ipy U3rube U cBHUre B IPOrpaMMHOH cpeze Ansys 16.1.

Pesynomamul uccnedosanus. IlonyueHsl 18a BUja reonoIMMepOB:

— MOHOapMHUpoBaHHbIE ((prOpa U3 MeTaIUIOKOp/Ia, mojunponmwieHoBas ¢prudpa u TBM — pubdpa u3 0TX010B NpOU3BOICTBA
0a3abTOBOI BaThI);

— rubpunHOGUOpoapMHUpOBaHHBIE (METALIOKOP + MoJMIponuieH, Metaiiokopa + TBM, nonunponunen + TBM).
BrrsBunm BeICOKHE 3HAa4eHUS MOAys ynpyroct (6omee 25 ['Tla), mpounoctu npu m3rude (mo 10,19 MIla) u cxxatun
(mo 46,67 MlIla). OTHOLIEHHE IPOYHOCTH P U3TUOE U CHKATHH JJISI HCCIEAYEMBIX U TPaJUIIMOHHBIX MaTepruanoB — 1:4
n 1:10 coorBercTBeHHO. CpaBHHIM CMOJEITHMPOBAHHBIE U SKCIIEPUMEHTAIFHBIE TIOKA3aTeNn IPOTrH00B OAIOK IIPH HAarpy3-
kax oT 5 1o 72 xH. BeisicHnIN, 4TO KOHEYHORJIEMEHTHOE MOJIEITMPOBAHNE MTO3BOJISIET MMPOSKTUPOBATh KOHCTPYKIIMU U3
pa3paboTaHHBIX MAaTEPHAIOB U MPOrHO3MPOBATH MX SKCIUTyaTallMOHHBIC XapAKTCPUCTHKH.

Obcysncoenue. Y CTaHOBIIEHBI CIIy4ad HAMMEHBILETO PACXOKACHHS JaHHBIX MoAeInpoBaHus u onbToB. s OI'TI-1 ato
8 % (marpyska — 35 xH), st ®I'TI-2 — 11 % (50 kH), mnst TTI-3 — 7 % (38 xH), misa OI'TI-1 (1 %) — 3 % (30 xH).
Cpenu rubpuaHOapMUPOBAHHBIX GuOporeomnonuMepoB Hawtyuiiee coorserctBre — y I'OITI-3. [Tpu narpyske 55 kH
pacxoxaenne — 0,80 % (teopust — 4,98 mm, ombiT — 5,02 mm). dust TDITI-1 myymmii nokazatens — 1,85 % (72 xH,
5,85 MM, 5,96 mm), g TOITI-2 — 9,12 % (63 xH, 5,58 mm, 6,14 mm). [IpuknaaHy o IIEHHOCTh PE3YJIBTATOB MOJITBEP-
JIMJIa MX BU3YyallU3allnsi — CXOXECTh U COBIAICHHE KPUBBIX Ha rpaduKax.

3aknouenue. JlokazaHbl IPEUMYIIECTBA MTPEJIOKESHHBIX HHHOBAIIMOHHBIX KOMIIOHEHTOB JIJIsl IPOU3BOJICTBA CTPOUTEIb-
HBIX MaTepuanoB. OHHU 3KOJIOTHYHBI, AEMOHCTPHUPYIOT AOCTAaTOUHYIO y1000yKiIaapiBaeMocTh. [IpoekTupoBanue rudpua-
HOApMHUPOBAHHBIX (PHOPOreonoINMEPOB Ja€T BO3MOKHOCTD MOTYYUTh BHICOKHE 3HAUEHHS TPOYHOCTH MPH HU3THOE U CxKa-
THH (CYIIECTBEHHO BBIIIE, YeM y HEAPMUPOBAHHBIX 0eTOHOB). Momyns yrnpyroctu 6omnee 25 I'Tla qokassiBaet xoporee
CONPOTHUBJICHHE MaTepHaia aedopManusaM. Vtorn MosennpoBaHust aieKBaTHBI Pe3yJIbTaTaM SKCIIEPUMEHTOB.

KioueBble cji0Ba: MOHOapMHPOBaHHBIE (HOpOreononnMepsl, THOPUAHOAPMUPOBAHHBIE (PHOPOTEONOIMMEPHI,
nepepaboTka TEXHOTEHHOTO CBIPbS, TEXHOTEHHbIE BOJIOKHHUCTHIE MaTepHajbl, TEXHHYECKHe cBoiicTBa (¢uOD,
TeONOJIMMEPHBINA 0eTOH

BJIaFOIIapHOCTI/I. ABTOpLI 6J'Ial“0ﬂapHLI AHOHUMHBIM PCICH3CHTAaM 3a YACJICHHOC BpEMA U ICHHBIC KOMMCHTApUU.

dunancupoBanue. Pabora onyOmukoBana npu (uHaHcoBod momnepxkke PH®, mnpoekr Ne 25-19-00426
(https://rscf.ru/project/25-19-00426/).



https://vestnik-donstu.ru/
https://rscf.ru/project/25-19-00426/
https://doi.org/10.23947/2687-1653-2025-25-3-171-185
mailto:ivanov_ii@mail.ru
https://rscf.ru/project/25-19-00426/
https://orcid.org/0000-0002-3217-6874
http://orcid.org/0000-0003-0845-8414
https://orcid.org/0009-0001-8129-9598
https://orcid.org/0000-0002-2279-1240
https://orcid.org/0000-0002-1156-9206

Advanced Engineering Research (Rostov-on-Don). 2025;25(3):171-185. eISSN 2687—-1653

Jas ourupoBanusi. Kimoes C.B., KimoeB A.B., Aro6oB H.A., ®@emok P.C., JleBkuna E.B. IIpoexTrpoBanne u aHanmm3
METOJIOM KOHEYHBIX 3JIEMCHTOB OSKOJOTHYECCKH OC30MACHBIX MOHOAPMHPOBAHHBIX W  THOPUIHOAPMHPOBAHHBIX
¢udporeononumepoB. Advanced Engineering Research (Rostov-on-Don). 2025;25(3):171-185. https://doi.org/10.23947/2687-
1653-2025-25-3-171-185

Introduction. One of the priorities of the strategy of scientific and technical development of the Russian Federation is
to counteract man-made, biogenic, sociocultural and other sources of danger to society and the economy [1]. The most
important task of environmental safety is the development of processes and techniques [2], resource conservation [3], and
complex processing of man-made materials [4], obtaining products with high performance characteristics on their basis [5].

Transdisciplinary approaches provide a new level of development of building composite mixtures. For progress in
this area, it is important to move away from the current templates of designing building materials [6]. To reduce the
complexity of recipes and the cost of components, it is necessary to use data from various sciences: materials science,
physics, chemistry, geology, nanotechnology, etc. In addition, certain operational characteristics can be assigned to the
new composite [7].

Improvement of physical, mechanical, operational, protective and environmental properties of modern modified
composites is based on:

— optimization of formulations and technologies;

— use of non-traditional types of natural and man-made raw materials [8].

It is known that the economic efficiency of projects is largely determined by the use of high-tech building materials [9].
Modern composites have good prospects in industrial and civil construction [9]. They are often used for unique projects
and objects that are operated under various conditions [10].

When producing the materials described above, one of two innovative strategies is usually used:

— recycling for the production of so-called “green” materials [11];

— creation of “smart” concrete for monitoring the condition of building structures [12].

It should be noted that the regulatory framework governing construction design does not contain recommendations on
the use of man-made waste as fillers for concrete. Promising approaches are discussed in the literature. As a rule, this
concerns the comprehensive processing of used tires, as well as fibrous materials — man-made waste from the production
of mineral wool [13]. However, both of these solutions have not been sufficiently studied and tested in practice.

The possibility of using carbon black and TFM waste should also be mentioned. However, even in this case there are
no adequate scientific conclusions that would prove the practical feasibility of introducing such composites into
construction practice [14].

The objective of the presented work was to study and design unreinforced and hybrid-reinforced fibergeopolymers
using the FEM. Within the framework of this study, two problems were solved: design of hybrid-reinforced
fibergeopolymers and analysis of beams made from them by the FEM. This was required to reach the stated goal, as well
as in general for the creation of sustainable building materials.

Materials and Methods. The binding base for the production of fibergeopolymers was sintered particles (beads)
extracted from waste basalt wool — technogenic fibrous materials (TFM). A combination of sodium silicate and sodium
hydroxide solution was used as an alkaline activating liquid. Polyfractionated quartz sand with a specific gravity of 2.67
acted as a fine filler. The maximum size of the coarse aggregate used in this study did not exceed 12 mm, which increased
the workability of concrete. The fiber from the metal cord of waste tires was heat-treated and cut. The fiber from TFM
was obtained through grinding basalt wool. The authors found that sometimes the actual technical properties of the fibers
differed from those declared by the manufacturers, and these actual parameters are given in Table 1.

Table 1
Properties of Different Types of Fiber
Properties Metal cord Polypropylene TFM

Diameter, mm 0.75 0.002 0.013
Length, mm 60-75 12.0 40-70
Length to diameter ratio 80-100 6,000 3,077-5,385
Tensile strength, MPa 2,500 3.50 2,000
Modulus of elasticity, MPa 210 345 75,000
Specific gravity 8 0.90 2.6
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The behavior of 1,000x200%100 mm beams made from hybrid-reinforced fiber-geopolymers was studied. They were
analyzed by the FEM in bending and shear. The deflection of geopolymer concrete beams was calculated to prevent
unacceptable deformations and provide normal operation of structures. The FEM is suitable for computer processing, it
can be used to solve problems in solid mechanics, fluid mechanics, heat transfer and vibrations.

Research Results. Compositions of sustainable fibergeopolymer mixtures have been developed, which show
satisfactory workability characteristics (Table 2). Workability provides high-quality, safe transportation of the
geopolymer mixture to the place of installation.

Table 2
Developed Compositions and Cone Slump Measurement Results
Composition Fiber content, % Slump, Workability
by volume mm
Cement concrete - 112.1 High
Unreinforced geopolymer (GP) - 103.5 High
Fibergeopolymer (FGP-1), metal cord 0.5 80.3 Average
FGP-2, polypropylene 0.5 78.4 Average
FGP-3, TFM 0.5 76.5 Average
Hybrid fibergeopolymer (HFGP-1), 025+ 025 65.4 Average
metal cord + polypropylene
HFGP-2, metal cord + TFM 0.25+0.25 70.2 Average
HFGP-3, TFM + polypropylene 0.25+0.50 68.7 Average

The composites were cured for 28 days under normal, unintentionally specified conditions. Their final mechanical
properties were summarized in Table 3. High values of compressive strength (up to 46.67 MPa) and bending strength (up
to 10.19 MPa) were shown. An extremely important difference in the ratio of bending and compressive strength for the
studied and traditional materials was established — 1:4 and 1:10, respectively. High modulus of elasticity (more than
25 GPa) is especially important for designers and engineers, since it determines the ability of the material to resist
deformation, i.e., the strength and stability of building structures. In Table 3, the compositions with the best characteristics
are highlighted in color.

Table 3
Mechanical Properties of Composite Materials after Curing for 28 Days
Composition Str’ength, MPa - Modulus of elasticity, GPa
compressive bending
Cement concrete 40.89 4.60 19.24
Unreinforced geopolymer (GP) 41.33 4.40 19.32
Fibergeopolymer (FGP-1) 46.67 8.79 25.01
FGP-2 45.78 8.60 24.57
FGP-3 34.67 8.00 20.02
Hybrid fibergeopolymer (HFGP-1) 46.67 8.39 25.03
HFGP-2 44.44 10.19 23.49
HFGP-3 40.44 9.50 20.11

The statics problems were solved by the FEM. The sequence of analysis in the Ansys software environment is
described below.

1. Setting the algorithm.

2. Specifying the geometry.

3. Specifying and determining the material properties (modulus of elasticity and Poisson's ratio).

For the modeling, a geopolymer beam with three degrees of freedom at each node was used. It moved and was
elastically deformed in x, y, z directions.

Modulus of elasticity of concrete:

E, =5000/R , 1)
where E. — short-term static modulus of elasticity, MPa; R_,,. — compressive strength, MPa.

Poisson's ratio is usually less than 0.5. In [15], the values from 0.18 to 0.24 are given, while in [16], the figures are
from 0.23 to 0.32.
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Meshing is based on the geometry of the structure. Visualization of the bending analysis in Ansys is shown in Figures 1-11.
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Fig. 1. Beam discretization
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Fig. 2. Deformation of beam FGP-1
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Fig. 3. Deflection of beam FGP-1
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Fig. 4. Deformation of GP beam
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Fig. 5. Deflection of GP beam
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Fig. 6. Deformation of beam HFGP-1
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Fig. 7. Deflection of beam HFGP-1
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Fig. 8. Deformation of beam HFGP-2
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Fig. 9. Deflection of beam HFGP-2
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Fig. 10. Deformation of beam HFGP-3
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Fig. 11. Deflection of beam HFGP-3

Comparison of the experimental and theoretical results of deflection is given in Tables 4, 5 and Figures 12—17.
Geopolymer concrete is an elastic-plastic material, therefore the stress-strain graph is nonlinear.

Table 4
Comparison of Experimental and Theoretical Results of Deflection

Cement concrete GP FGP-1 FGP-2 FGP-3 FGP-1(1 %)

Load, Deflection, Difference, Deflection, Difference, Deflection, Difference, Deflection, Difference, Deflection, Difference, Deflection, Difference,
kN mm % mm % mm % mm o mm % mm %

exper.|calc. exper.|calc. exper.|calc. exper.|calc. exper.|calc. exper.|calc.

0 010 0 0|0 0 010 0 010 0 010 0 010 0
5 1085]0.65 24 0.74 [0.58] 22 048 (0.35| 27 0.55 (043 22 0.70 (042| 40 0.64 (047) 27
10 | 1.72 [1.45 16 1.52 {1.58 4 1.28 |1.14 11 128 (098] 23 1.56 [0.95| 39 144 (1.05 27
15 | 245235 4 235 (2.14 9 196 [1.56] 20 1.84 (1.14| 38 2,18 (147) 33 2,02 (1.87 7
20 |2.541(3.05] 20 2.96 (3.05 3 2.38 (2.02 15 2,64 (145 45 2.39 204 29 2.74 243 12
= 25 | 4.351(3.96 9 3.70 |3.65 1 2.96 (248 16 3.04 202] 34 3.34 290 13 3.64 (3.05 16
5 30 | 5.04 [4.57 9 420 (4.14 1 343 (3.05 11 378 275 27 4.10 |347 15 3.98 (3.85 3
S 35 | 6.25(543 13 4.75 |4.56 4 4.14 13.81 8 421324 23 498 |4.25 15 4.64 4.00 14
= 38 | 7.12 16.85 4 520 |5.10 2 497 |4.26 14 5.02 375 25 547 |5.07 7 5.08 |4.56 10
% 4 | - | - - 535|515 4 5.14 458 11 5.28 433 18 6.76 (5.48 19 5.38 [4.95 8
Z 50 [ - | - - 6.75 |5.45 19 548 (4.97 9 5.58 4.98 11 - | - - 6.57 |5.50 16
g 21 - | - - - | - - 6.03 (5.05 16 642 (5.52 14 - | - - - | - -
= 63| — | - - - | - - 6.12 (555 9 - | - - - | - - - | - -
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Fig. 12. Deflection of a cement concrete beam
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Fig. 13. Deflection of GP beam
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Fig. 14. Deflection of beam FGP-1
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Fig. 15. Deflection of beam FGP-2
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Fig. 16. Deflection of beam FGP-3
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Fig. 17. Deflection of beam FGP-1 with 1% of metal cord fiber
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Table 5

Comparison of Experimental and Theoretical Deflection Results for Hybrid-Reinforced Fibergeopolymers

Deflection, mm
Load, kN HFGP-1 HFGP-2 HFGP-3
exper. calc. exper. calc. exper. calc.
0 0 0 0 0 0 0
5 0.26 0.14 0.32 0.18 0.30 0.17
10 0.55 0.37 0.67 0.42 0.58 0.37
15 0.97 0.64 1.18 0.71 1.05 0.82
20 1.28 0.99 1.64 1.07 1.54 1.02
25 1.86 1.14 2.03 1.84 2.07 1.71
30 2.04 1.86 2.85 2.04 2.48 2.10
35 2.74 2.41 3.12 2.26 3.99 2.89
40 3.04 2.74 3.98 3.24 4.29 3.12
45 3.65 3.24 4.26 3.75 4.54 3.92
50 3.98 3.74 5.24 4.36 4.96 4.26
55 4.18 4.08 6.05 5.05 5.02 4.98
63 4.86 4.66 6.14 5.58 5.64 5.21
64 5.26 4.89 - - 6.03 5.74
70 5.77 5.14 — - — -
72 5.96 5.85 — - — -
80
70 - ‘_./0’.
60 - :
E 50 A
< 40 1
]
— 30 -
20 A
10 ~
0 A T T T T T
0 1 2 3 4 5 6
Deflection, mm
—&— experiment calculation
Fig. 18. Deflection of beam HFGP-1
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Fig. 19. Deflection of beam HFGP-2
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Fig. 20. Deflection of beam HFGP-3

Thus, the finite element modeling of beams made from mono-reinforced and hybrid-reinforced fibergeopolymers has
shown good convergence of experimental and theoretical results, which allows for the efficient design of structures from
the developed materials and the prediction of their operational characteristics.

Discussion. The most noticeable discrepancy between the results of experiments and calculations (45%) was found
for FGP-2 at a load of 20 kN. At 15 kN, the difference was 38%. However, in this and the following cases, it is important
to emphasize the low absolute values. At 20 kN, a deflection of 1.45 mm was theoretically assumed, but the experiment
showed 2.64 mm. The corresponding data at 15 kN were 1.14 and 1.84. At other loads, the difference was significantly
smaller. For FGP-3, the maximum discrepancy was recorded at minimum loads: 40% at 5 kN and 39% at 10 kN. If we
are talking about absolute figures, then in the first case, the calculation is 0.42 mm, the experiment is 0.70 mm. In the
second case, 0.95 mm and 1.56 mm, respectively. For FGP-1 and FGP-1 (1%), the maximum discrepancy did not exceed
27%, and at low loads. At loads of 5 kN, the theoretically obtained deflection indicator for FGP-1 is 0.35 mm, established
empirically — 0.48 mm. The difference is 27%. At a load of 5 kN for FGP-1 (1%), the calculation shows a deflection of
0.47 mm, the experiment — 0.64 mm. The corresponding data for 10 kN are 1.05 and 1.44. The difference in both cases
is 27%. For other loads, it is significantly less.

Let us also note the cases of the best convergence of the calculation and experimental data. For FGP-1, this is 8%
(load — 35 kN), for FGP-2 — 11% (50 kN), for FGP-3 — 7% (38 kN), for FGP-1 (1%) — 3% (30 kN).

The results of the study of hybrid-reinforced fibergeopolymers allow us to state that the most significant discrepancy
between theory and experiments is recorded at minimum loads (in this case, 5 kN). Thus, for HFGP-1, it is 46.2%
(calculation shows a deflection of 0.14 mm, experiment — 0.26 mm). The corresponding difference for HFGP-2 is 43.8%
(0.18 mm and 0.32 mm), for HFGP-3 — 43.3% (0.17 and 0.30). At other loads, the discrepancies are smaller.

The best agreement between calculations and experimental results for HFGP-1 is 1.85%. This figure is recorded at a
load of 72 kN (theory — 5.85 mm, experiment — 5.96 mm). The smallest discrepancy, obtained when modeling the
deflection for HFGP-2, is 9.12% (63 kN, 5.58 mm and 6.14 mm, respectively). For HFGP-3 — 0.80% (55 kN, 4.98 mm
and 5.02 mm). As noted above, extremely minor discrepancies in absolute figures should be taken into account. Both
individual and generalized data are of interest for design and engineering practice. This is confirmed by the visualization
of the results of the work — the curves in Figures 12-20 are similar or coincide in numerous cases.

Conclusion. Innovative components for the production of sustainable building materials have been obtained [17].
Ecological compatibility is due to the fact that an alternative to cement is used [18], and this provides a significant
reduction in greenhouse gas emissions. The design of hybrid-reinforced fibergeopolymers makes it possible to obtain
high strength values — both in compression (from 46 MPa) and in bending (from 10 MPa). When using hybrid fiber, it
is possible to reach bending and compression strength at the level of 1:4, and this is several times higher than for
unreinforced Portland cement concrete [19]. The modulus of elasticity of more than 25 GPa shows good resistance of the
material to deformations, which has a positive effect on the strength and stability of building structures [20]. The finite
element analysis of hybrid-reinforced fibergeopolymer beams confirmed the experimental results obtained [21].


https://vestnik-donstu.ru/

Advanced Engineering Research (Rostov-on-Don). 2025;25(3):171-185. eISSN 2687—-1653

The three main research results are described below.

1. Two types of geopolymers were obtained:

— mono-reinforced (fiber from metal cord, polypropylene fiber, and fiber from waste from basalt wool production — TFM);

— hybrid fiber-reinforced (metal cord+polypropylene, metal cord+TFM, polypropylene+TFM).

2. Fiber-reinforced geopolymer concrete mixtures have standard workability characteristics that allow them to be
efficiently transported to the place of use and placed in formwork.

3. Finite component modeling of beams made from mono-reinforced and hybrid-reinforced fibergeopolymers show
good agreement between experimental and theoretical results, which allows for efficient design of structures made from
the developed materials and prediction of their performance characteristics [22].
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Abstract

Introduction. Modern development of exoskeletons opens new horizons for rehabilitation and improving the quality of
life of people with limited mobility. The relevance of the study on methods of optimal control of exoskeletons is due to
the growing demand in medicine and industry. However, there are numerous challenges related to the efficient control of
exoskeletons, especially in the context of the integration of elastic elements. Topics related to optimal control and tuning
of system parameters to reach maximum efficiency and user comfort remain insufficiently studied. The objective of this
study is to develop a method of optimal control of a lower limb exoskeleton (LLE) with elastic elements while optimizing
energy costs and accounting for external disturbances.

Materials and Methods. The LLE is represented by a simplified model of an inverted pendulum with elastic elements in
the feet. The dynamic model of the LLE was developed using Lagrange equations. The optimal control method was based
on the synthesis of a linear quadratic regulator designed to minimize energy costs. To account for the influence of external
disturbances, a Kalman filter was integrated into the control loop. The parameters of the mathematical model of the LLE
were obtained from published data. System simulation was performed in the Wolfram Mathematica environment.
Results. A method of optimal control of the LLE with elastic elements has been developed. This method optimizes energy
costs while maintaining vertical equilibrium. The system was modeled using optimal terminal control, followed
by optimal feedback control. During feedback control, key parameters affecting system stability were identified: spring
stiffness and damping coefficients. Integration of the Kalman filter enabled compensation for external disturbances.
Discussion. The use of terminal control within the developed method reduced energy costs by 98% within a specified
stabilization timeframe. Optimal values of spring stiffness and damping coefficients for obtaining the best system
response were identified. The use of the optimal control method of the LLE in combination with the Kalman filter
confirmed the effective compensation of external disturbances and noise, which provided the convergence of transient
processes with minimal energy consumption.

Conclusion. The proposed method for achieving optimal control while minimizing energy costs is a promising solution
in the field of control signal calculation required to ensure stability and determine the optimal energy cost function. This
is especially true for medical rehabilitation tasks. These results may be useful for further research and development in the
field of robotics and wearable devices.

Keywords: exoskeleton, mathematical model, elastic elements, artificial foot, optimal control, Kalman filter
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Opuzunaﬂbnoe amnupudeckoe ucciedosatnue

MeTtoa onTUMAJIBLHOIO YIIPABJIEHHS IK30CKeJIeTOM HHKHHUX
KOHEYHOCTell ¢ yIPYruMH 3JieMeHTaMu

J. Auo= <, 1.B. MepkypbeB

Hauunonanbuelit uccienoBarensckuil yausepeuter «MOU», r. Mocksa, Poccuiickas deneparust

X delshan2deeb@gmail.com

AHHOTANUA

Beedenue. CoBpeMEHHOE pa3BUTHE SK30CKEIETOB OTKPHIBAET HOBBIE TOPU30HTHI JUIsl PeaOMINTALlMK U MTOBBIIICHUS Ka-
YecTBa JKU3HU JIIOJIEH C OrpaHNUEHHON MOJBM)KHOCTBIO. AKTYyaJIbHOCTD MCCIIEIOBAHNS METOJI0B ONTHUMAIBHOIO YIIPaB-
JIEHUS 9K30CKENIeTaMu 00YCIIOBIIEHA PACTYIIUM CIIPOCOM B MEIHUIIMHE M MPOMBIIUIEHHOCTH. OJJHAKO CYIECTBYET MHO-
JKECTBO TPOOJIEM, CBA3aHHBIX C 3()()EKTHBHOCTHIO YNPABICHHUS HK30CKEIETaMH, OCOOCHHO B KOHTEKCTE MHTETpaluu
YOPYTUX 3JEMEHTOB. TeMbl, CBI3aHHBIC C ONTUMAIBHBIM YIPABICHUEM U HACTPOWKOM IMapaMeTpoB CUCTEM TSl JOCTH-
KESHUSI MaKCUMaITbHO 3P PeKTHBHOCTU U KOM]OPTa MOJI30BATENIS, OCTAIOTCS HEJIOCTATOYHO N3ydeHHBbIMHU. L{enbio nan-
HOTO HCCIICIOBAHUS SBJISETCSA pa3paboTKa METOAA ONTHMAIBHOTO YIIPABICHHS 3K30CKEICTOM HIDKHUX KOHEYHOCTEH
(BHK) ¢ ynpyrumu 3neMeHTamMu Py ONTUMH3ALMH 3HEPro3aTpar | yueTe BHEIIHINX BO3MYIIICHHH.

Mamepuanst u memoowst. JHK nipencraBieH ynpouieHHON MOAETHIO IEPEBEPHYTOTO MAATHUKA C YIIPYTHMH DJIEMEHTaMHU
B cromnax. JJunammueckas moaens OHK paspaborana ¢ ncrons3oBanueM ypaBHeHHH Jlarpamka. MeTox onTUMaIbHOTO
yTIpaBJIeHUS] OCHOBAH Ha CHHTE3€ JIMHEIHO-KBaAPATUIHOTO PETYJISITOpa, OPHEHTHPOBAHHOTO HA MUHUMH3ALIUIO SHEPTO-
3arpat. J{ns ydera BIUSHNS BHEITHUX BO3MYILICHUI B KOHTYp yIpaBiieHusl MHTerpupoBan uibTp Kanmana. ITapamerpst
Maremarndeckod mozenn DHK Obumm mosydeHbl M3 JUTEpaTypHBIX JTaHHBIX. MopennpoBaHue TPOBEIECHO B cpese
Wolfram Mathematica.

Peszynvmamut uccnedoganun. Pazpaboran Mero ontuMmaibHoro ynpasienus OHK ¢ ynpyrumu anemeHTamMu, KOTOPBIi
obecrieunBaeT ONTUMHU3AIMIO SHEPro3aTpar IPH JOCTHKEHUH BEPTUKAILHOTO MeTo1a paBHOBecHs. [IpoBeneno moaenu-
pPOBaHKE CUCTEMBI C UCIIOIb30BAaHUEM ONTHMAIBHOTO TEPMUHAIBHOTO YIPABICHHUS, a 3aT€M ONTUMAJIBHOTO YIPaBICHHS
¢ oOpatHOi1 cBs3bto. [Ipy ynpaBneHNH ¢ 0OpaTHOH CBA3BIO OBUTH ONpeesIeHb! KIFOUYeBbIe ITapaMeTphl, OKa3bIBAIOIIe
BJIMSHHE HAa YCTOHYMBOCTH CHCTEMBI: KO3()(HUIMEHTHI )KECTKOCTH NPYXKUHBI U AeMidupoBanus. HTerpamus Gpuistpa
Kanmana B cucTeMy 103BOJIHIIA YYUTHIBATH BIMSHIE BHEITHUX BO3MYIIICHUI.

Oébcyscoenue. TIpuMeHeHNE TEPMUHAIBHOTO YIIPABICHHUS B paMKax pa3pabOTaHHOTO METOJa ONTHMAIBHOTO yIpaB-
JICHUS MTO3BOJIMJIO CHU3UTH 9Hepro3atpaTsl Ha 98 % 3a ompeneneHHoe BpeMs crabuinn3anuy. HaliieHbl onTrManbHbIe
3HA4YCHHUS )KECTKOCTH MPYKHUH U KO3PHHUINEHTOB AeMI(GUPOBAHUS ISl JOCTIXKEHHS HAMITYUIIEro OTKIMKA CUCTEMBI.
Hcnonb3oBanue Merona ontumanbsHoro ynpasienuss JHK B coueranun ¢ punbrpom Kanmana nonreepamio sddex-
THUBHYIO KOMIICHCAIMIO BHEITHUX BO3MYILEHHH U IIYMOB, YTO 00ECIEUHIIO CXOAUMOCTh IEPEXOIHBIX NPOLECCOB MPHU
MUHHMAaJIbHBIX 3HEpro3arparax.

3akniouenue. TIpeyioxKeHHBII METOA JOCTIHKEHHS ONTHMAIBHOTO YIPABJICHHS IPH MUHUMH3AIMK SHEPro3arpar siBJis-
eTcsl IEPCIIEKTUBHBIM PEIICHNEM B 00JIacTH pacuéra yHnpaBiIAIOINX CUTHAIOB, HEOOXOIMMBIX [UIs 00ECTIEUCHUS YCTON-
YMBOCTH W OIIPEACICHIUS ONTUMATbHON (DYHKIIMU 3HEPro3arpar. OTo 0COOCHHO aKTyallbHO JUTA 331a4 MEIUIIMHCKOH pe-
abwmranuy. J[aHHbIE pe3ysIbTaThl MOTYT OBITh ITOJIC3HBI TS TABHEHIINX HCCIeJOBAaHUH 1 pa3paboToK B 00IacTH po-
OOTOTEXHUKH U HOCHUMBIX yCTPOWCTB.

KiroueBble c10Ba: K30CKeNET, MaTeMaTHUECKass MOJIENb, YIPYrHe JIEMEHThI, HCKYCCTBEHHAs CTOMNA, ONTUMAJIbHOE
ynpasienue, punbsTp Kanmana

BaaronapHoctn. ABTOpHI BBIpaXaroT 0OiaroJapHocTh COTpyAHUKaM Kadeapsl «PoOoToTexHHKa, MeXaTpOHHKa,
JUHAMUKa M TpoyHOcTh MamuH» HUY «MOW» 3a mommepkKy B MOATOTOBKE JAHHOW CTaThH. ABTOPHI TaKke
IIPU3HATENIbHbI PELICH3EHTAM 32 UX KOHCTPYKTUBHBIE 3aME€UaHUs U PEKOMEHJALMH, KOTOPbIE IIO3BOJIMIM CYILIECTBEHHO
yIY4IIUTh IPEACTABICHHYIO PaboTy.

Jas murupoBanus. 6 /1., MepkypeeB M.B. Meton onTUMaiIbHOTO YIIPaBIEHHMS SK30CKETETOM HIDKHHMX KOHEYHOCTEH C
yrpyramu  snemeHTamu.  Advanced Engineering Research (Rostov-on-Don). 2025;25(3):186—196. https://doi.org/10.23947/
2687-1653-2025-25-3-186-196

Introduction. Lower limb exoskeletons (LLE) are of increasing interest due to the need to address global health
issues, such as aging population and increase in neuromuscular injuries [1]. These devices are designed to provide
effective solutions to support and improve human motor functions, such as walking assistance [2], rehabilitation and
compensation for loss of balance [3], thereby increasing independence and quality of life.
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LLE are often designed without elastic elements due to the increased complexity of the stabilization during movement
and the influence of additional factors that arise when using elastic elements [4]. On the other hand, these exoskeletons
may require elastic elements that improve the ability of the structure to adapt to uneven surfaces. Elastic elements can be
installed in the ankle area [5] or used to completely replace it [6].

LLE control is a complex task. Various approaches to its solution have been proposed previously. The development
of an effective control method depends on numerous factors, maintaining the constant relevance of research in this area.
There are different methods for LLE control: adaptive control method [1, 7], robust (stable) methods [8, 9], and optimal
control method [10, 11]. Despite the efficiency of the first two methods, the third is the most successful. The optimal
control method takes into account not only the increase in the stability and efficiency of LLE control under dynamic and
unpredictable conditions, but also allows for reducing energy costs and the consumption of resources of the control system
[10, 11]. However, the integration of elastic elements into the LLE feet causes complications in their control. In addition,
taking into account external disturbances when controlling the LLE is accompanied by new problems in providing the
dynamic stability of the LLE control system.

Based on the above, it can be argued that there is a need to develop a method for optimal control of LLE with elastic
elements. Therefore, the objective of this study was to develop a method for optimal control of the lower limb exoskeleton
and elastic elements while optimizing energy costs and taking into account external disturbances. This method allows
minimizing the quadratic function of energy costs in the presence of elastic elements and external disturbances.

One of the factors that further complicates the solution to the issue of dynamic stability of LLE is the presence of
white noise, which is an interference to the control signal [12], which is investigated in this work.

To achieve the stated goal, the following tasks were set:

— development of a mathematical model of an inverted pendulum with elastic elements in the feet;

— development of a method for optimal control of LLE with elastic elements;

— accounting for the impact of external disturbances (Gaussian white noise);

— conducting numerical modeling in the Wolfram Mathematica environment for two types of controls: terminal
control and feedback control;

— analysis of the obtained results of the transient processes study on the key parameters of the dynamics of LLE with
elastic elements.

Materials. To develop a mathematical model of the LLE with elastic elements in the feet, its kinematic scheme is
considered. The foot is represented by elastic elements and is connected to the model by the type of an inverted
pendulum (Fig. 1). The model includes inertial properties, kinematic limitations of the joints, and external forces acting

on the system.

A=

Support Support
reaction reaction

a) b)

Fig. 1. Kinematic scheme of LLE: ¢ — biomechanical model of physiological “foot spring”';
b — simplified dynamic model of exoskeleton:
¢ — center of mass; 6 — angle of ankle joint; M — control moment

! Subbotin F. Biomechanics of the Foot. Part 1. Fidel Subbotin School; 2024. (In Russ.) URL: https://fs-school.ru/blog/988624 (accessed: 10.05.2025).
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The characteristics of the elastic elements and the parameters of the model are as follows: k,, k. — stiffness coefficients
of the horizontal and vertical springs, respectively. Their values — &, € [500, 1500] N/m [13], k. € [7000,20000] N/m [14].
¢y, c: — horizontal and vertical damping coefficients, respectively, ¢, € [30,200 N-s/m], ¢. € [500-2000 N-s/m] [15].
Jfém #° — moment of exoskeleton inertia relative to the center of mass, kg'm?; m = 70 — mass of exoskeleton with

patient, kg; 4 =1 — length of exoskeleton to the center of mass, m; p, = 0.7 and p. = 0 — friction coefficients; N, =0
and N. = m g — normal forces, N; g = 9.8 — acceleration of gravity, m/s2.
Methods. The dynamics of the LLE is described by the Lagrange equations of the second kind in general form?:

d( oL oL .

E(a—%j—f—Qi, (i=1...3), 1)
where L =T—-V — Lagrange function; 7 — kinetic energy of the system; V' — potential energy of the system;
O — generalized forces; g = (0, y», z5)7 — vector of generalized coordinates; 0 — rotary angle of exoskeleton link,
measured from horizontal surface (parallel to reference plane) in counterclockwise direction; ys, z, — horizontal and
vertical displacement of the base.

The coordinates of the center of mass of the pendulum are determined by the following equations:

Ve =Yy +hsin0;
z, =zp+hcos®. 2)

The kinetic energy of a pendulum is given by the formula:

1 1 .
T=—mv:+=J.0,, 3
5 5702 3)

. 2 . N2 . N2
where v — speed of the center of mass, it is equal to yi + zf = (yb+h cos 6 6) + (zb+h sin® 6) .

The potential energy of the systems is described by the following equation:
V =mgz, +%kzzb2 +%k},y§. 4)

The generalized damping forces applied through the Rayleigh dissipation function to simulate linear damping are
written as [15]:
oD 1 1
—; D=—c,y}+—c,z}. 5
g ) »Vb ) b (5

The Coulomb friction model is given by the following equations [15]:

" =—u N, tanh(o, );

" =—p_N._ tanh(oz, ),

demn __ __
; =

(6)

where a >> 1 — regularization parameter (for approximating the discontinuous function sign(v)), in this paper, a = 100
is selected.
After intermediate calculations, equations (2—6) take the form:
(mh2 + Jc)é+ mhcos(e)j}b —mhsin(e)éb —mgh sin(e) =M,
my, +mh cos(@)é—mh sin(@)é2 +k,y, ==,y —u,N, tanh(oc)'zb)+ Fy, @)
mz, —mhsin(0)0—mhcos(0)0% +k.z, =—c.z, —u.N. tanh(az, ) —mg + F,
where M, F}", F2" — external generalized forces.
In the vicinity of vertical equilibrium (6 = 0), assumptions are valid: sin 0 = 0, cos 0 = 1, z, = —mg/k.. Equations (7)
are linearized taking into account smallness (62, 62) ~ 0 and tanh (oy,) = o, at low speeds:
(mh? +.J . )6+ mhi, —mght = M;
myy, +mhé+kyyb =—c,Vp —1, N, oy, +F™; ®)
mfb +kZZb = _CZZ.b _MZNZ(X,Z.]) + erxt.
Under the assumptions of small angles, the vertical displacement of z becomes dynamically independent of
horizontal y and angular 0 states. Its behavior is reduced to a harmonic oscillator, which can be analyzed separately [12].

2 Lynch KM, Park FC. Modern Robotics: Mechanics, Planning, and Control: Video Supplements and Software. Cambridge University Press; 2017.
URL: http://hades.mech.northwestern.edu/index.php/Modern_Robotics (accessed: 10.05.2025).
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For control synthesis, we present the system in the canonical form of the state space, taking into account external
disturbances and measurement noise. Given the state vector [xl,xz,x3,x4]T =0, 6, ¥, y]T, we write the system in the
Cauchy form:

x(t) = Ax(t)+ Bu(t)+Dw(t);
y(t) = Cx(t) + v(t),

where 4 — state matrix; B — control matrix; u(f) — vector of control signals; D — matrix of disturbances; w(f) — vector

(€))

of external disturbances; C — matrix of measurements; v(f) — vector of external disturbances.

The main task of the regulator is to transfer the dynamic system from the initial state x(#) to the specified final state
x(#)) in a certain time ¢;.

Controllability Gramian W characterizes the ability of the system to reach arbitrary states in a finite time 7" and is
determined by the formula [12]:

W(tl,to)=JtlCD(tO,t)B(t)BT(t)CDT(tO,t)dt, (10)

to
where D(to, f) = ¢4~ — matrix exponent.
The system is fully controllable on [#, #] if and only if W(#, t) is invertible. If the Gramian is invertible, any state
xr € R” can be reached using the appropriate control u() [12].
The control that minimizes the quadratic function of energy consumption and transfers the system from state x(#) to
state x(t1), has the form [12]:

u(t)==B" (1)@ (1, )W (11, 10)[ x(to) ~@(t0. 1) x(1,) ]. an
After intermediate calculations, the quadratic function of energy consumption can be calculated using expression (12):
Jmin = x(ty) =@ (to,1,)x(1, )]T W (1, t)[ x(t0) — @ (10, 1) x (1)) ]- (12)

The control given by equation (11) is programmatic (open-loop) and time-dependent. To provide asymptotic
stabilization of the system at the origin of coordinates under arbitrary initial conditions, it is required to synthesize the
closed-loop control law based on real-time feedback. The control task is formulated in the form of minimizing the
quadratic function of energy consumption [12]:

J:]C.[XT (£)Ox(1)+x" (t)Rx(t)]dt. (13)

where R — positive definite matrix; O — positive semi-definite matrix.
Optimal control that minimizes energy costs can be implemented as a negative feedback with variable parameters:

u(t)=—k(t)x(¢), (14)
where k(f) = R"'BTP(f); k(f) — feedback coefficient matrix; P(f) — solution to the Riccati equation.
To find P(¢) as t — oo, it is required to solve the algebraic Riccati equation, which is given as follows:
—A"P—PA+PBR'BTP-0 =0, (15)
The system with control signal u(f) is described by the equation:
5(1) = Ax(t) - BKx (1) =[ - BK]x(1). (16)
In practice, measuring all states is impossible due to the limited number of sensors, noise and measurement errors [12].

To estimate the state vector from the inputs and outputs, an optimal Kalman filter is used.
The system with control signal u(f) and Kalman filter for determining the state vector has the following form [12]:

()= A3(r)+ Bu(r) + L v() - C3(1) ) (17)

where X — estimated state; Cx — observer output; L — Kalman gain matrix.

In the presence of external disturbances w(f) and measurement noise w(f) with zero mathematical expectations

M[v(#)] =0, M[w(f)] =0 and covariance matrices s,, and s,, respectively, gain matrix L is determined from the solution to

the algebraic Riccati equation (18), and, accordingly, stationary Kalman filter is found:
AP.+P. A" —P.C"s;'CP, + Ds,,D' =0;

L=PCTs;. (18)
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Control of a linear non-stationary system with external disturbances at the input and output is implemented using

linear feedback on the state estimate:

u(t) =~k (1) 7(1). (19)
The type of closed-loop system with feedback for estimating the state vector is determined by the formula:
d(x A-BK BK X D w
¥ _ o . (20)
dt X 2nx1 0 A-LC 2nx2n X 2nx1 L y

After developing the optimal control method for LLE with elastic elements and taking into account the impact of
external disturbances, it remains to perform numerical modeling and analysis of the obtained results of the study on
transient processes for the angle of deviation and displacement. For this purpose, at the first stage, the optimal control
method is focused on restoring equilibrium for a certain stabilization time without taking into account the intermediate
trajectory of motion. At the second stage, the optimal feedback control method is used to find the optimal intermediate
trajectory of motion both with and without the Kalman filter.

Research Results. The paper investigates the transient processes of the control moment, force, displacement and
angle during the transition of the LLE with elastic elements from an unstable position to a vertical equilibrium position.
The results of numerical modeling are shown in Figures 2—6 for three initial conditions: Y; = [1/10, 0, 0 ,0],
Y, =1[1/10, 0, 1/10 ,0], ¥3=[1/100 1/10 0 0 1/10 0 1/20 0].

The results of terminal control are calculated for a stabilization time of 0.6 s. Figure 2 shows the curves of the control
moments of the open-loop system under the initial conditions Y; and the target position in the vertical equilibrium state.
The blue curve corresponds to control moment M, the orange one — to control force F;.
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Fig. 2. Open-loop control signal curves

The values of the quadratic function of energy consumption for terminal control for different values of stabilization
time are calculated using equation (12) and are presented in Table 1. A decrease in the value of the function of energy

consumption with an increase in stabilization time can be noticed.

Table 1
Values of Quadratic Energy Consumption Function
Stabilization time, s 0.1 0.2 0.3 0.4
Value of quadratic function of
i 1,648.8 212.1 66.1 29.9
energy consumption (J)

Figure 3 shows the curves of transient processes of the key parameters of the dynamic LLE system (6, y») under the initial
conditions Y;. The blue curve represents the transient process of the deviation angle 0, and the orange curve — change in the
coordinate along the ordinate axis y, during the specified stabilization time of 0.6 s under terminal control.
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Fig. 3. Transient response curves

The simulation results in Figures 46 are obtained using the feedback control type, which allows searching for the
optimal intermediate trajectory of motion. To study the impact of the elastic elements’ stiffness (changes in spring
stiffness coefficient 4,) on the stability of the dynamic LLE system while minimizing energy costs, transient processes of
the key parameters of the dynamic LLE system (Fig. 4) were considered under the initial conditions Y and the following
parameters of the feedback system: ¢, = 100, k. = 20,000, O = eye(4) - 103, R = eye(2).

The orange line represents y, dependence, and the green line — 6. The following values of the stiffness coefficient
are selected: &, = [700, 1000, 1500] N/m. The transient processes are shown in Figure 4 a, b, c, respectively.
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Fig. 4. Transients when changing the spring stiffness coefficient:
a— at ky =700 and ¢, = 100; b — at k, = 1000 and ¢, = 100;
¢ — at ky= 1500 and ¢, = 100
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To study the effect of damping of elastic elements (changes in damping coefficient ¢,) on the stability of the
dynamic LLE system while minimizing energy costs, transient processes of the key parameters of the dynamic LLE
system(8, y») (Fig. 5) are considered under the initial conditions Y> and &, =1000 with feedback. The orange line

represents the y;, dependence, and the green line — 6. The damping coefficient values are ¢, = [0, 50, 100] N-s/m, and
the transient processes are shown in Figure 5 a, b and c, respectively.
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Fig. 5. Transients of damping coefficient variation:
a— at ¢y = 0 and k, =1000; b — at ¢, = 0 and £, =1000;
¢ —at ¢y = 100 and £, =1,000

This research also takes into account the effect of noise through adding Kalman filter. Figure 6 shows the transient
response curves under the initial conditions ¥Y3=[1/1001/10 00 1/10 0 1/20 0] and the covariance matrices s,, = eye(1) and
sy = 0.1 eye(2). The orange line illustrates the transient response y;, and the green line — transient response 6.
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Fig. 6. Transient response curves using Kalman filter
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Discussion. To achieve the research objective, the previous section presented the simulation results obtained using
the proposed optimal control method to minimize energy costs during the transition of the studied LLE from an unstable
position to a vertical equilibrium position.

Table 1 shows that as the time required to reach the target stable state increases, energy costs decrease proportionally.
This dependence is consistent with the dynamics of control signals: as the permissible stabilization time increases, the
amplitudes of the control moments M and F, decrease, which, according to formulas (12)—(14), reduces the energy costs.
It can be concluded that an increase in the stabilization time (within 0.1-0.4 seconds) reduces energy costs by 98%.

The curves in Figure 3 demonstrate a transient process lasting 0.6 s before reaching the vertical equilibrium
position, which is consistent with the principles of terminal control (reaching the target stable state within a certain
stabilization time).

The curves in Figure 4 illustrate the effect of changing the stiffness coefficient on the transient processes of the key
parameters of the LLE dynamic system (6, y»). Changing the coordinate along the ordinate axis y; at a low value of the
stiffness coefficient is characterized by significant overshoot and slow stabilization, and an increase in the stiffness
coefficient eliminates overshoot and accelerates the stabilization of the system. On the contrary, changes in angle 6
demonstrate an inverse relationship: at a low value of the stiffness coefficient, a smooth transient process without
overshoot and a short stabilization time of the system are observed, while an increase in the stiffness coefficient to 1500
causes overshoot in the angle, despite accelerated stabilization. This contradiction emphasizes the competing dynamics
between y, and 0. At the stiffness coefficient k&, =1000 (Fig. 4 b), an optimal compromise is reached: minimization of
overshoot in the coordinate y;, maintaining the stability of angle 6 and fast convergence. This mode provides balanced
operation of the system.

The reliability of the results obtained is validated by the stability of the closed system, which is confirmed by the
negative real parts of its poles for all the studied values of the stiffness coefficient given in Table 2.

Table 2
Poles of a Closed System
Process option K, Poles of closed system
—2.2445 + 3.8530i
1 700 —2.2445 — 3.85301
—4.5071 —3.28071
—2.6133 + 5.4608i
2 1000 —2.6133 — 5.4608i

—3.6385 —3.1496i1
-2.7679 +7.5731i
3 1500 —2.7679 - 7.5731i
—3.2042 —3.0242i

The curves in Figure 5 show the effect of the damping coefficient. At a low value of the damping coefficient,
significant vibration of the system is observed before reaching the steady state, accompanied by overshoot. Increasing ¢,
reduces the amplitude of vibrations and eliminates overshoot, but results in a growth of energy costs. To provide a balance
between stability and the value of the quadratic function of energy costs, the value of coefficient ¢, = 100 is selected,
which guarantees the stability of the LLE control system with elastic elements.

From the image in Figure 6, it follows that the Kalman filter provides the convergence of transient processes to zero
values within three seconds when exposed to white noise, confirming its robust stabilizing properties.

The results obtained show the following picture. Firstly, the use of open control as a basic stage allows minimizing
energy costs at the stage of bringing the system from an unstable state to the target vertical equilibrium at a given
stabilization time. Secondly, the transition to closed loop control based on the state feedback provides asymptotic stability
and stability of transient modes through solving the Riccati equation and implementing an effective Kalman filter. Thirdly,
numerical modeling revealed an important effect of the parameters of elastic elements on the dynamics of the system:
increasing the spring stiffness reduces overshoot in angle 0 and accelerates stabilization, but it can cause difficulties on
the way to a stable trajectory; increasing damping reduces vibrations and reduces overshoot, but increases energy costs.
A balance between stability and energy costs is found, which is reached at specific values k, and ¢, (in the examples:
ky, = 1000 N/m, ¢, = 100 N-s/m).

Based on the previous discussion and analysis of the results obtained in the paper, it can be said that the developed
method of optimal control of the LLE with elastic elements has managed to provide the stability of the control system of
this exoskeleton for a certain stabilization time and with minimal energy consumption.
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Conclusion. A technique for optimal control of a lower limb exoskeleton (LLE) with elastic elements in the feet,
taking into account external disturbances and measurement noise, has been formulated and implemented. The main
approach is based on representing the LLE dynamics as a system of Lagrange equations, translating it into a canonical
form of the state space, and synthesizing the control law through optimization of quadratic functions of energy
consumption and system stability. A Kalman filter was used to assess the state, which allowed for correct operation under
conditions of a limited number of sensors and the presence of external disturbances.

The practical significance of the results consists in the development of a technique that allows adaptively selecting
the parameters of elastic elements and the control mode depending on the conditions of the task and objectives
(minimization of energy costs, acceleration of stabilization, minimization of overshoot). In terms of potential applications,
this can help improve the efficiency of rehabilitation technologies, reduce energy consumption in prosthetic and orthotic
systems, and improve the stability of movements on uneven surfaces. The prospects for the research include experimental
verification of the technique and its adaptation to variable loads and complex surfaces, which is a challenge for medical
rehabilitation and robotics.
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Abstract

Introduction. In modern industrial processes, pneumatic actuators with long-stroke movements play an important role.
However, their use is limited by low accuracy resulting from the difficulties of controlling air flows. These limitations
are caused by the compressibility of air and thermodynamic processes, which makes it urgent to improve the accuracy of
such systems. The conducted analysis of scientific literature shows that modern research is mainly focused on the use of
systems with standard cylinders with a working stroke limited to three meters. At the same time, the issues of development
and research of long-stroke systems of rodless pneumatic drives, capable of having a stroke length of up to six meters,
remain insufficiently studied. The introduction of advanced control systems in this type of drives involves significant
investments in a high-tech electronic base and additional structural elements. In this regard, the development of
fundamentally new technical solutions that allow for the efficient operation of mechanisms with a working stroke of more
than three meters while maintaining the required technical parameters and economic efficiency, is of particular relevance.
In the framework of previous studies, the author proposed a design of a pneumatic drive for long-stroke movements,
equipped with a unique control system based on a jet sensor and an external brake mechanism. Its mathematical modeling
and theoretical analysis were also performed, which made it possible to identify key factors affecting the accuracy of
positioning. To validate the mathematical model and the hypotheses put forward, the objective of this research is to
experimentally verify the results of mathematical modeling of a positional long-stroke rodless pneumatic actuator, as well
as to confirm the degree of influence of key factors on positioning accuracy.

Materials and Methods. The work involved a stand that was a technical model of a pneumatic drive with an original
control system, including a jet sensor and an external brake device. To verify the operability and accuracy of the jet sensor
readings, the spillage method was applied using the Camozzi MF4008-10-R-BV-A flow sensor after the element under
study, and Camozzi SWCN-P10-P3-2 pressure sensors placed before and after the considered element. The tests
conducted on the developed jet sensor showed high reliability and stability of operation in various operating modes. The
experimental study of a long-stroke rodless pneumatic actuator included evaluation of the actuator's technical capabilities,
analysis of positional cycles, study on the effect of external factors, and comparison of the results of computational and
full-scale experiments. The results of computational and full-scale experiments were processed using the Mathcad and
MATLAB software packages. The dependences of positioning accuracy on mass and stroke length were constructed.
Results. The reliability of the model was established at the level of the maximum discrepancy between the experimental data
and the results of mathematical modeling, which amounted to 18%. That confirmed the adequacy of the developed model
for engineering calculations. The effect of the load mass on the accuracy of positioning was experimentally established. With
an increase in mass from 10 to 30 kg, the accuracy decreased by 1.47 times, and with a mass of 60 kg, the accuracy
deteriorated by another 1.37 times relative to the base mass of 10 kg. In addition, the effect of stop coordinates was studied:
the dependence of positioning accuracy on the position of the actuator was established. When moving from 0.1 m to 0.22 m,
the accuracy deteriorated by 3.2 times, but with further movement to 0.35 m, it improved by 2.2 times.
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Discussion. The conducted experimental studies allowed achieving good results in the development of long-stroke
pneumatic drives. Successful verification of the mathematical model confirmed the correctness of both the model itself
and the theoretical studies conducted in the author's previous works. The positioning accuracy of the drive of 77 microns
at a distance of over three meters was reached. This indicator significantly exceeds the results presented in the studies of
other authors, which shows the high potential of the developed design. The economic efficiency of the proposed solution
is due to the absence of an electronic component base in the control system. This not only reduces initial production costs,
but also significantly simplifies maintenance of the drive under operation. The comparative analysis with existing
developments confirms the superiority of the proposed system in terms of cost criteria.

Conclusions. The conducted studies confirmed the efficiency of the developed solutions for a long-stroke rodless
pneumatic actuator. Practical significance of the study is determined by the possibility of using the obtained results in
creating high-precision long-stroke mechanisms in various industries. The developed design can be used in automated
production lines, robotic complexes, and other areas where precise positioning over significant distances is required.
Promising areas for further research are the optimization of the control system parameters to reach even higher positioning
accuracy, and the development of calculation methods for positional long-stroke pneumatic drives.

Keywords: jet control system for a rodless pneumatic actuator, rodless long-stroke pneumatic actuator, positioning of a
pneumatic actuator, pneumatic sensor for a rodless pneumatic actuator
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AHHOTALMSA

Bgeoenue. B coBpeMeHHBIX NPOMBIIILIEHHBIX MpOIieccaX MHEBMAaTHUYECKUE MPUBOIBI C ATMHHOXOAOBBIMU MEpEMELICHUAMU
UTPAOT BaXKHYIO poiib. OTHAKO MX UCIONB30BAaHUE OIPAaHUYECHO HU3KOW TOUHOCTBIO, BBI3BAHHOU CIOYKHOCTSIMU YIIPaBICHHS
BO3/YIIHBIMH MTOTOKaMH. DTH OTPaHUYECHHS 00YCIIOBICHBI C)KUMAEMOCTBIO BO3yXa U TEPMOANHAMUYECKIMH IIPOIIECCAMHU,
YTO JIENAET aKTyaJIbHOM 3a/1ady MOBBIIEHHUS TOYHOCTH TakuX cucteM. IIpoBenEHHbIN aHanu3 Hay4HOU JIUTepaTypbl IOKA3bl-
BAET, YTO COBPEMEHHBIE HCCIIEIOBAHUS B OCHOBHOM COCPEJOTOUCHBI HA IPMMEHEHNH CUCTEM CO CTaHAAPTHBIMU LIMIUHpaMU,
paboumii X0/ KOTOPBIX OrpaHUYEH TpeMsi MeTpamMH. B To ke Bpemsi BONpOock! pa3pabOTKH 1 MCCIEA0BaHUS JITMHHOXOIOBBIX
cHcTEM OECIITOKOBBIX IMTHEBMOITPUBO/IOB, CHOCO6HBIX HUMETH JJIMHY X04a 10 MIECTH METPOB, OCTAIOTCA HEAOCTATOYHO U3YUCH-
HbIMU. BHepeHNe yCOBEepILIEHCTBOBaHHBIX CUCTEM YIIPABIIEHUS B TAKUE MPUBO/IBI CBSI3aHO CO 3HAUUTEIIbHBIMU MHBECTHLIMSAMU
B BBICOKOTEXHOJIOTHYHYIO JIEKTPOHHYIO 0a3y M JIOIOJHUTENbHbIE KOHCTPYKTUBHBIE JJIEMEHTHL. B CBsI3M ¢ 3THM 0co0yro ak-
TYaJIbHOCTh IPHOOpETaeT pa3padboTKa MPHUHIINITHAIFHO HOBBIX TEXHUUECKUX PEIIICHHH, TTIO3BOJIIONTHX (PHEKTHBHO IKCILTya-
THPOBaTh MEXaHU3MBI C pabOYMM XOJIOM OoJiee TPEX METPOB IPU COXPAHEHHH HEOOXOAMMBIX TEXHUUECKHX IapaMeTpoB U
SKOHOMHYECKOH 3 heKTHBHOCTH. B pamMKax mpeaplayyx HCeleI0BaHi aBTOPOM ObLIa TIPEIoKeHa KOHCTPYKIIHS ITHEBMO-
MIPUBOJA [UTMHHOXOJIOBBIX TIEpPEMEIICHHH, OCHAIEHHAS YHUKAIFHOM CHCTEMOH yIpaBJiieHHS Ha 0a3e CTpyHHOro JaTdvKa W
BHEIITHEr0 TOPMO3HOTO MEXaHU3Ma; TAK)Ke ObLIO BHIMOJIHEHO €r0 MaTeMaTHYECKOe MOJICITMPOBAHHE M TEOPETHUECKUI aHaITH3,
YTO ITO3BOJIMIIO BEIJIEUTH KITIOUEBbIE (DAKTOPBI, BIUSIOIINE HAa TOYHOCTB MO3UIMOHUPOBAHMS. J[JIs1 OATBEpIKICHNS aJeKBaT-
HOCTH MAaTEMaTH4ECKON MO ¥ BBIABUHYTHIX TUTIOTE3 IIENIBIO HACTOSIIEH pabOTHI SIBISIETCS SKCIIEpIMEHTaAIbHAs BEpU(H-
Kallysl pe3yJIbTaTOB MAaTeMaTHYECKOTO MOISTMPOBAHUSI TO3UIIMOHHOTO JTIMHHOXO/IOBOTO OECIITOKOBOIO MTHEBMOIPHBO/A, a
TaKXKe MOATBEP)KACHNE CTETICHH BIIMSHUSI KIIFOUEBBIX (PAKTOPOB HA TOUHOCTH MO3UIIOHUPOBAHNSL.

Mamepuanst u memoost. B pabote ObUT UCIIONB30BaH CTEH, MPEICTABISIONINN OO0 TEXHUIECKYIO MOJENb THEBMO-
IIPUBOJIA C OPUTMHAIBHOM CUCTEMOM YIIpaBJICHHUs, BKJIIOYAIOLIEN CTPYWHBIN 1aTYMK U BHEIIHEE TOPMO3HOE yCTPOUCTBO.
s Bepudukanmm paboTocriocOOHOCTH M TOYHOCTH MTOKa3aHUH CTPYHHOTO JaT4rKa ObLI IPUMEHEH METOJ ITPOJIUBKH C
HCTIOIB30BaHUEM JaTunka pacxona Camozzi MF4008-10-R-BV-A, ycTaHOBIIEHHOTO MOCIE HCCIEIYEMOTO IEMEHTa, a
Takxke qaTaukoB napieHuss Camozzi SWCN-P10-P3-2, pa3MeriéHHbIX nepes U mociie uecieayeMoro aieMenTa. [Ipose-
JEHHBIC UCTIBITAHNS pa3paboTaHHOTO CTPYHHOTO JaTYMKA POIEMOHCTPUPOBAIIH BBICOKYIO HaIEKHOCTh U CTaOMIIBHOCTh
paboOThI B Pa3IMYHBIX AKCILTYaTALIMOHHBIX PEKHUMaxX. JKCIEPHUMEHTAIBHOE UCCIEA0BaHNE JUTMHHOXOJOBOTO OECIITOKO-
BOT'0 THEBMOIPHBO/IA BKIIIOYANIO B ce0s1: OLIEHKY TEXHHYECKHX BOSMOXKHOCTEI PUBO/IA, aHAIN3 IO3UIIMOHHBIX LIUKJIOB,
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H3y4YeHHe BIMAHMA BHEIIHHUX (PAaKTOPOB M CPaBHEHHE PE3yJbTaTOB BBIYUCIHUTENBHBIX M HATYPHBIX KCIIEpUMEHTOB. C
MIOMOIIIBIO TTaKeTa NPUKIAAHBIX porpamM Mathcad u Matlab oOpabarsiBanch pe3ynbTaThl BRIYUCIUTENFHOTO U HATYP-
HOTO 3KCIIEPUMEHTOB, a TaKkKe OBLIM IOCTPOCHBI 3aBUCHMOCTH TOYHOCTH TO3UIIMOHUPOBAHUS OT MACCHI M JTMHBI XO/1a.

Pezynomamut uccnedosanusn. JJocTOBEPHOCTh MOJENN OblIa YCTaHOBJIEHA HAa YPOBHE MAKCHMAIBHOTO PACXOKACHUS
MCEXKIY OKCIICPUMCHTAJIbHBIMU JAaHHBIMH U UTOraMU MaTEMATUYCCKOTO MOJACITIUNPOBaHUA, COCTaBUBIIETO 18 %, 4qTO 1101~
TBEPKJIAET aJJeKBaTHOCTh Pa3padOTaHHON MOJIENH JUIsl MH)KEHEPHBIX pacyeTOB. DKCIIEPUMEHTAILHO YCTAaHOBIICHO BITHSI-
HHE MACCHI Tpy3a Ha TOYHOCTH Mo3unuoHupoBanus. [Ipu yeemraennn maccel ¢ 10 1o 30 kxr TouHocTs cHmKaercs B 1,47
pasa, a mpu Macce B 60 KI TOYHOCTD yXy/IImaeTcs emie Ha 1,37 pasa oTHocuTenbHO 0a30Boi Maccel B 10 kr. Kpome toro,
HCCIIEIOBaHO BO3/ICHCTBHE KOOPAWHAT OCTAHOBKH: YCTAaHOBJIEHA 3aBUCHMOCTH TOYHOCTH ITO3UIIMOHUPOBAHUS OT OJIO-
JKEHUS UCIIOJIHUTENBHOrO 3nemMenTa. [Ipu nepememenuun ot 0,1 M 10 0,22 M TO4HOCTH yXyamaercs B 3,2 pa3a, OJHAKO
pu JanbHeimeM nepememtennn 10 0,35 M oHa ymydmaercs B 2,2 pasa.

0Oobcyrcoenue. [IpoBeieHHBIC IKCIIEPUMEHTAIBHBIC HCCIICIOBAHUS TIO3BOJIMIIH JOOUTHCS XOPOIIUX PE3YIbTaTOB B 00J1a-
CTH pa3pabOTKH ATMHHOXOIOBBIX THEBMOIIPHBOIOB. Y CHIENTHAS BEpH (UKL MaTeMaTHUECKOH MOJIEIH TIOATBEPXKAaET
KOPPEKTHOCTb KaK caMOi MOJIETIH, TaK H TEOPETUIECKUX MCCIIEI0BAHUM, TPOBEICHHBIX B IPEIBIAYIINX paboTax aBTopa.
JlocTurayta TOYHOCTH MO3MLIMOHUPOBAHMS MTPHUBOJA 77 MKM Ha JUCTAHIMH CBBILIE TPEX METPOB. ITOT MOKa3aTelb Cy-
IIECTBEHHO NPEBOCXOANT PE3YJITATHI, IPEACTABICHHBIE B ICCIEAOBAHUSX JIPYTUX aBTOPOB, YTO CBUETEILCTBYET O BbI-
COKOM MOTEHIIHAIE pa3padoTaHHOI KOHCTPYKITNH. DKOHOMIYecKas () (HEeKTHBHOCTE PEATIOKEHHOTO PEIISHHUS 00y CIOB-
JIEHa OTCYTCTBUEM JJIEKTPOHHON KOMIIOHEHTHOH 0a3bl B CUCTEME YIIpaBIICHUs. DTO HE TOJIBKO CHIKAET IIepBOHAYAIIbHBIC
3aTpaThl Ha IPOM3BO/ICTBO, HO M CYIIECTBEHHO YIPOINAET TEXHUIECKOE 00CITy)KMBaHUE IPUBOAA B IIPOLIECCE IKCILTyaTa-
1y, CpaBHUTENBHBIN aHAIN3 C CYNIECTBYIOIIMMH pa3pab0TKaMH MOATBEPXKIAET HMPEBOCXOACTBO MPEUIOKCHHON CH-
CTEMBI 110 KPUTEPUIO 3aTparT.

3axnrouenue. IIpoBeIcHHBIC UCCIICAOBAHMS MONTBEPIHITN () ()EKTUBHOCT pa3pabOTaHHBIX PEIICHUIN IS UTMHHOXOI0-
BOr'0 OECIITOKOBOTO MHEBMONPUBOA. [IpakTHueckas 3HaYMMOCTh UCCIIEJOBAHHS ONPEENICTCS BOZMOKHOCTBIO IIPUME-
HCHUA MOJYUYCHHBIX PE3YJbTATOB IIPU CO3AAaHUN BHICOKOTOUYHBIX TIIMHHOXOJAOBBIX MEXAaHU3MOB B PA3JIMYHBIX OTPACIIAX
MIPOMBIIUICHHOCTH. Pa3zpaboTaHHasi KOHCTPYKILUSI MOKET OBITh MCIIOJIB30BaHA B ABTOMATHU3MPOBAHHBIX IIPOU3BO/ICTBEH-
HBIX JMHUSX, POOOTOTEXHUYECKHX KOMIUIEKCAX U APYTUX 00JIACTAX, TJe TpeOyeTcsl TOUHOE MO3UIHOHNPOBAHNE HA 3HA-
YHUTENBHBIX PACCTOSAHUAX. [1epCIeKTUBHBIMU HANIPABICHUSIMU JABHEHIINX UCCIIEIOBAaHUHN SIBJISIOTCS ONTHMU3AIMS Ma-
paMeTpoB YIPaBISIONIEH CHCTEMBI Ul JOCTHXKEHHS elle 0ojiee BHICOKOH TOYHOCTH IMO3UIMOHUPOBAHMS M pa3paboTKa
METOJMK pacyeTa MO3MIHNOHHBIX JTMHHOXOJOBBIX ITHEBMOIIPHBOIOB.

KutroueBble cjioBa: CTpyiiHas cucTeMa yIpaBlieHUs] OECIITOKOBLIM MTHEBMOTIPUBOIOM, OECIITOKOBBIN JJTMHHOXOI0BOM
ITHEBMOITPHUBO/I, TO3UIIMOHUPOBAHKUE THEBMOIIPUBO,1a, THEBMATHYCCKHIA JATYHK OCCIITOKOBOTO THEBMOIIPUBO 1A

Enaroaapﬂocnl. ABTOp BbIpaXKacT 6J'Ial“0,ﬂapHOCTL peAaKy U pCLCH3CHTAM 3a BHUMATCIIbBHOC OTHOIICHUC K CTATHC U
YKa3aHHBIC 3aME€YaHNsI, KOTOPBIE TIO3BOJINIIN ITOBBICUTH €€ Ka9€CTBO.

Jost mutupoBanus. Kopotery JI.A. DkcriepuMeHTabHOE UCCIIeI0BaHNE TOYHOCTH TO3UIIMOHUPOBAHHS aBTOMAaTH3UPOBAHHOTO
JUTHHHOXOJIOBOTO OECIIITOKOBOTO IHEBMoTIprBoaa. Advanced Engineering Research (Rostov-on-Don). 2025;25(3):197-207.
https://doi.org/10.23947/2687-1653-2025-25-3-197-207

Introduction. The efficiency of the drives used in modern processing equipment is determined by the speed of
movement of the actuating element along the coordinate axes, and the accuracy of positioning the actuators of the drive
in real time during the implementation of the required work cycles [1]. These cycles, as a rule, consist of a rapid approach
of the actuator, its deceleration to the positioning speed, precise stopping, and rapid withdrawal [2].

Pneumatic drives are characterized by high speed of movement and protection against fire. They also have explosion
safety, environmental friendliness, reliability and flexibility in confined spaces [3]. They are effectively used in
mechanical engineering, as well as in the food, chemical and woodworking industries, where the combination of speed
and positioning accuracy of the power elements of the drive is important [4].

Modern transport and production machines are equipped with various actuators based on pneumatic drives [5]. Such
systems are constantly subject to ever higher demands on the speed, accuracy and reliability of their operation [6]. In this
context, pneumatic automation offers universal approaches to the control of similar systems.

Most modern industrial drive equipment operates on the basis of automatic pneumatic drives with long-stroke
movements of the actuators [7]. These industrial positioning drives guarantee positioning accuracy of about 1% (in some
special designs, it can reach up to 0.4%) of the maximum stroke length. This has a negative impact on the accuracy of
pneumatic long-stroke drives [8]. Air compressibility and complex thermodynamic processes occurring in air flows have
a significant impact on the control of air flows in the drive lines and cavities of the pneumatic cylinder, which limits the
positioning accuracy of the drive [9].
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Research by D.V. Shilin [10] demonstrated that the implementation of a hybrid control system significantly increased
the accuracy of positioning the carriage of a rodless pneumatic cylinder. Experiments made it possible to reduce the error
to 0.2% of the stroke length, which was a good result. In [11], the authors proposed a new controller circuit based on
fuzzy logic, used to monitor the actuator trajectory following of a robot manipulator with two degrees of freedom.

A promising direction is the development of flexible rodless pneumatic cylinders for long-stroke McKibben-type
actuators [12]. Pneumatic cylinders with a self-holding function were tested, providing precise positioning even without
applying pressure. Dao The Anh [13] developed and investigated an automated positioning pneumatic actuator with
increased accuracy and operating speed, identifying the dependence of the actuator characteristics on the mass of the
objects being moved, the deceleration coefficient, relative displacement, and braking force.

Paper [14] presents an adaptive second-order sliding mode tracking control scheme for robotic manipulators. A new
control law is proposed that allows for the transition of the robotic manipulator trajectories from all initial conditions to
the switching surface of the proportional-integral derivative in a finite time with subsequent retention on this surface.

There is a jet positioning numerical control system [15] based on a cylinder with a piston and a rod connected to a
measuring scale. The system uses a “nozzle-receiving channel” sensor to generate a control signal. The device operates
on a pneumatic sensor that measures the gap between the sensor and the inclined measuring bar, whose angle is adjusted
by a screw. The sensor output is connected to the control input of a threshold device that generates a signal to stop the
piston, whose position is adjusted by a throttle [15].

The key drawback of the modern technical solutions under consideration is that they are designed exclusively for the
use of standard cylinders [16] with a working stroke not exceeding three meters. When attempting to implement
mechanisms with an increased stroke of over three meters, developers encounter a set of serious technical obstacles [17].
The main problem is that to provide the functioning of such systems, it is required to modernize the control system, which
causes a significant increase in the costs of manufacturing the end product. The increase in cost occurs in two main areas:
the first is associated with the introduction of more complex control electronics, the second is due to the need for additional
elements for reliable operation at increased distances [18]. Under such conditions, it is critically important to create an
innovative approach capable of effectively solving problems associated with long strokes (more than three meters). At
the same time, the new solution must not only provide the required technical characteristics, but also remain economically
justified for potential users, while maintaining a high level of operational qualities [19].

This research objective was to experimentally verify the results of mathematical modeling of a positioning long-stroke
rodless pneumatic actuator, as well as to confirm the degree of influence of key factors on positioning accuracy.

Materials and Methods. Experimental studies were aimed at validating the results obtained through the mathematical
modeling of pneumatic drive systems, which was carried out earlier in paper [8].

During preliminary calculations, the element base of the stand was selected, and its assembly drawing was made,
which is presented in Figure 1.

Fig. 1. Assembly drawing of the model stand: 1 — stand frame; 2 — loading pneumatic cylinder;
3 — automated long-stroke rodless pneumatic actuator in assembly; 4 — control panel
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The stand, as a technical model of a pneumatic drive for experimental research, assembled on the basis of design
documentation, is shown in Figure 2. To study the pneumatic and kinematic characteristics of the drive, an original control
system was developed and applied, including a jet sensor and an external brake device [20].

In the course of the development of the experimental setup, a Camozzi 52G2P40A0400 rodless pneumatic cylinder
with a working stroke of 400 mm and a piston diameter of 40 mm was mounted on the testing stand. The proposed original
control system, developed as part of previous studies, was fixed on the movable carriage of this device [20].

This system included a jet sensor of an original design, consisting of two nozzle elements and a special rack with
holes, as well as an external brake device, represented by two Camozzi 31F4A040A005 pneumatic cylinders with friction
linings on the rods [8]. Friction linings of Argolon-TX material were selected due to their friction coefficient of 0.4 and
linear wear, which is up to 5.5 pm/brake [13].

Additionally, a standard Camozzi 40M2L050A0400 pneumatic cylinder with a stroke length of 400 mm and a
piston diameter of 50 mm was installed on the stand, which made it possible to simulate external loads on the drive.
To verify the operability and accuracy of the jet sensor readings, a spillage method was used using a Camozzi
MF4008-10-R-BV-A flow sensor located after the element under study, and two Camozzi SWCN-P10-P3-2 pressure
sensors placed before and after this element. The tests of the jet sensor showed high reliability and stability of operation
in various operating modes.

For the water drawing, a Camozzi MF4008-10-R-BV-A flow sensor was used, which had the following technical
characteristics: analog output 0.5-4.5 V; measured value — volumetric flow rate; initial value of the flow measurement
range — 0 l/min; final value of the flow measurement range — 10 I/min; accuracy (1.5+0.2-FS/MV) %; operating
pressure — 0—5 bar. Camozzi SWCN-P10-P3-2 pressure sensors were also used for the tests, which had the following
technical characteristics: maximum measurement pressure — 10 bar; minimum measurement pressure — 1 bar;
measurement pressure drop — 0.01 bar; maximum error — no more than 2.01%; scaling factor — 1.543. Additionally,
Camozzi M043R-12 pressure gauges were used to provide measurement accuracy and pressure control in various drive units.
The experimental stand was equipped with a modern electronic control unit, which included a Giga Device GD32F103VET6
microcontroller. It was responsible for collecting and processing data from all sensors of the pneumatic system, as well as
for controlling the pneumatic distributors. To improve the accuracy of the actuator positioning, an encoder of the New Hong
OVW6-10-2HC model was used, which had the following technical parameters [21]: power supply — DC 5-12V, 12-24 V;
response frequency — 0—100 kHz; consumption current — 80 mA. All data from the pressure sensors and the encoder were
recorded in the system using the Modbus protocol [22]. Information from all measuring devices was collected by a personal
computer synchronized with the microcontroller via the W5500 interface.

The DD1 controller interacted with the system, generating control signals for electromagnetic relays via a Unisonic
Technologies ULN2003 transistor unit. This provided precise and reliable control of the pneumatic distributor solenoids,
as well as maintaining the specified operating parameters of the drive in various operating modes [23].

Fig. 2. Research complex: 1 — power subsystem; 2 — drive control devices;
3 — main pneumatic cylinder for long-stroke movements with a loader;
4 — control system in the form of a jet sensor and an external brake device;
5 — electrical subsystem; 6 — personal computer
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Figure 3 shows the research complex appearance. The principle of its operation is described in [8, 20], etc. The control
system of this complex consists of a contactless jet sensor and an external brake device.

The contactless jet sensor transmits information about the current position of the actuator of the pneumatic cylinder,
switches the drive controls for its deceleration and precise stopping.

The external braking device performs the work of fixing the actuator of the pneumatic drive when it is out of operation
and precisely stops at a given coordinate. Then the actuator switches to the positioning speed.
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Fig. 3. Pneumatic scheme of the research complex: PC1 — long-stroke pneumatic cylinder; PC2 and PC3 — external brake system
pneumatic cylinders; NU — nozzle unit; D1 — sensor feed control distributor; D2; D3 — deceleration distributors; D4 — control
distributor; D5 — external brake device control distributor; S1-S4 — pneumatic silencers; PS — pressure sensor;

PLC — programmable logic controller; TH1 and TH2 — PC1 travel speed control throttles; APU — air preparation unit [4, 6]

Experimental studies were conducted under the following conditions:

— maximum travel speed Vyaxe = 0.26 m/s;

— pressure in the drive pneumatic system py = 6 bar;

— maximum stroke length of a rodless pneumatic cylinder L = 400 mm;

— mass of the moved load M, = 10, 30, 60 kg;

— positioning stop coordinate (working stroke length) Ly, = 150, 250, 350 mm;

— positioning speed Vi, = 0.025-0.04 m/s.

During the field experiment, the following were investigated:

— trajectories of the long-stroke pneumatic actuator: acceleration and movement with a steady maximum speed;
deceleration of the speed of movement to the positioning speed; movement at the positioning speed and stopping at a
given coordinate;

— speed of the long-stroke pneumatic actuator and its components, which includes: acceleration time of the actuator;
duration of the positioning stage and determination of the accuracy of reaching the specified final position;

— impact of the external load and the length of movement on the speed and accuracy of positioning.

Research Results. The graphs of the movement of the drive power elements, their speed, as well as the dependence
of the air pressure in the drive pneumatic system, in comparison to the graphs of the same drive parameters obtained
during the simulation, are presented in Figures 4-6.
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Fig. 4. Graphs of change in time of speed and coordinates of displacement of the actuator of the studied pneumatic drive from time:
Xexp, Vexp — displacement and speed obtained experimentally, respectively; Xsim, Vsim — displacement and speed obtained during the
conducted mathematical modeling, respectively
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Fig. 5. Graph of change in air pressure in the pressure and drain cavities of the studied pneumatic drive over time:
Pexp, Pexp — working gas pressure in the pressure and drain cavities, obtained experimentally, respectively;
Psim, Ppsim — gas pressure in the pressure and drain cavities, obtained during mathematical modeling, respectively
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Fig. 6. Graph of the change in gas pressure in the nozzle units of a contactless jet sensor over time:
Pstexp, Ps2exp — gas pressure in nozzle unit 1 and 2, obtained experimentally, respectively;
Psisim, Ps2sim — pressure in nozzle unit 1 and 2, obtained during mathematical modeling, respectively
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The maximum discrepancy between the experimental data and the mathematical modeling data (Fig. 4-6) does not

exceed 18%, which confirms the reliability of the research results [24].

The discrepancy between the research results was determined for all the data obtained (Fig. 4-6) using the following formula [25]:
a=2"%100%, (1)

a3
where a, — data obtained during the experimental study (displacement, speed, pressure), a — data obtained as a result

of the theoretical study [26].
In Figures 7 and 8, the captions “Le.y,” and “L,.s’ denote oscillograms obtained as a result of full-scale and

computational experiments, respectively.
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Fig. 7. Effect of mass M of the moving structure on the value of the positioning accuracy of the pneumatic drive:
Lexy — result obtained during a full-scale experiment, Lnos — result obtained during mathematical modeling

Figure 7 shows the result of the study on the effect of mass M of the moving structure on the value of the positioning

accuracy of the pneumatic cylinder.
The studies have shown that the positioning accuracy of the drive depends on the mass of the moving object. With an
increase in mass from 10 to 30 kg, the positioning accuracy decreased by 1.47 times, and with an increase in mass to 60

kg, the accuracy worsened compared to a mass of 10 kg by 1.37 times.
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Fig. 8. Effect of working stroke length of the drive on value of its positioning accuracy:
Lexp — result obtained during a full-scale experiment, Lmod — result obtained during mathematical modeling
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Figure 8 shows the result of the study on the effect of the stop coordinate of the drive actuator on the accuracy of its
positioning at the same maximum speed of movement. It was found that the accuracy of the drive positioning depends on
the length of its working stroke to a complete stop (stop coordinates): when changing the stop coordinate from 0.1 m to
0.22 m, the positioning accuracy worsened by 3.2 times, and when changing the stop coordinate from 0.22 m to 0.35 m,
the positioning accuracy increased by 2.2 times. This is due to the fact that during the operation of the drive, back pressure
is created in the air cavity of the pneumatic cylinder when the piston approaches its extreme walls (and the closer to the
wall, the greater the pressure) [27]. Back pressure also increases additionally during throttling due to the narrowing of the
flow section of the channels of the holes intended for pumping and bleeding gas [28]. The narrowing of the flow sections
of the channels causes the deceleration of gas flows [29]. This is observed when the actuator of the drive is moved at the
positioning speed [30].

Discussion. The conducted experimental studies allowed obtaining good results in the development of long-stroke
pneumatic drives. Successful verification of the mathematical model confirmed the correctness of the theoretical studies
carried out in previous works [8, 19].

The obtained positioning accuracy of the drive is 77 um at a distance of over three meters. This figure significantly
exceeds similar results presented in [13, 15], which demonstrates high potential of the developed design, since the economic
efficiency of the proposed solution is due to the absence of an electronic component base in the control system [31]. This
not only reduces initial production costs, but also significantly simplifies maintenance of the drive during operation [32].
Comparative analysis with existing developments [2, 13] confirms the superiority of the developed system in terms of
cost criteria.

Conclusion. The main research results are as follows:

— experimental verification of the results of mathematical modeling of a positioning long-stroke rodless pneumatic
actuator was carried out; the maximum error of the research was 18%, which confirmed the adequacy of the mathematical
model and its possibility of application for engineering calculations;

— key factors that determine the accuracy of drive positioning were identified: with an increase in the moved mass
from 10 to 60 kg, the positioning accuracy decreased by 40%. A significant influence of the position of the pneumatic
cylinder piston in the extreme positions on the positioning accuracy was also established, which caused a deterioration in
accuracy up to four times in the central positions due to the occurrence of back pressure in the drain cavity when the
positioning speed was reached.

The conducted studies confirmed the efficiency of the developed solutions for long-stroke rodless pneumatic actuators.

The practical significance of the study is validated by the possibility of using the obtained results in the creation of
high-precision long-stroke mechanisms in various industries [33]. The developed design can be used in automated
production lines, robotic complexes, and other areas where precise positioning over significant distances is required.

Promising areas for further research include optimizing the parameters of the control system to obtain even higher
positioning accuracy, as well as developing calculation methods for positioning long-stroke pneumatic drives.
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Abstract

Introduction. Increasing the productivity of single-wire surfacing through raising the wire feed rate causes defects — undercuts
and poor fusion between layers, which reduces the quality of the deposited coating and increases the reject rate. To solve this
problem, multiwire surfacing techniques are being developed in a shielded gas environment which increase productivity without
compromising quality. The literature shows that the relative position of electrodes in multiwire systems affects significantly the
thermal and electrophysical characteristics of the arc, and therefore, the geometry of the reinforcement and the shape of the
fusion penetration. However, the available studies are fragmentary: there is insufficient data on the morphology of the fusion
zone, and the relationship of its parameters and specific electrode arrangement schemes under twin-arc surfacing in a shielded
environment, which leaves a scientific gap. The objective of this research is to evaluate the change in the geometric parameters
of the reinforcement of the deposited layer and the morphology of the fusion zone with different relative positions of the
electrodes under twin-arc surfacing in a shielded gas environment.

Materials and Methods. The experiment was conducted on a 6-axis Fanuc 120iD robot with an EWM Titan XQ500
power source and an experimental surfacing head consisting of two welding torches. The layers were deposited on steel
substrates of grade St3 using the GMAW Pulse method with Sv 08G2S wire with a diameter of 1.2 mm in an Ar/CO2
environment (98%/2%) under a fixed surfacing mode (WFS = 6.5 m/min for each torch, TS =4 mm/s, MW = 150°C).
The following parameters were adopted as the studied factors: distances between electrodes (z = 15, 18, 21 mm), their
angle of inclination (o= 5°, 10°). On the cross-sections of the deposited layers prepared by grinding and etching, the
geometric parameters of reinforcement (height £, width S, wetting angle y) and fusion penetration (depths a, a1, width b)
were measured. Quantitative analysis of the weld geometry was performed using Digimizer software to assess the effect
of the relative position of the electrodes on the formation of the layer.

Results. 1t has been found that the distance between the electrodes (z) affects significantly the reinforcement geometry: a
growth of z causes an increase in the layer width (S) and the wetting angle (y), but a decrease in its height (/). The axial
fusion depth (@) demonstrated a nonlinear dependence on z, reaching a maximum (~2.2 mm) at z = 18 mm. The inclination
angle (o) had a minor effect (<5%) on the reinforcement parameters, but affected significantly the shape of the main
fusion zone (a1): an increase in o decreased a1 and made the penetration more gently sloping. At z =21 mm, the impact
of o on the penetration disappeared. The relationships between the relative positions of the electrodes under twin-arc
surfacing, the geometric parameters of the reinforcement, and the depth of the fusion zone were specified.

Discussion. The explanation of the established dependences is based on the change in the thermal and electrophysical
properties of the electric arc depending on the mutual arrangement of the electrodes. The axial depth of fusion penetration
depends not only on the distance between the electrodes, but also on the volume of the weld pool. With an excessive
volume of the weld pool for a specific surfacing mode, a damping effect of heat flows from the electric arc to the base
metal occurs — the volume of the weld pool absorbs part of the heat, which causes a decrease in the depth of penetration.
The change in the arc pressure vector with an increase in the angle between the electrodes explains the decrease in the
depth of the main fusion zone.
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Conclusion. The regularities of the effect of the mutual arrangement of electrodes on the geometry of the deposited layer
and the shape of the fusion zone under twin-arc surfacing in a shielded gas have been experimentally established. It is shown
that an increase in the distance between the electrodes results in an increase in the width of the bead, a decrease in its height,
and an increase in the wetting angle. It has been noted that the penetration depth depends on the volume of the weld pool.
Itis determined that the angle of inclination of the electrodes in the studied modes has an insignificant effect — less
than 5% — on the geometry of the deposited metal, although hypothetically, it can be enhanced at smaller interelectrode
distances. The data obtained extract clear trends and form the basis for further in-depth study of the thermal and
electrophysical aspects of the process of twin-arc surfacing in a shielded gas environment.

Keywords: twin-arc welding, GMAW, multiwire welding, mutual arrangement of electrodes, morphology of the
deposited layer, fusion zone, electromagnetic interaction of arcs

Acknowledgments. The authors appreciate the management of TRINITECH LLC. They would like to thank Director
F.A. Shamrai and Lead Engineer A.I. Kurakin for their interest in the research and for providing the opportunity to carry
out work at the company's production facilities.

For Citation. Skoblikov IP, Efimov EI, Murzin VV. Study of Effect of Electrode Arrangement on Layer Geometry and Fusion
Zone Morphology under Twin-Arc Surfacing. Advanced Engineering Research (Rostov-on-Don). 2025;25(3):208-220.
https://doi.org/10.23947/2687-1653-2025-25-3-208-220

Opueuﬁaﬂbﬂoe amnupudeckoe uccnedosatue

HccnenoBanne BJAMSIHES B3aHMOPACIIOJIO0KEHUS YJIEKTPOI0OB HA reOMeTpHYeCKHe MapaMeTpbl
cJ10s1 1 MOP()OJIOTHIO 30HBI MPOILIABJIEHNS NPH HANJIABKE PaclleNJIeHHOH TyTroi

SLIL. Crobauxos! > 54, E.U. Epumos?, B.B. Myp3un'

! Cankr-TleTepOyprekuii rocy1apcTBEHHBIN MOPCKON TeXHHYECKHH yHUBEpeuTeT, T. Cankt-IletepOypr, Poccuiickas denepanus
2000 «TPUHUTEX», Jlenunrpazckas o6mnacts, Poccuiickas ®enepauus

< iakov98sp@gmail.com

AHHOTAIUSA

Beeoenue. I1oBpiieHNE MPON3BOIUTENBHOCTH OJJTHOIPOBOJIOYHOM HAIUIABKH 32 CUET YBEIMUEHUS CKOPOCTHU MOJAauH Mpo-
BOJIOKH IPUBOIMT K Ae(eKTaM — MOJpe3aM U HECIUIABICHUAM MEXIy CIIOSIMH, YTO CHI)KAeT KaueCTBO HAIUIAaBICHHOTO
TIOKPBITHS M YBeJIMUMBaeT Opak. st perieHus 3Tol mpo0ieMbl B cpejie 3alllUTHBIX T'a30B Pa3BUBAIOTCS MHOTOIPOBOJIOY-
HBIE METOZbI HAIJIABKH, TI03BOJISIOIIHE TIOBBICUTH IIPOM3BOUTEIIFHOCTD 0€3 YXyALIeH!s KauecTBa. B murepaType moka-
3aHO, YTO B3aHMMOPACIOJI0KEHNE HIIEKTPOJOB B MHOTOIIPOBOJIOYHBIX CHCTEMaX CYIIECTBEHHO BIMSET Ha TEIIO(GHU3HUE-
CKHE U IJIEKTPOoPH3NIECKUE XapaKTePUCTUKH JyTH, a CIIeJOBaTeJIbHO — HA FEOMETPHUIO YCHIIEHUS U (JOpMY IpOILIaBIIe-
Hust. OHAKO MMEIOIHecs NCCIIeA0BaHus (pparMeHTapHbl: HEOCTATOYHO JaHHBIX 10 MOP(OJIOTHN 30HBI IPOTUIABICHHS
1 B3aMMOCBSI3H €€ MapaMeTpOB ¢ KOHKPETHBIMU CXEMaMH PacIioIOKEHHsSI AIEKTPOIOB NIPH HAIUIABKE PACIICIUIEHHON y-
TOM B 3aIlIUTHOM CPeJie, YTO OCTABIIACT HAYYHbIH mpoOen. [{enb nanHoi paboThl — OLIEHUTh H3MCHEHUE T€OMETPHUCCKIX
MapaMeTpOB YCHIJICHHS! HAIUIABJICHHOTO CJIOS 1 MOP(OJIOTHH 30HBI ITPOIIABICHUS NPU PA3JIMYHBIX B3aHMOPACIIONIOKe-
HUSIX 3JIEKTPOJIOB MPH HAIUIABKE PACIIEIUIEHHON yTOH B Cpe/ie 3all[UTHOTO ra3a.

Mamepuanvt u memoosvl. JKCICPUMEHT MPOBOIIICS Ha 6-oceBoM pobote Fanuc 120iD ¢ ucrounukom nutanus EWM
Titan XQS500 u 3KCIIepUMEHTAIBHON HAIJIaBOYHOM TOJIOBKOM, COCTOSILEH U3 IBYX CBapOUYHBIX ropenok. Cion Haras-
JSUTACH Ha CTaNbHBIE TOITOKKH Mapku Ct3 Mmetogqom GMAW-Pulse npososokoit CB-081'2C muamerpom 1.2 MM B cpene
A1/CO:2 (98 %/2 %) npu 3aduxcupoBanHoM pexume HariaBku (WFS = 6,5 M/MuH Ha kaxayro ropenky, TS =4 mwm/c,
MBT = 150 °C). B kauecTBe HUcClIeAyeMbIX (HaKTOPOB MPHUHSATHI CIACIYIONIUE TapaMETPhI: PACCTOSHUS MEXKIY dJICKTPO-
mamu (z = 15, 18, 21 mm), yron ux HakioHa (o = 5°, 10°). Ha momepedyHpIX ce4eHns X HaIlUIaBJICHHBIX CIIOEB, IIOATOTOB-
JICHHBIX IUTH()OBKON U TPaBICHHUEM, U3MEPSUIMCh T€OMETPUUYCCKHE TTapaMeTPhl YCHIICHHs (BbICOTA A, mUpUHA S, Yo
CMa4yMBaHUs y) U MpoIuIaBieHus (MIyOUHBI a, a1, upuHa b). KonnvecTBeHHBIH aHAIN3 TEOMETPHH 111Ba BHITIOJIHSICS C
ncnospzoBanueM 110 Digimizer 11 OLeHKH BIWSHAS B3aHMOPACIIOI0KEHHS 3JIEKTPOAOB Ha (JOpMHUPOBAHKE CIOSI.
Pe3ynvmamut uccnedoeanus. Y CTaHOBIIEHO, 9TO PACCTOSIHHIE MEXTY JIEKTPOJAMU (Z) CYILIECTBEHHO BIUSET HA TEOMETPHIO yCH-
JICHUS: YBEJIMUYEHHUE Z MPUBOAUT K POCTY LIMPHHBI CIos (S) U yria cMadmBaHus (y), HO CHWXKECHHUIO €r0 BBICOTHI (/). [tyOuna
OCEBOTO TPOIUIABNICHHS (@) IEMOHCTPHUPYET HEMMHEHHYIO 3aBUCUMOCTD OT Z, JOCTHIasi MakcuMyMa (~2,2 MM) TpH z = 18 Mm.
Yron HakiIoHA (1) OKa3al He3HAYUTENIbHOE BIMsHUE (<5 %) Ha mapaMeTpsl yCUIICHHS, HO CYLIECTBEHHO IOBIHSUT Ha (hopMy Oc-
HOBHO# 30HBI MPOIUIABIEHUS (41): YBETMUESHHUE 0. YMEHBIIIAJIO a1 ¥ JIeTIajio MporuiaBienue oosee nosioruM. [Tpu z =21 MM BiusiHuE
0L Ha TIPOILJIaBJIeHNE Ncue3alio. BIsSBIICHBI 3aBUCHMOCTH MEKITy B3aUMOPACTIONIOKEHHUEM IIEKTPO/IOB IPU HAIUTABKE PACIIIEIIIEH-
HOH JTyTOii, TEOMETPUYECKIMI TTapaMeTpaMi YCHIICHHUS U TITyOHMHOM 30HBI IPOTUIABIICHHS.
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Oécyscoenue. OObICHEHNE YCTaHOBJICHHBIX 3aBUCHMOCTEN OCHOBAHO HAa M3MEHEHUH TEIIO()U3UUECKUX U IEKTPOdH-
3MYECKUX CBOWMCTB AJIEKTPUUYECKON AYTH B 3aBUCHMOCTH OT B3aMMHOTO PACIIONIOKEHHS 3JeKTponoB. OceBas riayOnHa
MIPOILJIABJICHUS 3aBUCHT HE TOJILKO OT PACCTOSIHUS MEXK/Y dJIEKTPOAaMH, HO M OT 00bEMa CBapOYHOI BaHHBL. [Ipu n30bI-
TOYHOM 00BbEME CBAPOYHOM BaHHBI JJIs1 KOHKPETHOTO pPeXXUMa HaIlIaBKK BO3HUKAeET 3 (deKxT neMnprpoBaHus TETUIOBBIX
MIOTOKOB OT 3JIEKTPUYECKON IyT'M K OCHOBHOMY METaJITy — 00BEM CBApOYHON BaHHBI MOTJIONIAET YacTh TEIlIa, YTO MPHU-
BOJIUT K YMCHBIIICHHUIO TTyOUHBI MPOIUTABIICHHs. VI3MeHeHHEe BEeKTOpa JaBICHUS TyTH MPY YBEITUICHUH YTIIa MEXKTY dJICK-
TPOJaMH OOBSCHAET YMEHBIICHNE ITyOHMHBI OCHOBHOM 30HBI ITPOIIIABIICHNUSI.

3axnrouenue. JKCTIEPUMEHTAIIFHO YCTAHOBIIEHBI 3aKOHOMEPHOCTH BIMSIHIISL B3aIMHOTO PACTIONIOKEHHS AJIEKTPOIOB HA TEOMET-
PO HAILTABJIEHHOTO CJIOS ¥ ()OpMY 30HBI TIPOIUIABIICHHS TIPH HAIUTABKE PACIICIDIEHHO TyTroi B 3amuTHOM rase. [lokazano, 9To
YBEJIMUCHIE PACCTOSHIS MEXKITY AJIEKTPOIAMH MPHUBOWT K POCTY IIHUPHHEI BAINKA, YMEHBIIICHHIO €TO BHICOTHI M YBEIIITICHUIO
yria cMaduBanus. OTMeUeHo, YTO TIyOWHA IMPOIUIABIICHUS 3aBUCHT OT 00BEMa CBApOYHOM BaHHBL OmMpemeneHo, 4yTo yroi
HAKJIOHA 3JIEKTPOJIOB B UCCIIEIOBAHHBIX PEKIMAaX OKa3bIBaJl HE3HAYMTENHHOE BIMSHNE — MEeHee 5 % — Ha TeOMETPHIO HaIlIaB-
JICHHOTO METAJIA, XOTSI TUIIOTETHYECKH OHO MOYKET YCHIIMBATHCS TIPU MEHBIIIMX MEXKAJIEKTPOIHBIX paccTossHUsX. [lomyyeHHbIe
JIaHHBIE BBIBIIIIOT YETKUE TEHACHIIMN U (JOPMUPYIOT OCHOBY JUISl JAIIBHEHIIEro YriTyOJIEHHOTO H3yUeHHs TeTUIO(PU3NUECKIX 1

SHGKTpO(l)I/BI/I‘ICCKI/]X ACIICKTOB IPOICCCa HATLUTABKU paCIIIeHJ'IéHHOﬁ AyT ol B CpCAC 3alIUTHOIO Ira3a.

KuroueBble ciioBa: HamiaBka paciiersieHHod ayroi, GMAW, MHoOronpoBojiouHasi CBapka, B3aMMHOE PacroJIOKEHUE

3JIEKTPOJI0B, MOP(OIIOTHS HATIABJICHHOTO CJI0S, 30Ha MPOIUIABJICHHS, SIIEKTPOMAarHUTHOE B3aHMOJICHCTBHE IyT

BiarogapHocTu. ABTOPHI BRIPAXKArOT HCKPEHHIOIO TPHU3HATEHHOCT pykoBomTersiM Kommaamn OO0 «TpuHITEX — IupeKTopy
®.A. Illamparo n Bemymemy wkeHepy A.U. KypakuHy 3a TpOsBICHHBI HHTEpEC K HWCCICNOBAHWIO W IIPEIOCTABICHHYIO

BO3MOYKHOCTB MPOBEICHHS PAOOT Ha MPOM3BO/ICTBEHHBIX 0OBEKTAX KOMIIAHHH.

Jnst murupoBanust. Cxoomikos LI, E¢umos E.N., Myp3un B.B. UccnenoBanue BiavsiHuS B3aMOPACTIONIOKEHHS SJIEKTPO/IOB
Ha TEOMETPUYECKHE TNapaMeTpbl CJos ¥ MOp(OIOrui0 30HBI TPOIUIABICHUS TPH HAIUIABKE PACIICIUICHHOH JIyroi.
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Introduction. The development of welding and surfacing technologies plays a key role in the automotive industry,
shipbuilding, energy, and other branches of mechanical engineering, where high performance characteristics of parts are
required. Gas-shielded arc surfacing and welding remain among the most common techniques for obtaining wear-resistant
and corrosion-resistant surface layers. One of the tasks of modern welding production is to increase the productivity of
surfacing while maintaining quality. Currently, this task is relevant in additive technologies based on GMAW, where it
is often required to increase the deposition rate to reduce production times and costs [1]. This is especially urgent in the
manufacture of large-sized parts in shipbuilding, aerospace, and other industries [2]. The use of multiwire deposition also
allows for the control of the chemical composition of the deposited metal using filler wires with different chemical
compositions [3].

Achieving greater productivity by simply increasing the wire feed speed and/or welding line speed in traditional
single-wire gas-shielded welding and surfacing processes results in defects such as undercuts or humping. According
to [4], undercuts are caused by high heat input, while humping is explained by the high instantaneous cooling rate of
the weldpool, due to the excessive tool speed for the selected surfacing mode.

From papers [5—7] devoted to the study of defect formation in the process of high-speed welding, it follows that the
maximum productivity of single-wire welding/surfacing systems in a shielding gas, providing defect-free formation, is in
the region of 3—4 kg/h for steel wires. This assessment is comparable to the conclusions of paper [8], devoted to the study
of multiwire welding.

The authors of [8] reviewed multiwire welding/surfacing and compared this method to traditional single-wire
processes. One of the conclusions is that a significant increase in surfacing productivity is achieved not by increasing the
wire feed rate or the diameter of the fed wire in a single-wire system, but by increasing the number of melted wires using
a single working tool. In [2], numerous techniques of surfacing in a shielded gas environment using several consumable
electrodes are distinguished. However, there is no detailed description of the surfacing system, where two electrodes are
connected to one power source. It is briefly mentioned that this surfacing process is unstable, and its implementation
requires systems for forced control of the surfacing mode, providing a uniform speed of wire melting. The authors of
paper [9] confirm that the double-wire surfacing is not stable when working at high voltages (27-33 V): the electric arc
burns alternately on each electrode with a certain frequency. However, when the voltage is reduced to 26 V, a V-shaped
stable arc is formed, providing a globular transfer of metal into the weldpool. The globule is formed due to the merging
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of electrode metal droplets under the action of the electromagnetic field generated by the flow of electric current through
the electrodes. It should be noted that the study in [9] was conducted using modified equipment for submerged arc welding
and a power source providing a hard/flat volt-ampere characteristic (VAC), typical for submerged arc welding or welding
in a shielded gas environment with short circuits. In [10], the authors studied the process of twin-arc welding using a
pulsed surfacing mode. This mode provides stable droplet transfer of metal according to the mechanism: one drop per
pulse (ODPP). To control the droplet size, the authors have proposed a technique based on the dependence of the droplet
diameter on the median value of the pulse current. It is found that this adjustment is required, since the force of their
mutual attraction to each other depends on the size of the droplets. When droplets of molten metal collide in the arc gap,
the arc combustion is destabilized.

The arrangement of electrodes in the welding/surfacing process plays a key role that determines the form of
reinforcement of the deposited metal and the fusion zone, as well as the formation of defects. Among the multiwire
surfacing techniques, systems with a longitudinal or transverse arrangement of the working tool relative to the movement
vector are distinguished. The process with a longitudinal arrangement of electrodes is called tandem. This arrangement
of electrodes is typical for systems that perform welded joints [11]. For surfacing, a transverse arrangement of electrodes
relative to the displacement vector of the working tool is typical [11].

In addition to the spatial arrangement of the electrodes, the shape of the reinforcement and the fusion zone are
significantly affected by the positioning of the electrodes relative to each other. The electrodes can be spaced apart or
brought together at a certain distance or tilted relative to each other [11]. The distance between the electrodes during twin-
arc surfacing has a significant effect on the pressure of the electric arc and the heat distribution in it. The authors [11]
performed numerical simulation of the thermal fields of an electric twin-arc without a gap and with a gap of 1 mm between
the electrodes. In this case, the electrodes were located in parallel. When surfacing with a gap, a decrease in the electric
arc pressure of 1.3 times was calculated, and compared to single-wire surfacing — by 4.2 times. According to the
experiments conducted in this work, it was determined that when surfacing with a gap, the penetration depth decreased,
and the width of the deposited metal increased.

Based on the above, it follows that twin-arc surfacing in a shielded gas is of interest to heavy industry, including those
using additive methods of electric arc deposition. This process is capable of providing stable burning of an electric arc
when using pulsed surfacing modes, but requires detailed adjustment of current pulses for metal transfer in the ODPP
mode. The use of two wires in one welding head allows for a significant reduction in electric arc pressure compared to
traditional single-wire welding systems. When the electrodes are moved apart from each other, the electric arc pressure
decreases, which changes the shape of the reinforcement and the penetration zone.

Based on the analysis, it has been revealed that there is no comprehensive study of the effect of the relative position
of electrodes under multiwire twin-arc surfacing in a shielded gas environment on:

— thermal characteristics of the electric arc;

— pressure distribution in the electric arc;

— geometric parameters of the reinforcement shape and the fusion zone of the base metal;

— micro- and macrostructure.

The research objective is to systematically evaluate the effect of the working tool configuration on the geometric
parameters of the reinforcement and the shape of the fusion under twin-arc surfacing in a shielded gas environment. To
perform this study, a designed surfacing head was used, consisting of two welding torches fixed on a bracket that allowed
them to adjust their relative position to each other. The analysis of the geometric parameters of the reinforcement shape
and the fusion zone was performed on macrosections.

The following tasks were set within the framework of the objective:

— validate the selection of factors for experimental verification;

— develop and implement an experimental plan with a number of repetitions that allows calculating the confidential
intervals for key indicators; perform measurements of the geometric parameters of the deposited layer of the fusion zone;

— conduct a statistical analysis of the results with an assessment of the significance of factors and their interactions;

— formulate practical recommendations for optimizing the process.

Materials and Methods. A 6-axis Fanuc 120iD robot was used in conjunction with an EWM Titan XQ500 power
source to conduct the research. The working tool was an experimental surfacing head consisting of two welding torches
mounted on an adjustable bracket. A ruler and a digital level were used to adjust the relative position of the welding
torches. Figure 1 shows a photo and an installation diagram.
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Fig. 1. Laboratory setup: a — laboratory setup diagram; » — photo of the laboratory setup

The substrates were made of St3 steel sheets with dimensions of 150x70%20 mm. Surfacing was performed by the
GMAW-Pulse method using Sv-08G2S welding wire with a diameter of 1.2 mm. The chemical composition of the wire
is given in Table 1. A mixture of argon (98%) and carbon dioxide (2%) was used as a shielded gas environment. The
temperature of the substrate preheating was controlled using a HIKMICRO B20 thermal imager. To visualize the
macrostructure of the deposited layer and the heat-affected zone, samples were etched by an electrolytic method in a
concentrated solution of sodium chloride (NaCl). The results were analyzed using Digimizer software.

Table 1
Chemical Composition of Wire Sv-08G2S (wt.%)
C Si Mn P S Ni Cr Cu
0.05-0.11 0.70-0.95 1.80-1.90 <0.030 <0.025 <0.025 <0.020 <0.025

The following parameters were selected as independent factors to determine the relative position of the torches: the
distance between the electrodes (z) and their angle of inclination relative to the vertical (). The surfacing was performed
with the same extension (SO) equal to 20 mm. Figure 2 shows a schematic representation of the described parameters.
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Fig. 2. Parameters under study

The layers were deposited with a wire feed rate (WFS) of 6.5 m/min on each torch and a constant linear speed (TS)
of 4 mm/sec. Current (/) and voltage (U) were recorded during deposition. Substrates with identical overall dimensions
were used to maintain a similar thermal pattern. Before depositing the layer, the substrates were cleaned to a metallic
shine and heated to a temperature (MBT) of 150°C. Heating was performed with a gas torch. The shielded gas flow rate
for each torch was 15 I/min. Table 2 shows the deposition mode values.

Table 2
Surfacing Mode
WFS, m/min ILA| UB TS, mm/s MBT, °C SO, mm Gas consumption, 1/min
6.5 420 | 25 4 150 20 15

The determination of the limiting values of the factors was carried out on account of the design features of the
working tool and the conditions for the formation of the deposited metal. The minimum value a, that could be set for
the working tool was 5°, and the maximum was 10°. The minimum value of parameter Z, equal to 15 mm, was also
determined by the design of the surfacing head. The maximum value of parameter Z was taken to be equal to 21 mm,
since with a larger distance between the electrodes under the same surfacing mode it was not possible to obtain a
continuous layer. To assess the effect of the selected factors, it was decided to conduct two single-factor experiments,
where the grouping value was the angle of inclination of the electrodes. Table 3 shows the experimental plan taking
into account the boundary conditions.

Table 3
Test Plan
Experiment z, mm a, °
1 15 5
2 18 5
3 21 5
4 15 10
5 18 10
6 21 10

Sampling was carried out on a section equal to 3/4 of the length of the deposited layer. It was assumed that on this
section of the layer the thermal picture during deposition of the layer was identical. Figure 3 shows a photograph of the
selection of samples for the study.

Fig. 3. Sampling
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After cutting out the samples, grinding and etching of the cross-sections of the deposited layers were performed.
Figure 4 shows the macrostructure of the cross-sections of the deposited layers.

Fig. 4. Photo of the macrostructure of the deposited metal

To quantify the impact of the relative position of the electrodes on the formation of the layer, the Digimizer program
outlined and measured the areas of the layer cross-section that characterized the reinforcement and the fusion zone. The
following geometric parameters of the bead were selected as a response to the variable factors: layer height (%), layer
width (S), bead wetting angle (y).

Analyzing the fusion shape of each deposited layer, several zones with similar geometric characteristics can be
identified. The first zone (P;), characteristic of all deposition modes, is located on the layer axis. The second zone (P,)
occurs on both sides of the axial zone and is called the main zone. Figure 5 shows a schematic representation of the fusion
zones under study.

Depending on the relative position of the electrodes, the shape of the fusion changes — it changes its depth (a or a;)
and width (b). Figure 6 shows a schematic representation of the specified parameters.

Fig. 6. Layer cross-section shape diagram

Research Results. Figure 7 shows photographs of the macrostructure of the deposited metal with reference points
applied to them for measuring the shape of the deposited layer and the fusion zone in the Digimizer program. Figure 8
shows graphs reflecting the geometric parameters of the reinforcement and the fusion zone for each deposited layer. The
measurements are performed in the Digimizer program. The graphs are grouped according to the criterion of the angle of
inclination of the electrodes relative to the vertical.

https://vestnik-donstu.ru

Fig. 7. Determination of boundaries of geometric parameters of reinforcement and fusion zone
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Based on the data obtained, graphs were constructed to assess the magnitude and nature of the responses under study.
Figures 9-11 show graphs describing the change in the geometric characteristics of the gain depending on the relative
position of the electrodes. Figures 12—13 show graphs illustrating how the width and depth of fusion on the layer axis and
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Fig. 8. Geometric parameters of reinforcement and fusion shape:
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the depth of penetration in the main zone change when the relative position of the electrodes changes.
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Fig. 9. Change in gain width from relative position of electrodes:

a — dependence of layer width on angle of inclination of electrodes a;

b — dependence of layer width on distance between electrodes z
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Fig. 11. Dependence of wetting angle of gain on relative position of electrodes:
a — dependence of wetting angle of gain on angle of inclination of electrodes o;
b — dependence of wetting angle of gain on distance between electrodes z

The results of the measurements show that the width, height and wetting angle of the deposited layer depend on the
distance between the electrodes. As the distance between the electrodes grows, the width of the layer increases, its height
decreases, and the wetting angle becomes larger.

The impact of the angle between the burners on the roller geometry is determined to be insignificant. When changing
the angle of inclination between the burners, the studied geometric characteristics of the reinforcement change by an
amount not exceeding 5%.
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Fig. 12. Depth and width of fusion in different zones:
a — dependence of axial fusion depth on electrode inclination angle a;
b — dependence of axial fusion depth on distance between electrodes z;
¢ — dependence of main fusion depth on electrode inclination angle a;
d — width of axial fusion depth depending on electrode inclination angle a

It follows from the measurement results that with relatively close electrode position, the change in the axial fusion
depth is insignificant. The main effect on the axial depth is exerted by the distance between the electrodes.

The change in the width of the axial fusion zone is determined by the angle of the electrodes: with a growth in the
angle between the electrodes, the width of the axial zone increases. The depth of fusion penetration in the main zone also
depends on the angle between the electrodes — with an increase in the angle, the depth of axial fusion decreases. However,
with a relatively large distance between the electrodes, the effect of the angle on the change in the width and depth of
individual fusion zones is absent. The dependence of the cross-sectional area of the melted metal on the relative position
of the electrodes has not been established.

Discussion. Dependences have been identified that confirm the effect of the angle and distance between the electrodes
on the shape of the fusion and the geometric parameters of the deposited layer.

The change in the geometry of the deposited layer depending on the distance between the electrodes occurs due to the
different distribution of the mass of molten metal over the deposited surface. When the heat sources are separated, a
weldpool with a different mirror area is formed. As a result, with an increase in the distance between the electrodes, the
deposited layers become wider, the layer height — smaller, and the wetting angle increases.

Changing the angle of inclination of the electrodes relative to the vertical plane with a constant distance between the
electrodes does not have a significant effect on the geometric parameters of the deposited layer. The lack of significant
effect on the shape of the reinforcement is explained by the fact that the angle of inclination determines the vector of the
electric arc pressure and the force of interaction of electromagnetic fields, but does not determine the area of the weldpool
mirror. These results agree with theoretical expectations.

Based on the analysis of the data on the shape of the fusion, it follows that both factors — the angle of inclination of
the electrodes and the distance between them — are significant. This is explained by the fact that these parameters affect
the interaction of electromagnetic fields that arise when electric current flows through the electrodes. This interaction, in
turn, affects the distribution of heat in the electric arc and its pressure on the weldpool mirror.

When unidirectional electric current flows through conductors, an electromagnetic vacuum is created in the space
between them. For this reason, a concentration of charged particles occurs in the interelectrode space. The effect of
convergence of electric arcs under surfacing and the rush of plasma flows into the space between the electrodes is
observed. This interaction is mentioned in [11-13]. Figure 13 shows an image of the combustion process of electric arcs,
taken during the experiment.
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Fig. 13. Image of droplet transfer during surfacing of a layer with parameters:
Z=18 mm; a=10°

Due to the plasma cloud between the electrodes, an axial fusion zone is formed. As the distance between the electrodes
increases, the intensity of the interaction of the electromagnetic fields decreases, and the fusion penetration depth in the
axial zone also decreases. With a distance between the electrodes of 18 mm and 21 mm, the axial fusion depth is 2.2 mm
and 1 mm, respectively. However, with a relatively small distance between the electrodes (15 mm), the fusion depth in
the axial zone is 0.9 mm. Based on the results obtained in [11], it follows that with a decrease in the distance between the
electrodes, the electric arc pressure and the concentration of ionized gas in the area between the electrodes increase.
Consequently, the value of the axial fusion depth should increase — which does not correspond to the data obtained.

This discrepancy is probably due to the fact that with a distance between the electrodes equal to 15 mm, a weldpool
with a smaller mirror is formed during surfacing than when surfacing with a distance of 18 mm. This fact is confirmed
by the smaller layer width obtained during the experiment. A weldpool with a relatively smaller mirror area, but the same
volume of molten metal, has a greater thickness. Therefore, it can be concluded that a thicker layer of liquid metal prevents
heat transfer from the plasma cloud and molten metal droplets to the base metal. As a result, the axial fusion depth in this
experiment does not correspond to the theoretical expectation.

The effect of the angle of inclination of the electrode relative to the vertical plane on the depth of the axial fusion zone
has not been determined. Most likely, the absence of this effect is explained by the significant distance between the
electrodes. When the electrodes are brought closer together, the intensity of the interaction of electromagnetic fields will
increase — and this factor will begin to have weight when assessing the axial fusion depth. To confirm this hypothesis,
additional research is required.

In turn, the main depth of fusion penetration changes its values slightly with a change in the angle of inclination of
the electrodes due to a change in the interaction of electromagnetic fields and a change in the pressure vector of the electric
arc. With an increase in the inclination of the electrodes relative to each other, the vector of the pressure force of the
electric arc is not perpendicular to the surface, but tends to the axis of the deposited layer. Taking into account the mutual
attraction of the electric arcs, the main fusion zone has a flat, rather than pointed shape — as in surfacing with parallel
torches to the vertical plane [13].

Conclusion. Thus, the following can be noted: surfacing using a twin-arc in a shielded gas environment is of interest
to industry, in particular for high-performance surfacing and electric arc additive manufacturing technology. According
to the literature review, this process has not been fully disclosed in terms of the interaction of electromagnetic fields, the
distribution of the thermal field in an electric arc, as well as the morphology of the micro- and macrostructure of the
deposited metal depending on the relative position of the electrodes under twin-arc surfacing.

As for the work done, the data obtained are insufficient to build a mathematical model that makes it possible to
predetermine the geometric parameters of the deposited layer and the fusion shape, but they are sufficient to form an idea
of the trends and patterns in the deposited and molten metal under twin-arc surfacing in a shielded gas environment with
different mutual arrangements of the electrodes.

The following dependences are defined:

1. As the distance between the electrodes grows, the width of the deposited layer increases, the height decreases,
and the wetting angle increases — this effect is related to the redistribution of the volume of molten metal over the
deposited surface.
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2. The depth of fusion penetration in the axial zone depends on the volume and area of the weldpool mirror, as well
as on the distance between the electrodes. As the distance grows, the depth of axial fusion increases to a critical value, at
which maximum heat transfer from the electric arc to the base metal is reached. With a further growth of distance, the
axial depth of fusion penetration decreases. As the distance between the electrodes decreases, the area of the weldpool
mirror decreases, which leads to the formation of a layer of liquid metal that dampens the heat from the electric arc.

3. During this experiment, the angle of inclination of the electrodes has a minor effect on the geometry of the deposited
layer — changes do not exceed 5%. However, it is hypothesized that with a closer arrangement of the electrodes, this
effect will be more noticeable.

4.1t is noted that with an increase in the angle of inclination of the electrodes, the depth of the main fusion zone
decreases and becomes flatter, and with a distance between the electrodes equal to 21 mm, the effect of the angle of
inclination on the width and depth of individual fusion zones is practically absent.

This study serves as a starting point for further research of the thermophysical and electrophysical properties of an
electric twin-arc in a shielded gas environment depending on the relative position of the electrodes.
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Abstract

Introduction. Accurate reconstruction of the human body model is required when visualizing digital avatars in virtual
simulators and rehabilitation systems. However, the use of exoskeleton systems can cause overlapping and shielding of
sensors, making it difficult for tracking systems to operate. This underlines the urgency of the task of reconstructing a
human body model based on a limited set of data on arm movements, both in the field of rehabilitation and in sports
training. Existing studies focus on either large-scale IMU networks or full video monitoring, without considering the issue
of reconstructing a body model based on arm motion data. The objective of this research is to develop and test machine
learning methods aimed at reconstructing body model coordinates using limited data, such as arm position information.
Materials and Methods. To conduct the study, a virtual simulation environment was created in which a virtual avatar
performed various movements. These movements were recorded by cameras with a first-person and side view. The
positions of the keypoints of the body model relative to the back point were saved as reference data. The regression task
considered was to reconstruct the user's arm positions in a full body model in five different variations, including keypoint
coordinates extracted from a video and a virtual scene. The task also involved comparing different regression models,
including linear models, decision trees, ensembles, and three deep neural networks (DenseNN, CNN-GRU, Transformer).
The accuracy was estimated using MAE and the mean Euclidean deviation of body segments. Experimental studies were
conducted on five datasets, whose size varied from 25 to 180 thousand frames.

Results. The experiments showed that ensembles (LightGBM) were best-performing in most situations. Among neural
network models, the CNN-GRU-based model provided the lowest error. Training models on a sequence of 20 frames did
not provide significant improvement. Using the inverse kinematics module on a number of scenarios allowed reducing
the error to 3%, but in some cases worsened the final result.

Discussion. The analysis of the results obtained showed low reconstruction accuracy when using computer vision
datasets, as well as the lack of superiority of complex models over simpler ensembles and linear models. However, the
trained models allowed, with some error, for the reconstruction of the position of the user's legs for a more reliable display
of the digital model of his body.

Conclusion. The data obtained showed the complexity of solving the problem of reconstructing a human body model
using a limited amount of data, as well as a large error in a number of machine learning models. The comparison of
models on different datasets proved low applicability of first-person data that did not contain information on the distance
to the arm s. On the other part, using absolute values of arm positions as input information provided for the reconstruction
of the body model with significantly less error.

Keywords: reconstruction of the human body model, machine learning, virtual simulators, limited data
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Opueuﬁaﬂbﬂoe amnupudeckoe uccnedosatue

HO}IXOI{ K PCKOHCTPYKIIMHU MOJ1€JIM TE€JIa HA OCHOBE€ OTPAHUYCHHOI'0 Haﬁopa TJAaHHBIX
0 ABMIaTeJbHON AKTUBHOCTH PYK
A.Jl. O0yxoB "= 1<, /I.B. TeceaxkuH

TamOoBcKHil roCyJapCTBEHHBII TEXHHYECKHI YHIUBEPCHTET, T. Tam00B, Poccuiickas ®enepanms
4 obuhov.art@gmail.com

AHHOTaNUs

Beeoenue. TouHast peKOHCTPYKIMS MOJIETH Tella YelloBeKa KpaifHe BaKHA ISl BU3yalM3alWH LU(PPOBBIX aBaTapoB B
BUPTYaIbHBIX TpEeHa)Kepax M peabMIINTaIMOHHBIX cucTeMax. OHAKO HCIIOIb30BAHHUE IK30CKEJIETHBIX CHCTEM MOXET
IIPUBECTU K IEPEKPHITUI0 M 3KPAHUPOBAHHUIO JATYUKOB, 4YTO 3aTPyAHSET pabOTy CHCTEM OTCIEKHMBAaHHUA. ITO
MI0JJYEPKUBAET aKTyalIbHOCTb 33/1a491 PEKOHCTPYKIIMU MOJIENH Tella YeJIOBeKa Ha OCHOBE OIPaHNYEHHOT0 Habopa JaHHBIX
0 JBWXCHUSX PYK, Kak B cdepe peadMiauTanuy, TaK U B CHOPTUBHOHM moaroroBke. CyIIECTBYIONIME HCCIIEAOBAHUS
cocpenoTroueHsl 160 Ha MmacmTabHbIx IMU-ceTsix, 1100 Ha MOJHOM BHIEOKOHTPOJE, HE PAaccMaTpuBas BOIPOC
PEKOHCTPYKIIMH MOJIEJNIU TeJla HA OCHOBE JIAHHBIX O ABMXEHUsIX pyK. Llenb nanHoW paboThl 3aKitouaeTcs B pa3paboTke 1
TECTUPOBAHNHM METOJOB MAIIMHHOTO OOYYEHWs, HAIpaBICHHBIX Ha BOCCTAHOBJICHHE KOOPAWHAT MOJENN Tena ¢
HCIIOJIb30BAHUEM OTPAHUYEHHBIX JaHHBIX, HAPUMEp, HHYOPMALIUH O OI0KEHUHU PYK.

Mamepuanst u memoowi. J{j11 NpoBeIeHUs HCCIeI0BaHMA ObUIa c(hOpMHUPOBaHA BUPTyallbHAs MMUTAlUOHHAS Cpefa, B
KOTOpPOW BUPTYaJIbHBIN aBaTap BBIIOIHSI PA3IMYHbIC IB)KCHHS. DTH ABHKECHUS (PUKCHPOBAIICH KAMEPaMH C BUIOM OT
TIEpBOTO JIMIa U OOKOBOW. B KauecTBe 3TaJIOHHBIX JAHHBIX COXPAHSUINCH MOJIOXEHHS KIFOUEBBIX TOYEK MOJIEIH Tesa
OTHOCHTEJIPHO TOYKH CIMHBI. PaccmarpuBanack 3afada perpeccu, HeIbio KOTOPOH ObUIO BOCCTAHOBIICHUE TIOJIOKEHUS
PYK TOJIB30BaTellsl B MOJHOW MOJIENHN €ro Tella B ISITH Pa3iNYHbIX BapHAIMsIX, BKIIOYAIONIMX KOOPIMHATHI KIFOUEBBIX
TOYEK, U3BJICUCHHBIC U3 BHICO M BUPTYAJIbHOH CLEHBI. 3a/ada Tarkke MoApa3syMeBaa CPABHEHHE PA3IMYHBIX MOJEICH
perpeccuu, cpeiv KOTOPBIX ObLIM JINHEHHBIE MOJICIIH, IEPEBbs PELICHUI, aHCAMOITH, a TaKkKe TPH TIIyOOKHe HEWPOHHbIC
cetu (DenseNN, CNN-GRU, Transformer). TouHocTh onieHnBanach ¢ ucrnons3zoBanueM MAE u cpennero EBknmnnosa
OTKJIOHEHUsI CErMEHTOB Tena. [IpoBeieHbl 3KCIIepUMEHTabHBIE HCCIIEOBAHUS Ha IIATH HAaOOpax JaHHBIX, pa3Mmep
KOTOPBIX BapbupoBajcs oT 25 1o 180 Teicad KaapoB.

Pesynoemamut uccnedoeanun. IJKCUepuMeHTH Tokazanu, 4yro aHcamOmm (LightGBM) HamGonee >¢pQexkTuBHBI B
OospmmHCTBEe cuTyanuil. Cpean HeHpoceTeBBIX Mojesell HaMMEHBUIYIO MOTPEIIHOCTh oOecredmia MoJesb Ha 0ase
CNN-GRU. OO6yuenme wmopeneit Ha mocienoBaTenbHOCTH W3 20 KagpoB HE [al0 3HAYMUTEIHFHOTO YIIyYIICHHUS.
[IpumMeHeHre MOy sl MHBEPCHOM KMHEMATHKH Ha psfie CIICHapHeB MO3BOJISET CHU3UTh MOIPEIIHOCTh A0 3 %, HO B psize
CllyJaeB yXyALIaeT UTOTOBBIM pe3yJbTar.

Oébcysycoenue. AHann3 TNOTyYEHHBIX PE3yJIbTATOB IOKA3al HU3KYIO TOYHOCTh PEKOHCTPYKIHH MPU HCIOIb30BAaHUU
HaOOPOB JaHHBIX OT KOMIIBIOTEPHOTO 3pEHHs, a TaKKe OTCYTCTBHE IPEBOCXOJICTBA CIIOXKHBIX MOJeiel mepen Oonee
MIPOCTBHIMU AaHCaMOJSIMU W JIMHEHHBIMH MonessiMH. TeM He MeHee, 0Oy4eHHBIE MOJENH IT03BOJISIIOT C HEKOTOPOU
MIOTPEITHOCTHI0 BOCCTAaHABIMBATh IIOJIOKEHHE HOT TIOJIB30BATENS AJIsl O0Jiee JOCTOBEPHOTO OTOOpaxeHUs IH(pPOBOH
MOJIEJIH €ro Tena.

3aknouenue. IloydeHHbIC TaHHBIE TOKA3BIBAIOT CJIOXHOCTh PEIICHMS 33/1a41 PEKOHCTPYKIIMH MOJICIH Teja YeJIoBeKa
IIPY MCHOJIb30BaHUU OTPAHHMYEHHOTO 00BbEMa JTaHHBIX, a TAK)KE OOJBLIYIO MOTPEIIHOCTD Y PsAAa MOAENEH MallHHHOTO
o0yuenusi. CpaBHEHHE MoJIesIel Ha pa3lIMuHbIX HA0Opax JaHHbBIX T0Ka3aJl0 HU3KYIO IPUMEHUMOCTD JIaHHBIX OT MEPBOTrO
JIMIa, He coepKalux HH(opManuio o paccTossHuM 10 pyk. C Ipyroil CTOpOHBI, NCIIONB30BaHNE B KAUECTBE BXOIHOM
nHpOpManKy aOCOJIOTHBIX 3HAUYCHHH IOJIOKEHHUS PYK MO3BOJIIET OCYMIECTBHTh PEKOHCTPYKIMIO MOJICNIH Tela CO
3HAYUTEIIFHO MEHBIIICH MOTPECIIHOCTBIO.

KiroueBble cjI0Ba: pPEKOHCTPYKIMS MOJEIM Teja YEJOBEKa, MAlIMHHOE OOYyYeHWE, BUPTYaJIbHBIE TPEHAXKEPHI,
OTpaHUYCHHBIC JJAHHBIC

BaarogapHocT. ABTOpPHI OnarogapsAT pykoBoauTels HaydHoro mpoekta M.H. KpacHsSHCKOTrO, TOKTOpa TEXHHYECKUX
HayK, mpodeccopa, pekropa TaMOOBCKOTO TOCYJapCTBCHHOTO TEXHUYECKOTO YHHBEPCHTETA 32 OPTaHU3AIUI0 HAYIHO-
HCCIIEOBATEILCKOTO TIpoIiecca.


https://vestnik-donstu.ru/
https://gisnauka.ru/nioktr/detail/V9PV8GINXYNA16KDPRTMWGFB
https://doi.org/10.23947/2687-1653-2025-25-3-221-232
mailto:obuhov.art@gmail.com
https://orcid.org/0000-0002-3450-5213
https://orcid.org/0000-0002-1304-9490

Advanced Engineering Research (Rostov-on-Don). 2025;25(3):221-232. eISSN 2687-1653

®una"cupoBaHue. PaboTa BrIoTHEHA IpH GUHAHCOBOH MoepkKe MHUHHCTEPCTBAa HAYKH W BBICIIEr0 00pa30BaHUs
P® B pamkax mpoekrta «Pa3paboTka MMMEPCHBHOW CHCTEMBI B3aUMOJEHCTBHSI C BHUPTYaJbHOW pEabHOCTBIO LIS
IpodecCHOHATBHON TTOATOTOBKHM Ha OCHOBE BCEHAIpaBiIeHHOH maTtdopmen» (124102100628-3).

Jnas uutupoBanus. O6yxoB A.Jl., Tecenkun 1.B. Tlogxox K peKOHCTPYKIIMHA MOJETH Tella Ha OCHOBE OTPaHUYCHHOTO
Habopa TaHHBIX O IBUTATEIbHON aKTHBHOCTH PyK. Advanced Engineering Research (Rostov-on-Don). 2025;25(3):221-232.
https://doi.org/10.23947/2687-1653-2025-25-3-221-232

Introduction. Virtual simulators integrated with controlled exoskeletons allow simulating physical activity and
rehabilitation exercises in a controlled environment [1]. To achieve the maximum immersion effect, precise tracking of
the user's entire body kinematics is required to form a virtual avatar that corresponds to real human movements. However,
upper exoskeletons can block sensors that demand direct visual control (e.g., HTC Vive Tracker), as well as create
electromagnetic interference and limit the view of external cameras, which requires the use of additional markers [2]. In
these cases, traditional tracking systems, such as infrared markers and multiple capture cameras, cannot consistently
provide a complete set of position data for all body segments [3]. Thus, researchers are faced with the task of
reconstructing a full body model based on limited information, such as arm or hand position data.

One of the possible solutions is to use wearable sensors such as inertial measurement units (IMU). However, a sufficient
number of sensors (at least 11, and often up to 18 elements) are required to fully reconstruct the body model [4]. As the
number of sensors reduces, the accuracy of the data decreases sharply. At the same time, computer vision technologies are
actively developing and are increasingly used in virtual reality systems to track hands and fingers, which makes the task of
reconstructing a body model from limited data obtained only from the user's hands particularly topical [5].

The task of reconstructing a full human skeletal model from a limited set of visual data (e.g., arm movements) has a
considerable practical and scientific value. Classic marker-based motion capture systems used infrared cameras and joint
markers, while computer vision-based algorithms are being developed and successfully implemented for markerless
solutions. Modern convolutional neural networks, such as OpenPose, BlazePose, and MediaPipe Pose, are capable of
detecting 2D positions of body keypoints without additional labels [6]. These methods effectively detect visible points
(arms, shoulders, pelvis, etc.), but without depth information from a single camera, the distance to the body is not restored,
which complicates the full 3D reconstruction of the body model. A solution to this problem can be found by means of
stereo cameras and triangulation methods [7]. Using such approaches, modern models (e.g., MediaPipe Pose) can track
up to 33 keypoints with an error of about 1-2 cm. Under real conditions, that allows obtaining 3D coordinates of major
joints (e.g., hands, elbows, knees) through combining data from several cameras and minimizing projection error.
However, such tracking systems often prove unsuitable if the cameras only see the hands, and it is necessary to estimate
the rest of the skeleton based on the movements of the hands without direct visual control. This is a hot issue in virtual
reality systems, where cameras are present only on the headset and record only the user's hands in the working area. In
this regard, it is required to consider existing approaches to solving this problem.

The main area of work on this task involves the use of regression-based methods or neural networks that are able to
complement the pose relying only on partial data [4]. For example, regression models trained on video pairs with partially
masked bodies and arms can reconstruct missing body parts under complex conditions [8, 9]. This indicates that modern
models are indeed able to display full body pose from partial visual information about the arms. Other studies use neural
network architectures that focus on motion sequences, such as recurrent networks (LSTM/GRU) and specifically
Transformer [10, 11]. For example, paper [12] describes AvatarPoser, a Transformer-based model that predicts a full 3D
pose of the body (including legs and torso) from the position of the head and arms. This system extracts deep features
from incoming motion signals and separates global body movement and local joint orientations. For accurate pose
matching, limb optimization is also performed by the inverse kinematics method [12]. Furthermore, the idea of improving
the robustness of predictions in the absence of visibility is implemented in the EgoPoser model, which also relies on the
Transformer mechanisms to account for intermittent arm motion data, ensuring stable predictions [13]. It is worth noting
that training these models requires marking full poses, which leads to the need to use large datasets, such as Human3.6M,
CMU MoCap/AMASS, MPI-INF-3DHP and others, where there is synchronized video and a 3D skeleton [14, 15].
However, existing datasets that compare the first-person view with a full body model are insufficient, which makes the
task of collecting and comparing such data hot issues. The formation of such a dataset can be organized by recreating
human movements in a virtual scene, where you can flexibly adjust the position of virtual cameras for recording video,
and obtain accurate coordinates of body points with the required frequency [4].

In this study, the main subject for the implementation of the obtained scientific results is a virtual simulator system
based on an upper controlled exoskeleton. Modern models of VR-headsets are focused on positioning by cameras,
assuming that the main source of information on arm movement comes from the built-in headset camera used to recognize
arms. In addition, to expand the experimental base and identify patterns in human movements, it is assumed that there is
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an external frame-by-frame capture system that records the user's body position as a whole. The objective of this research
is to develop and test machine learning methods for reconstructing body coordinates based on partial arm position data.
In conclusion of the study, it is planned to compare both classical regression models and neural network models, including
modern architectures based on attention mechanisms, which will allow us to evaluate the advantages of each approach in
various experimental scenarios.

Materials and Methods. First, the procedure for collecting and primary processing the data was considered. The data was
collected in a virtual environment, where the process of using a VR-headset with a camera was imitated. All data (first-person view,
side camera view) were tracked by virtual cameras. Then, the videos were processed by MediaPipe library models, which allowed
for hand detection to isolate 21 keypoints of the palm, as well as extracting data on 33 key points of the body model from the side
virtual camera. In parallel, the true metric coordinates of all body segments (18 key points of the standard digital avatar model
specified in the Unity game engine), including hand position points, were recorded in the virtual space. These real coordinates
(reference) formed the target Y set for most scenarios. Using a virtual camera made it possible to bypass the limitations of physical
sensors and obtain reference information about the body pose. MediaPipe was selected as the main hand tracking framework due
to its modular processing graph system and ready-made ML models (palm detector and full body model). We introduced the
abbreviation “CV” for the data obtained during processing by computer vision and MediaPipe models (denoted as cx;, cy;, ¢z;), and
the “reference” was understood as the metric coordinates of body points (denoted as vx;, vy;, vz;), recorded in the virtual scene
relative to the user's back.

Next, we considered the data preparation procedure for various regression scenarios. To analyze the machine learning
models and their capabilities, 5 datasets (experiments) were formed, differing in which features X were used and which
target variables Y were predicted:

1) Set 1 “Arms (first-person view) — Arms (reference)”: X = {(cx;, cyi, czi)} € R%, i = 1-21 — coordinates of keypoints of
arms in FPV (63 values), Y = {(vx;, W, vz))} € R', i = 1-6 —metric coordinates of the same points of arms (18 values).

2) Set 2 “Arms (first-person view) — Body (reference)”: X = {(cx;, cyi, cz))} € R®, i =1-21 — coordinates of the arms
(obtained from FPV, 63 values), Y = {(vx;, vy;, vz;)} € R**, i = 1-18 — metric coordinates of all points of the body (54 values).
This way, a complete reconstruction of the body is performed on the basis of the arms data.

3) Set 3 “Arms (first person view) — Body (CV)”: X = {(cx;, ¢y;, czi)} € R®, i =1-21 — coordinates of arms (FPV based
on CV, 63 values), Y = {(vx;, wi, vz))} € R®, i = 1-33 — coordinates of 33 body points from an additional side view video
(99 values). It differs from the previous task in that regressions are performed exclusively on CV data.

4) Set 4 “Body (CV) — Body (reference)”: X= {(cx;, cyi, cz))} € R”,i=1-33 — coordinates of body points (side camera
view, 99 values), Y= {(vx;, v, vz;)} € R® i=1-18 — metric coordinates of all body points (54 values). The task is to check
the accuracy of direct data conversion from CV to metric values of 18 keypoints.

5) Set 5 “Arms (reference) — Body (reference)”: X = {(vx;, vy, vz;)} € R!3, i = 1-6 — metric coordinates of arm
points (18 values), Y= {(vx;, vy, vz;)} € R®, i = 1-18 — metric coordinates of the entire body (54 values). It differs
from set 2 in that only reference data are used. Thus, the very fact of reconstructing movement based on a limited set
of points is verified.

Next, we consider the models used to solve the five regression problems mentioned above. The architectures of all the
models in different problems are similar; the differences for each set are only in the input and output dimensions. In total,
two classes of models are considered: classic regression models from the Scikit-Learn library (as well as XGBoost and
LightGBM models) and neural network models based on the Keras framework [16, 17].

Classical models include: LinearRegression, ElasticNet (with L1/L2 regularization), ensembles of trees
(RandomForestRegressor, HistGradientBoostingRegressor), boosting (XGBRegressor, LightGBMRegressor), and
KNN regressor. Since the target variable includes multiple outputs (point coordinates), the models are wrapped in a
MultiOutputRegressor, which allows predicting all parameters simultaneously. All tree-type models are configured with
100 trees and a depth of 5, while boosted models have learning_rate = 0.05.

Next, we consider neural network architectures.

A Fully Connected Network (we denote it as DenseNN). The input layer corresponds to the feature dimension
X (from now on, it depends on the dataset), followed by 4 fully connected layers: 256, 512, 1024, and 128 neurons
with ReLU activation and Dropout sparsification layers (25%). The model ends with an output layer of dimension
Y (also depends on the dataset). Batch normalization (BatchNorm) and the Adam optimizer (Ir = 1e-3) with the MSE
loss function are used.

Convolutional Recurrent Network (CNN-GRU). After the input layer, 1D convolution (128 filters, kernel = 3) and
BatchNormalization are applied. This is followed by a GRU layer (128 units) with sequence return. The attention
mechanism is implemented: a dense layer with tanh activation above the GRU output produces frame weights, which
are then multiplied with the GRU output using softmax and summed. Then there is a fully connected layer
of 128 neurons with activation of ReLU and Dropout (30%), after which the output layer comes. Adam optimizer (/r = 1e-3)
with MSE loss function.
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Transformer. First, several 1D convolutions (kernel = 3, dilation_rate 1, 2 and 4) are applied to create local context.
Then, a Squeeze-and-Excite layer is added for adaptive filtering of channels [18]. Furthermore, trainable positional
embeddings and 3 encoder blocks of the transformer are introduced, each implementing MultiHeadAttention (4 heads,
key in 64/4 size), subsequent summation and normalization, and then — a two-layer dense network (size 256, 64) with
Dropout — again summation and normalization. After the encoders, GlobalAveragePooling1D is performed, then — a
fully connected layer of 128 neurons with ReLU activation and Dropout (25%), followed by a linear output. Adam
optimizer (/r = 1e—3) with MSE loss function.

Based on the conducted review and the existing experience in this area, we can propose an approach to solving the
regression problems under consideration. A dataset of animation of typical human movements is formed, which is
applied to a virtual avatar in a simulation scene. The movements are recorded using several virtual cameras: one of
them is located at the avatar's eye level (FPV), and the second watches it from the side (side camera), covering its
entire height. Additionally, metric values of 18 points of the body model are recorded. The final data view for each
source is shown in Figure 1.

a) b) 9]

Fig. 1. Source data: a — frame from first-person camera; b — frame from side camera;
¢ — skeleton constructed using reference data

Video data is processed by the corresponding models (MediaPipe Pose/Hands), after which the point coordinates are
saved in arrays. Then, within the framework of the proposed approach, machine learning models are trained, which, based
on the initial data alone (e.g., information about the arms), form a complete 3D configuration of the body. After predicting
the pose, the elbow and knee joints can be further adjusted so that the segment lengths and limb positions better match
the arm signatures. Also, to assess the contribution of the temporal context to the accuracy of the reconstruction problem,
it is proposed to conduct an additional experiment to solve the regression problem for each set not based on the data of
one frame, but on a certain sequence of N-frames.

In this paper, there is no focus on correcting the body model after reconstruction according to the inverse kinematics
rules. The major objective is to train and compare a set of regressors (linear, tree-type, KNN models) and neural networks
(DenseNN, CNN-GRU and Transformer) to determine the most accurate model. The selection is based on the metrics of
the mean absolute error (MAE), the total deviation (Euclidean distance) for all points of the model from the reference
ones, as well as on assessing the computational complexity (prediction time). This solves the problem of reconstructing
a body model based on a limited set of information about arm movements. In addition, other regression options are
considered within the experimental section. The calculation is made using the following formulas:

1 N
MAE =—) . -,
N;y, P |

1 M J

A:M—JZZuyn,,-—ﬁn,,- I IvIl= v+ 42,

n=l j=1
where y;— true value; , — model prediction, N — number of compared values, M — number of frames; J— number of
joints (keypoints), y,, 9, € R> — true and predicted 3-D position vector of j-th joint in n-th frame.

Research Results. In accordance with the described methodology, data was collected on 11 types of various complex
animations, including body movements, jumps and active movements. Nine types were used for training, and two — for
validation (data from them were not used in the training process). The total volume was 239968 records, but at each stage,
filtering and selection of records was performed in the event that one of the sources did not return correct values (most
often, this involved obtaining arm coordinates using computer vision). Thus, for sets 1-3, 25 and 8 thousand records were
selected for training and validation, for sets 4 and 5 — 183 and 56 thousand, respectively. During the learning process,
the training sample was further divided in the ratio 75/25. The dimension of the data for each experiment was indicated
above when describing the corresponding sets. Figure 2 shows the comparative results of all models for all data sets using
the MAE metric. Figure 3 shows the total deviation metric. And Figure 4 shows a comparison of models based on the
calculation time of one forecast. Next, we compare the results obtained.
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Fig. 4. Comparison of models by performance

The analysis of the data obtained shows the heterogeneity of the behavior of the models when changing the source of
input information and on various metrics. In most scenarios, gradient ensembles (HistGBR, LightGBM, XGBoost, and
randomForest) demonstrate the lowest MAE error. Neural network models perform worse, especially when complex tasks
of reconstructing a body based on arm data (CV) are considered. Nevertheless, if we evaluate all models according to
MAE, then it is not possible to single out a clear leader. On the other hand, the total deviation of all points (Fig. 3) clarifies
significantly the situation when solving three regression problems. Ensembles are superior, as in the previous case, but
CNN-GRU is the best among neural network models. The obtained values of the total deviation, ranging from 1.4 to 3.5
meters, indicate low efficiency of solving the regression problem by all models, especially on the set of “Arms (FPV) —
Body (reference)”. When evaluating the performance of models by computation time, it can be noted that classical
machine learning models (linear and ensembles) have sufficient performance for real-time use. At the same time, CNN-
GRU, Transformer and specifically Random Forest, are extremely computation-consuming, which makes them applicable
only in offline (not real-time) systems. For DenseNN, long calculations are often observed at the first call of the model.

Given our experience in body reconstruction tasks, it is important to evaluate models not only by the specified metrics,
but also visually. For this purpose, we reconstruct body skeletons for sets 2, 4, and 5 using the LightGBM and CNN-GRU
models. This comparison (Fig. 5) allows us to evaluate how the most accurate architecture (LightGBM) differs visually
from the more complex one (CNN-GRU).

—-e-True  -eo- CNN-GRU - -LightGBM
a) b) c)

Fig. 5. Visual comparison of CNN-GRU and LightGBM models:
a — on the set “Arms (FPV) — Body (reference)”; b — on the set
“Body (CV) — Body (reference)”’; ¢ — on the set “Arms (reference) — Body (reference)”
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Visual comparison shows that there is a noticeable difference between the CV data and the real position, since the
first-person camera is not able to accurately determine the real depth and distance to the arms. This results in an
approximate position of the upper body (first graph — Fig. 5). When using the full-body CV data, there is also a significant
error, although the pose matches to some extent. The third set, based on the arms from the reference (which can be
obtained by extracting coordinates from the VR controllers or absolute position sensors), shows that the upper body is
reconstructed quite accurately, while the legs are only approximately reconstructed, with a large error. Thus, for all three
sets and both models, we can talk only about an approximate reconstruction, which generally corresponds to the results
of the total deviation metrics in Figure 3.

Next, an experiment was conducted to train the listed models not on a single frame, but on a sequence of 20 frames.
This allowed us to identify some dynamic characteristics and increase the volume of initial information. As a visual
comparison showed, since the determining metric was the total deviation, we considered only it (Fig. 6). In general, the
use of a frame sequence slightly reduced the total deviation; some models showed even worse results. From a visual point
of view (Fig. 7), there was a certain improvement for the LightGBM model, where the reconstruction quality increased
significantly, even when reconstructing the body based on arm data (FPV). This also concerned the other two datasets.
However, for the neural network model as a whole, no significant improvements were found.
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Fig. 6. Comparison of models by total deviation
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Fig. 7. Visual comparison of CNN-GRU and LightGBM models (trained on a sequence of frames):

a— on set “Arms (FPV) — Body (reference)”; b — on set “Body (CV) — Body (reference)”;
¢ — on set “Arms (reference) — Body (reference)”.

At the end of the experiment, a test was conducted on the implementation of point correction based on the inverse
kinematics (IK) model. For this, after predicting body points using machine learning models, the developed IK module
was used, which first corrected the end links (hands and feet) using the FABRIK method [19, 20], taking into account the
angular limitations of the elbows and knees. Then, the module redistributed the resulting displacements between the pelvis
and the thoracic region, automatically aligning the spinal axis. The results of this module are presented in Figure 8.
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Fig. 8. Visual comparison of models with and without inverse kinematics correction (indicating total deviation before and after
correction) on “Arms (FPV) — Body (reference)” dataset: « — CNN-GRU (before = 3.511, after = 3.436 m);
b — LightGBM (before = 3.183, after = 3.112 m); c — CNN-GRU on a sequence of frames (before = 2.952, after = 2.991 m);
d — LightGBM on a sequence of frames (before = 3.261, after = 3.306 m)

The resulting visualizations and numerical evaluations demonstrate that the implementation of the proposed two-pass
inverse kinematics generally reduces the total Euclidean deviation of joints from the reference for single frames, but the
effect varies depending on the model type and body position. In the first experiment, for the CNN-GRU model, the total
deviation decreased from 3.511 to 3.436 meters, and for LightGBM — from 3.183 to 3.112 meters, which corresponded
to an improvement of about 2—3%. Graphically, this is manifested in a more natural head alignment and a reduction in
the “bends” in the elbows and knees. A different picture is observed in the second experiment, based on 20 frames and a
different animation: for CNN-GRU, the error increased from 2.952 to 2.991 meters, and for LightGBM — from 3.261 to
3.306 meters. It is noted that the correction procedure tends to straighten the skeleton, which in this case only worsens
the situation. This indicates that geometric constraints applied post factum can improve static anatomical plausibility, but
in complex animations, worsen the current pose.

Discussion. The conducted research has revealed several patterns. First, reconstructing a full body model from a
limited dataset is possible, especially, when the input and output data are from the same source. This was evidenced by
the high-quality reconstruction of the body model based on the arm position. However, significant problems were
identified in reconstructing the user's leg position, as there was insufficient information about arm movements to predict
complex animation. Third, using arm positions from a first-person video stream obtained through computer vision to
reconstruct a full body model resulted in high errors due to the lack of distance data to the arms, having only their position
relative to the user's eyes. Pre-processing of data simulated in a virtual environment also showed difficulties in recognizing
arms in complex animations, which negatively affected the learning process.

When comparing different machine learning architectures for this task, it is worth noting that simpler linear models
show good results in predicting the position of body segments, since there are clear dependences between the input and
output data that can be approximated by these models. Complex neural network models also solve a similar problem,
showing greater flexibility in working with complex input data, but they are not characterized by high performance, and
the process of their training is expensive. In a visual comparison, neural network models did not show high efficiency,
demonstrating results comparable or even worse.

The experiment shows that the use of a data source with a very limited information value (information about the position
of the arms from the computer vision system is just such a source) causes a significant error in solving the regression problem.
Firstly, the tracking object often goes out of sight and is not recognized by the model (this is clearly seen in the reduction in
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the volume of training data in sets 1 and 2). Secondly, the lack of correct data about the depth, i.e., the distance to the arms,
complicates their absolute positioning. In VR systems, this aspect is mitigated by triangulation using data from multiple
cameras, but in the simulations conducted, the neural network model for arm recognition did not reflect the correct
coordinates along Z axis. A potential solution to the problem and the topic of further research could be obtaining data directly
from VR-headsets equipped with integrated cameras. This would expand the training set with natural motion data and provide
better quality arm capture in the virtual frame, as the headset's capture system could return metric space coordinates to the
digital model, providing a type 5 set (“Arms (reference) — Body (reference)”).

When analyzing the topicality of the study within the subject area, it should be compared to existing works. The main
difference is the limitation on the use of arm movement data, since a more accurate approach is considered to be the use
of at least 5 body points for further reconstruction [21]. This is proved by our previous studies [4], in which the optimal
number of points for reconstruction is indicated as at least 5—7, obtained using a reference tracking system.

It is important to note that many VR applications and games implement a tracking system based only on controllers
and a headset, followed by reconstruction of a simplified body position using IK algorithms, which allows the arm
movements to be extended to the entire body. As the authors [21] emphasize, in such systems, the same readings from
sensors located on the arms can correspond to numerous different full poses. This points to the need for additional tuning
of inverse kinematics to avoid artifacts, and trained models should select a plausible option. Therefore, the complexity of
the task without additional sources of information about the position of the legs or torso remains high. The conducted
study highlights this problem, indicating the need to search for and collect additional sources of information to achieve,
at a minimum, the mapping of “Arms (reference) — Body (reference)”, and ideally — to recognize the entire trajectory
of movement, which will help to more accurately predict the position of other body parts. A promising direction here may
be the use of not only pre-trained neural networks (e.g., MediaPipe), but also the capture of all information about the
surrounding world, which will allow for better segmentation of the user's arms, and perhaps, the torso and legs.

Another limitation of the study is the lack of an assessment of the impact of the training sample size on the quality of
the models. In this paper, data from 11 different animation types were collected, two additional types were used for
validation, but given the volumes and variability of movements, the set should be significantly larger. However, the study
aimed at comparing models within a given task, which demonstrated the ambiguity of their efficiency compared to classic
linear models and ensembles. This also indicates the need for further improvement of the model architecture.

Finally, the stage of body model correction based on the kinematic model, implemented through the imposition of
anatomical constraints and re-evaluation of the pose, gave ambiguous results — in one pose, it reduced the total deviation,
and in another, on the contrary, it increased it. On the other hand, it should be taken into account that the IK module
should work with already distorted data on the arms and head in the case of set 1. Therefore, the transition to a higher-
quality dataset can reduce the error in the kinematics module.

Conclusion. Thus, as a result of the conducted research, an approach to predicting the body model based on a limited
set of points was developed, including the stages of data processing, solving regression problems and using the IK module
to correct the body model. The corresponding experimental studies were conducted, which showed that LightGBM-type
models (among ensembles) and CNN-GRU with an attention mechanism (among neural network models) demonstrated
the best results for the selected metrics. The comparison also showed low accuracy of the body model reconstruction
when using models (ElasticNet, KNN, DenseNN), which indicated their weak generalization ability. During the visual
comparison, contradictions were revealed in the quality of skeleton reconstruction when performing complex animation,
since the position of the arms was insufficient to determine the position of the legs and head. In addition, the use of
correction based on inverse kinematics is not always justified for complex poses, since the imposition of anatomical
constraints and overestimation of the pose can cause additional distortions.

Comparison of the developed models also allows us to draw conclusions about the degree of their applicability: models
trained on a first-person data set do not provide reliable reconstruction of the body model, showing a high visual error,
which limits their use to only theoretical comparison; while models trained on real arm positions (set 5) show more
reliable predictions of body position, which may be in demand in virtual simulators without a sufficient set of sensors.
Since the models trained on set 5 work with absolute arm positions, this provides their versatility when selecting a tracking
system, because arm position data can be obtained not only using a computer vision system, but also virtual reality
controllers or inertial sensors that track arm position.

This study forms several directions for further research within the framework of the body model reconstruction task.
The conducted comparative experiments of machine learning models have shown that in order to successfully solve the
task, it is required to collect more information about human movements, expand the dataset, and implement more effective
learning models with greater generalization ability.
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Abstract

Introduction. Subsidence loess soils, widespread in Russia, China and Central Asia, are a challenge in modern construction due
to their tendency to subsidence and low strength under external loads. Insufficient attention to their mechanical-and-physical
properties can cause deformation of structures, which creates a safety hazard and financial losses. Scientific research in this area
is fragmentary and does not provide sufficient understanding of compaction methods and their impact on the durability of
structures. Moreover, there are no developed optimized mathematical models to predict the efficiency of engineering and
technology processes of compaction. Thus, the objective of this study is to develop a mathematical model that determines the
explosive charge capacity for compaction of loess. This model is aimed at eliminating the experimental stage, which improves
the quality of compaction and contributes to saving financial resources in construction.

Materials and Methods. Mathematical modeling was carried out by including the solution to the inverse applied problem
of assessing the power of an explosive charge when eliminating loess subsidence. Initial-boundary value problems with
a semiempirical partial differential equation describing the compaction of loess with and without the ejection of soil onto
the construction site’s surface were considered by analyzing specific models and mathematical approaches. Based on the
solution to these problems using the analytical method, a mathematical model for assessing the power of an explosive
charge was developed. The power was determined numerically using two methods: calculations in a program developed
in the Python language, and modeling a computational experiment with an assessment of the error of the result. In this
case, the effect of the mechanical-and-physical properties of soils, their isotropy and anisotropy were taken into account.
Results. A mathematical model of the explosive charge power during compaction of subsiding loess using deep hydraulic
blasts was constructed. The density of dry soil before and after compaction, the vertical diffusion coefficient, dispersion
coordinate changes of gas in the compacted soil, and the depth of the explosive charge were taken into account. With an
average density of dry compacted soil, the absolute error of the calculated values of the charge power was 3.28 g for
compaction of loess without ejection, and 21.13 g for the situation with soil ejection onto the surface. The adequacy of
the proposed mathematical solution to the experimental data of a full-scale construction site was shown.

Discussion. The proposed model allows for the assessment of the explosive charge power for isotropic and anisotropic
geological systems. The resulting analytical representations demonstrate the degree and nature of the influence of
mechanical-and-physical properties of soils on the magnitude of the charge power. Numerical comparison with both
experimental data on natural soil compaction and recommendations for compaction of subsidence soils of high power by
the hydraulic blasting method has shown that the proposed mathematical model is consistent with empirical data.
Conclusion. The main result of the study is a mathematical model of the explosive charge power when eliminating loess
subsidence using deep hydraulic blasts. Analytical representations of the charge power are constructed taking into account
the mechanical-and-physical properties of soils. A numerical estimate of the power consistent with the values of empirical
data is obtained. The practical significance of the study involves the possibility of using the mathematical model as a
calculation method and implementing it in research and design organizations. Further study will be aimed at constructing
solutions using mathematical modeling and other inverse problems within the framework of the engineering and
technology process of soil compaction.
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Opueunaﬂbﬂoe amnupudeckoe ucciedosamue

MarteMaTHUYeCKOe MOACTUPOBAHUE OLICHKH MOITHOCTH 3apsAaa NPH HCKIIOYCHUHA

NPOCAT0OYHOCTH JIECCOB ITyOMHHBIMH THAPOB3PbIBAMHU

E.O. Tapacenko

Cesepo-Kaskasckuii henepanbHblii yHUBepcHTET, T. CTaBpomnois, Poccuiickas Oenepanms

0 galail@mail.ru
AHHOTANNUSA

Beeoenue. [1pocagounbie 1ECCOBBIE TPYHTHI, IMUPOKO pacipocTpanénusie B Poccun, Kutae u Cpenneit A3uu, npeicras-
JISFOT cOO0H 3HAYMMYFO IPOOJIEMY B COBPEMEHHOM CTPOHUTEIBCTBE H3-3a CBOCU CKIIOHHOCTH K IMPOCAAKE U HU3KOU MPOoY-
HOCTH IIPH BHENIHUX Harpy3kax. HemocraTouHoe BHUMaHHE K HX (PU3HKO-MEXaHHISCKIM CBOWCTBAM MOXKET IPUBECTH K
nedpopManni COOPYKEHHH, 9TO co30aéT yrpo3y 0e30macHOCTH U (HMHAHCOBEIE TOTepH. HaydHble nccienoBaHus B 3TOU
00acTH ABIAIOTCA PparMeHTAPHBIMU U HE JAIOT JOCTATOYHOTO IIOHMMAaHU METOAOB YIUIOTHEHHS M MX BIMSHUS Ha A0J-
TOBEYHOCTh KOHCTpYKLUi. KpoMe Toro, He cyliecTByeT pa3pabOTaHHBIX ONTHMH3HPOBAHHBIX MAaTEMaTHUECKHX MOJIE-
JIei, TIO3BOJISIFOLIMX MPEACKa3aTh dPPEKTUBHOCTh HHKEHEPHO-TEXHOJIOTMIECKHUX IPOIIECCOB YIUIOTHeHHUs. TakuM odpa-
30M, LIENbI0 JAHHOTO UCCIIEIOBaHUS SBIIIETCS pa3paboTKa MaTeMaTHYECKON MOETIH, ONIpeIeIIIoNIe MOIITHOCTD 3apsiia
B3PBIBUATOTO BEIECTBA YIS YIUIOTHCHHS JEccoB. JlaHHAs MOJCIb HAlpaBlicHa HA MCKIIOYCHUE dKCIEPHUMEHTAIBLHOTO
JTara, YTo yJIy4IllaeT KauyeCTBO YIUIOTHEHUS U CIIOCOOCTBYET SKOHOMUH (DHHAHCOBBIX PECYPCOB B CTPOUTEIBCTRE.
Mamepuanst u memoodst. MaTeMaTHIECKOE MOJICITUPOBAHHE TIPOBOIIUIN ITyTEM BKIIFOUCHUS pEIIcHusT 00paTHOW IpH-
KJIQTHOM 3a/1a9X OIICHKH MOIIHOCTH 3apsi/ia B3PHIBYATOTO BEIISCTBA IIPH YCTPAHCHUH POCATOYHOCTH JIEccoB. HavanpHo-
TpaHUYHBIC 331a49H C TIOTYIMIIPHUYECKIM TP PepeHIHATEHIM yPAaBHEHHEM B YaCTHBIX TIPOU3BOIHBIX, OMTUCHIBAIOIINM
yIUTOTHEHHE Jécca ¢ BEIOpocoM U 0e3 BEIOpoca rpyHTa Ha MOBEPXHOCTH CTPOUTENFHON IUTOMIAAKH, PaCCMATPHBAIIICH
MyTEM aHaJIN3a KOHKPETHBIX MOJIETICH 1 MaTeMaTHYECKHX MOIX0A0B. Ha 0OcHOBE pemeHust 3THX 3a/1a9 C HCIIOIb30BaHHEM
AHAJTUTHYCCKOTO METOZAa OblIa CO37AaHa MaTeMaTHUYCCKash MOEIb OIEHKH MOIIHOCTH 3apsiia B3PHIBYATOTO BEIICCTBA.
MOIIHOCTh ONPEEIIsUIN YKCICHHO IByMsl METOJIaMH: pacyéTamMy B IporpaMme, pa3padoTaHHOH Ha si3bike Python, u my-
TEM MOJICTUPOBAHISI BBIYHCIUTEIBHOTO SKCIIEPUMEHTA C OICHKOW MOrPEITHOCTH pe3yibTara. [Ipyu 3TOM yUUTHIBAIA BITH-
sIHAC (PU3UKO-MEXaHUUCCKUX CBOWCTB IPYHTOB, HX H30TPOITHOCTh U aHU30TPOITHOCTb.

Pe3ynomamut uccnedosanusn. IloctpoeHa MaTeMaTndeckas MOJICIb MOITHOCTH 3apsia B3pHIBUATOrO BEIIECTBA IPHU
YIUIOTHEHUH TPOCATOYHBIX JIECCOB C MCIIOF30BAaHUEM TITyOWHHBIX THAPOB3PHIBOB. YUTEHBI IUNIOTHOCTH CyXOTO TPYHTA
JI0 ¥ TIOC)Ie YIUTOTHEHUS, K03(Q(UIIMEHT BepTHKATEHON MU dy3HuH, TUCTIEPCHOHHBIC KOOPIUHATHRIC H3MCHEHUS T'a3a B
YIUIOTHAEMOM TPYHTE, a Takke TIyOMHa 3aJI0’KEHHS 3apsiia B3PbIBUATOrO BemlecTBa. [Ipu cpeqHel TIOTHOCTH CyXOTro
YIUIOTHEHHOTO TPYyHTa a0COIIOTHAS IOTPEITHOCTh PACYETHBIX 3HAYCHNI MOIITHOCTH 3apsiia coctaBmia 3,28 T I yIUIOT-
HeHus J1éccoB 6e3 BriOpoca u 21,13 1 — Juis1 cuTyanuu ¢ BEIOPOCOM IrpyHTa Ha MOBEPXHOCTh. [loka3zaHa afekBaTHOCTh
npeajrara€Moro MaTeEMaTH4ICCKOTro pe€uICHUA OKCIIEPUMEHTAJIbHBIM JaHHBIM HATYPHOI'O CTPOUTECIIBHOTO O6'I)CKTa.
Oodcyrncoenue. TlpepyioxkeHHas MOJEb MO3BOJIET MPOBOAUTH OLEHKY MOIIHOCTHU 3apsifia B3PHIBUATOTO BEILIECTBA IS
M30TPOIHBIX U aHU30TPOITHBIX TEOJIOTHYECKUX CHCTeM. [loydyeHHbIe aHATUTHYCCKUE TIPEICTABICHUS JEMOHCTPHPYIOT
CTETIeHb W XapaKTep BIMSHUSA (PU3NKO-MEXaHHUECKUX CBOMCTB IPYHTOB Ha BEIHMYMHY MOITHOCTH 3apsna. YucieHHOe
CpaBHEHHE KaK C SKCIIEPUMEHTATBHBIMA TJAHHBIMHA HATYPHOTO YIDIOTHEHHS TPYHTOB, TaK M C PEKOMEHIAIHSMH I10 YIUIOT-
HEHHIO TPOCAOYHBIX TPYHTOB OOJIBIION MOITHOCTH THAPOB3PHIBHBIM METOJOM IOKA3aJI0, YTO MPENIO’KEHHAs MaTeMa-

TAYCCKAasI MOIEIIb COIIACyE€TCA C OMITMPUICCKUMHU TaHHBIMH.
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3aknrouenue. OCHOBHBIM PE3YJIbTAaTOM HUCCICAOBAHUS SBIIACTCSA MaTEMaTUYECKasA MOEIIb MOIITHOCTH 3apsga B3pbIBYa-
TOTO BEIIECTBA MPU YCTPAHCHUU ITPOCATOYHOCTU JECCOB FJ'Iy6I/IHHLIMI/I TUAPOB3pPbIBAMMU. HOCTpOGHLI AHAJIUTHYCCKHUC
IpeACTaBICHUA MONIHOCTH 3apsja C y‘{éTOM (I)I/IBI/IKO-MCXElHI/I‘ICCKI/IX CBOICTB TPYHTOB. Honyqua YUCJICHHas OILICHKa
MOMIIHOCTH, COIJIaCyromasacd CO 3HAUYCHHUAMU SMIHNPHUYCCKUX JaHHBIX. HpaKTI/I‘lGCKaH 3HAYUMOCTh HCCJIICAOBAHUA CO-
CTOUT B BO3MOXXHOCTHU IPUMEHCHUA MaTeMaTHYECKON MOJIeNIN B Ka4eCTBE paC‘IéTHOﬁ MCTOAWKHU U BHEAPECHUA B UCCIIC-
JAOBATCJIbCKUEC U MPOCKTHLIC OpTraHU3alnU. I[EU'II)HGI\/‘IHII/Ie HUCCICO0BaHUsA 6yHyT HalpaBJICHbI HAa MOCTPOCHUC peHIeHI/Iﬁ
cpeacTtBaMm MAaTEMATHYCCKOTO MOACIUPOBAHUA U JPYTHUX 06paTHI:-IX 3aa4 B paMKaX HHXCHCPHO-TCXHOJIOI'HYECKOro
mnponecca yrjaOTHCHUS I'PYHTOB.

KiroueBble ¢J10Ba: MOIIHOCTh 3apsija, IPOCaT0YHOCTh, JIECCHI, TJIyOMHHBIA THAPOB3PHIB, IITyOHHA 3aJI0KCHUS 3apsaa,
VILUTOTHEHHE C BRIOPOCOM, YIDIOTHEHHE 0e3 BRIOpOca, H30TPOITHOCTh, AaHU30TPOITHOCTD, BEIYUCITUTEIHHBIN SKCIICPUMEHT

BaaronapHocTu. ABTOp BhIpakaeT MPU3HATENBHOCTh M Onaropaput bopuca ®&nopoBuua ["anas, mokropa reosoro-
MHHEPAJIOTHYECKUX HayK, NMpodeccopa 3a KOHCYIbTUPOBAHHE M OKa3aHHYIO ITOMOIIb IIPH HAIMCaHWM CTaTbu. Takxke
aBTOp OJIarofapeH pellakiy 1 PELeH3eHTaM 32 BHUMATEJIbHOE OTHOLICHUE K CTAThe U 3aMEUaHHsl, KOTOPBIE MTO3BOJIMIIN
MIOBBICUTH €€ KaueCTBO.

Jusi nurupoBanusi. Tapacenko E.O. Marematnieckoe MOJEIMPOBAHKE OICHKA MOITHOCTH 3apsiia TPH  WCKITIOYESHUH
TIPOCAIOYHOCTH JIECCOB TITyOMHHBIMU THApOB3pbBaMu. Advanced Engineering Research (Rostov-on-Don). 2025;25(3):233-241.
https://doi.org/10.23947/2687-1653-2025-25-3-233-241

Introduction. Research into the surface of the earth's crust has shown the distribution of structurally unstable
subsidence loess soils throughout the world. They predominate in Russia [1], China [2] and Central Asia [3]. Loess
covers about 17% of Russia's territory. Loess soils are most often found in the North Caucasus, southern Russia,
Crimea and other areas.

On a planetary scale, loess is a rock of the Quaternary period. It is characterized by yellow, yellow-brown or yellow-
fawn colors [4]. Loess has low density and high macroporosity, which allows water to penetrate deeply into the soil
structure. This causes rapid soaking [5] and subsidence [6]. Calculated subsidence from its own weight reaches values
of 2.5 m [7].

It is not possible to construct safe and durable buildings and structures on subsidence soils. Designing and
constructing objects on loess, as well as insufficient research of their physical and mechanical properties, lead to
deformations of buildings and structures, reducing their safe service life. As a result, financial costs grow, and the
security threat rapidly increases.

The elimination of subsidence is carried out by various methods, whose selection depends on the conditions of their
implementation. This paper examines the method of compaction of loess by deep hydraulic blasts, showing economic
efficiency at low production costs [8].

The engineering and technology process of compaction is performed on the basis of a comprehensive detailed study
of the mechanical-and-physical properties of subsidence loess soils, which are widely presented in modern literature.
Studies have been conducted on the permeability of subsidence soils [9], the deformation characteristics of loess [10]
with different moisture content, compaction energy [11], creep [12] and mechanical stability of clays [13]. Strength and
deformation properties of clayey soils from the point of view of physical-chemical theory are analyzed under the action
of external loads, compressive load, counterpressure [14]. However, a mathematical description of the mechanical-and-
physical properties of subsidence clays and loams, as well as their changes as a result of compaction by deep blasts, is
not carried out in the noted works. Research is performed on the basis of field and compression tests of loess soils.

Mathematization of individual properties of explosive compaction soils, namely their strength characteristics, is given
in the reports on engineering and geological surveys [15]. Adaptation of strength indicators to values for numerical
calculations is implemented. Studies on the indicators of specific adhesion and the angle of internal friction of soils
compacted by deep blasts using the regression analysis method are performed in [16]. Modeling of the vertical diffusion
coefficient of gas in loess soils compacted by blasts is implemented [17]. Regression models of individual physical
parameters of soils, such as porosity, permeability, water saturation [18], and filtration depending on pressure [19], are
constructed. These studies allow us to evaluate the mechanical-and-physical properties of loess soils after their
compaction by deep blasts, but do not describe the specifics of the implementation of the engineering and technology
process of loess compaction.
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Mathematical modeling of compaction of loess soils by deep hydraulic blasts requires solving individual inverse
applied problems — assessing the power of the explosive charge, the depth of its placement, dispersion coordinate
changes of gas atoms formed during the blast, in soils, and others. One of these problems sets the objective of this
research — mathematical modeling of the power of the explosive charge taking into account the mechanical-and-
physical properties of compacted geological systems, their anisotropy and isotropy.

The development of the model will not only improve the quality of compaction, but also reduce the financial costs of
implementing the engineering and technology process. Compaction of loess using the proposed model eliminates the
stage of trial preliminary blasts at the construction site, which is performed to determine the optimal power of the
explosive charge and obtain the required mechanical properties of non-subsiding soils.

The research objective is implemented through mathematical modeling tools (analytically and numerically).
Analytical representations will be constructed to estimate the explosive charge power based on the solution to initial
boundary value problems with a semi-empirical diffusion equation. The mechanical-and-physical properties of compacted
soils will be taken into account. Numerical modeling tools will be used to obtain an estimate of the charge power.
Conducting a computational experiment will allow us to establish the adequacy of the proposed solution to the inverse
problem to the experimental data.

Materials and Methods. The inverse problem of estimating the power of an explosive charge arises within the
framework of mathematical modeling of compaction of subsidence soils by deep blasts. To eliminate the subsidence of
loess, the process of their compaction is described by the model based on a given differential semi-empirical diffusion
equation. It also takes into account the initial and boundary conditions. The mathematical formulation of the density
model of compacted soils has the form [17]:

oq o(uq) 0 oq

— = — K--_
o Ly M Z oi Z ig |Te M

i=x,y,2 i=x,y,2 Jj=x,.z
q(to,%,7.2)=0-3(x=x°)-8(y-»")-8(z-2"), 2
k.4 _0, 54, 3)
0z|,_,0

q(t,x,y,z)L:ZO , t>1, “)

where ¢(¢, x, y, z) — density of compacted soil during a deep blast at time ¢; u — parameter of horizontal gas propagation; K.,
Ky, K.. — diftusion coefficients; o — parameter of interaction of gas produced by blast and loess subsidence soil; Q — power
of explosive charge (i.e., amount of gas ejected by the charge at time #, at point (xo, Vo, zo)); 6 — Dirac delta function.

Initial boundary value problem (1)—(3) corresponds to the process of loess compaction by deep blasts with soil ejection
onto the surface. Problem (1), (2), (4) is the compaction of loess without ejection onto the surface. The analytical solutions
to problems (1)—(3) and (1), (2), (4) can be represented, respectively, in the form [17]:
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In solutions (5) and (6): (0, 0, H) — coordinates of the location of the concentrated explosive charge with power
O = const > 0, acting at the moment of time fp; / — depth of the explosive charge; 62, (5}2,, o2 — dispersion changes in
the coordinates of gas atoms in the soil.

Statement of the inverse problem of estimating the power of an explosive charge: let the average values of the soil
density and the explosive charges compacted by the method of deep blast be established, corresponding to relations (5)
and (6) for cases of soil compaction with and without ejection onto the surface. The value of the depth of the explosive
charge H is known. The value of the dispersion coordinate changes of gas atoms in the soil ¢ is determined. It is required
to estimate the power of the explosive charge Q.

Research Results. We implement solutions to inverse applied problems on the assessment of charge power during
compaction of subsiding loess by deep hydraulic blasts based on analytical and numerical methods of mathematical modeling.

According to (5) and (6), two cases are possible: compaction with ejection onto the surface and without ejection. In
the first case, based on (5), we obtain the equation:

2 2 2
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In the second case, based on (6), we arrive at the equation:

2 2 2
qz(t,x,y,z)—#xexp{—(x_ux.t) - y }x exp{—%}—exp{—w} =0. (8)

(4m)3/2 6,6,0. 467t 4ot 462 -t
For geological systems, the characteristic mechanical-and-physical properties are anisotropy and isotropy.

If the geological system under study is anisotropic, then the filtration properties of the soil depend on the direction of

groundwater movement. When implementing soil compaction by blasts with surface ejection, the desired root QO of

equation (7) takes the analytical representation:
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If the system under study is isotropic, then the filtration properties of the soil do not depend on the direction of
groundwater movement. Let us assume that the dispersion coordinate changes are equal in all directions 6. = 6, = oy, then,
under compacting soils with ejection onto the surface, the desired root Q of equation (7) takes the analytical
representation:
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(10)
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Now let us consider the case of soil compaction by deep blasts without ejection onto the surface. If the geological
system under consideration is anisotropic, then the desired root Q of equation (8) takes the analytical form:
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If the system under consideration is isotropic, then c. = 6, = 6, and we can write the required root Q of equation (8)
in the form:

(4m)"” gr (tryz) o}
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Constructed relations (9)—(12) define analytically the power of the explosive charge depending on the mechanical-

0= (12)

and-physical properties of the compacted soils and the depth of the charge. To estimate the power values, we use
numerical modeling tools.

Computational experiment. We conduct a computational experiment to solve inverse problems arising in the
mathematical modeling of loess compaction by deep blasts to provide numeric evaluation of the explosive charge power.
The calculations are based on data from a full-scale construction site.

At the construction site “Construction of a Commodity and Raw Material Warehouse”, “Stavrolen” LPG LLC
(Budyonnovsk), compaction of subsidence soils [8] with a thickness of 28 m was performed using deep blasts. The total
subsidence of the soil under its own weight was from 43 to 78 cm. Groundwater was recorded at a depth of 29-31 m [20].
The average density of dry soil before compaction was 1.43 g/cm?.

At the construction site, drainage blast holes with a diameter of 20 cm were drilled on a cm grid to perform compaction.
Charges of water-resistant ammonite weighing 10,000 g were placed in them at a depth of H =600 cm. A month after
compaction, control holes were drilled with the selection of monoliths. The density of dry soil took values in the range
from 1.60 g/cm? to 1.75 g/cm?. The average density of dry compacted soil was 1.66 g/cm? [8]. Loess refers to soils with
a columnar structure and is orthotropic vertically [20]. Taking into account the physical parameters of the soil, we
calculate the coefficient of vertical diffusion of gas in soil Kz, according to [17]. Using Kz, we determine the dispersion
coordinate changes of gas atoms in the soil, which are equal to 6. = 0.726. The parameter of horizontal gas propagation
is zero u, = 0. The calculation of the values of the explosive charge power is made according to formula (12). Loess
compaction is implemented without ejecting soil onto the surface.
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Table 1 presents the result of the assessment of the explosive charge power for known values of compacted soil
density, dispersion coordinate changes of gas atoms in the soil, and the depth of the charge. The calculations were
conducted using the author's program, developed in the high-level programming language Python, designed to calculate
the explosive charge power.

Table 1
Estimated Explosive Charge at Different Values of Compacted Soil Density without Ejection onto the Surface
Soil density, g/cm? Estimated explosive charge, g
1.60 9797.53
1.61 9809.56
1.62 9815,83
1.63 9836.05
1.64 9876.28
1.65 9936.51
1.66 9996.72
1.67 10046.74
1.68 10094.16
1.69 10114.28
1.70 10137.53
1.71 10159.82
1.72 10186.04
1.73 10208.27
1.74 10228.49
1.75 10243.71

Let us analyze the results presented in Table 1. To exclude the property of subsidence and reach the density of dry
compacted soil >1.60 g/cm?, the power of the explosive charge can take values in the range from 9797.53 to 10243.71 g.
According to experimental data, the power of the explosive charge is 10000 g [8]. The absolute error of calculations for
soil density values from 1.60 g/cm3to 1.75 g/cm?® does not exceed 0.244. With an average soil density g = 1.66 g/cm?, the
absolute error is 3.28 g.

We consider the compaction of loess with the ejection of soil onto the surface. We calculate the values of the explosive
charge power using formula (10) at o, = 0.726 and the density of dry soil from 1.60 g/cm? to 1.75 g/cm?. The results
obtained are presented in Table 2.

Table 2
Estimated Power of Explosive Charge at Different Values of Compacted Soil Density with Ejection onto the Surface
Soil density, g/cm? Calculated Explosive Charge, g

1.60 9852.18

1.61 9881.62

1.62 9952.77

1.63 10021.13
1.64 10053.84
1.65 10094.28
1.66 10123.92
1.67 10157.54
1.68 10187.62
1,69 10204.75
1.70 10221.83
1.71 10242.25
1.72 10256.89
1.73 10279.34
1.74 10293.79
1.75 10301.24
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The analysis of the explosive charge power values presented in Table 2 shows that the calculated charge power can
take values from 9852.18 g to 10301.24 g. The absolute calculation error does not exceed 0.301. With the average soil
density g = 1.66 g/cm?®, the absolute error is 123.92 g. The minimum absolute error is 0.02113 at g = 1.63 g/cm’.

Figures 1, 2 show a graphical interpretation of the calculated values of the explosive charge power at different
indicators of the density of dry compacted soil and experimental data on the charge power. The charge power values are
marked in accordance with the recommendations for compaction of subsidence soils of high power by the hydraulic
blasting method' (solid line). When the explosive charge is placed at the specified depth, its power is equal to 9960 g.
Figure 1 shows the case of loess compaction by deep blast without ejection onto the surface, Figure 2 — with ejection
onto the surface.

11,000
= 10,600 r
5}
210,200
t=h
2
"B 9,800
g
<
O 9,400

9’000 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1.60 1.61 1.62 1.63 1.64 1.65 1.66 1.67 1.68 1.69 170 1.71 1.72 1.73 1.74 1.75
Soil density, g/cm?
® Estimated charging power = = Experiment Recommended
Fig. 1. Estimated and experimental power of explosive charge at different values
of soil density without ejection onto the surface
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Fig. 2. Estimated and experimental power of explosive charge at different values
of soil density with ejection onto the surface

Upon completion of the engineering and technology process of compaction of loess using deep blasts, in accordance
with [8], after the discharge of water from the pit, the upper buffer layers of the construction site are further compacted
using surface methods.

Discussion. The constructed mathematical model of the explosive charge power is described analytically (9)—(12).
The model is intended for performing numerical calculations and assessing the charge power values. The formulas
show the nature and degree of dependence of the charge power and the mechanical-and-physical properties of soils,
their isotropy and anisotropy. A growth of the charge power entails an increase in soil density, a decrease in subsidence
and porosity.

The ideas obtained allowed us to conduct a theoretical experiment on the numerical evaluation of the values of the explosive
charge power. The calculated values have an absolute computational error in the intervals: (3.28; 243.71) g — compaction without
soil ejection onto the surface, and (21.13; 301.24) g — compaction with soil ejection onto the surface of the construction site.

! Recommendations for compaction of high-power subsidence soils using hydraulic blasting. Moscow: Stroiizdat; 1984. 56 p. (In Russ.) URL:
https://meganorm.ru/Data2/1/4293782/4293782665.pdf (accessed: 01.06.2025).
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The disadvantage of the proposed approach is that the density of the compacted loess, the value of the dispersion
coordinate changes of gas atoms in the soil are determined on the basis of field and laboratory tests. The depth of the
explosive charge is also specified in advance. Thus, when assessing the power of the charge, stamp and compression data
will be contained. The proposed model takes into account the isotropy and anisotropy of soils. The results obtained in this
study are adequate to the experimental data and confirm the possibility of their practical application in planning the
engineering and technology process of compaction of subsidence soils by deep hydraulic blasts.

Conclusion. The main research result is a mathematical model for assessing the power of an explosive charge.
Analytical expressions for the power of the charge are obtained. The mechanical-and-physical properties of soils, their
isotropy and anisotropy are taken into account. Numerical values of power are found using a program developed in
Python. The results obtained are in good agreement with the values of a natural experiment and the recommended values
based on empirical data.

The practical significance of the study involves the possibility of using the mathematical model as a calculation
method in research and design organizations engaged in theoretical investigation and practical implementation of
compaction of subsidence loess soils. Further research will be aimed at constructing solutions through mathematical
modeling and other inverse problems within the framework of the engineering and technology process of soil compaction.
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Abstract

Introduction. The creation of reliable test sets of vibration signals remains a critical challenge in vibrodiagnostics, as
the lack of data on early-stage bearing defects hinders the development and validation of diagnostic algorithms.
Experimental acquisition of such signals is limited by the absence of appropriate test specimens and the long duration
required for defect progression. Existing numerical simulation approaches demand high computational resources and
complex setup, reducing their practical applicability. A significant gap in current research is the absence of a simple,
reproducible, and validated methodology for generating signals that reflect the progressive development of defects.
The objective of this study is to create a simplified methodology for generating a test set of bearing vibration signals
that can be used to develop and verify new vibrodiagnostic techniques. The methodology is based on a combination of
experimental and simulated signals.

Materials and Methods. Experimental data were obtained from a laboratory rig simulating a rotor unit with a rolling
bearing (type 180603). To simulate early-stage defects (single and double chipping pits), dynamic finite element
modelling was performed using ANSYS Mechanical (version 16.2) based on plane elements Planel62 using the
LS-DYNA package. The resulting impulse sequences were superimposed onto the measured signal from a healthy bearing
to generate combined signals. All signals (3 experimental, 2 combined) were analyzed using Fourier transform, bandpass
filtering (5.4 kHz), and calculation of statistical parameters: root mean square (RMS), crest factor, and kurtosis. Analysis
was conducted in Mathcad (version 15.0).

Results. As a result of the study, a method for generating a test set of vibration signals from a rolling bearing was
developed, covering the serviceable state and the sequential development of a local defect of the outer ring. The results
showed a correlation between the amplitude of vibration signals and the stages of defects — an increase in amplitudes
was observed in the high-frequency region, which confirmed the interaction of rolling elements and defective surfaces.
Additional statistical analysis revealed an increase in diagnostic parameters (RMS value, crest factor, and kurtosis) as the
damage developed. It was found that the simulated signals reproduced the characteristic signs of a defect and fitted
correctly into the general trend of parameter changes.

Discussion. The data obtained demonstrate that the proposed technique makes it possible to simplify the generation of
reference signals without the need for long-term accumulation of experimental data or damage to equipment. The physical
validity of the simulated pulses and the consistency of growth dynamics of diagnostic parameters with real data confirm
the possibility of using this method for standardized testing of vibrodiagnostic techniques.

Conclusion. The developed methodology provides an efficient and reproducible approach to generating test signal sets
for vibrodiagnostics. It can be used to accelerate algorithm verification, reduce experimental costs, and improve diagnostic
reliability. Future research will focus on simplifying impulse generation through analytical modelling and extending the
methodology to other bearing types and defect forms.
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OpuzuHaJleoe amnupuveckoe ucciedosanue

IHonyyenne HaOOpa BUOPALMOHHBIX CHTHAJIOB MOJIIMITHUKA KAYeHUsI ¢ Pa3HOM CTeNeHbI0
Pa3BUTHA JIOKAJIBbHOI0 Je(eKTa HApYKHOI'0 KOJIbLA
3.A. KoaocoBa =, O.I1. KosiocoBa' =, JI.A. Illnaiinep

HOxHO-Y pansckuit rocyAapCcTBEHHBIN yHUBEpCHTET, T. Uensounck, Poccuiickas denepanns

< kolosovaza@susu.ru

AHHOTAUMSA

Beeoenue. Co3nanue 1OCTOBEPHBIX TECTOBBIX HAOOPOB BUOPALIMOHHBIX CUTHAIOB OCTAETCS aKTyaJIbHOH 3a/1aueil BHOpO-
JIMarHOCTUKH, TIOCKOJIbKY OTCYTCTBHE JIaHHBIX I10 PAHHUM CTaIHsIM Je(EKTOB MO/IIUITHUKOB 3aTPYyJHSIET pa3paboTKy u
BepU(HKALIUIO aJITOPUTMOB JIMarHOCTHKH. JKCIEPUMEHTAIBFHOE TIOJTyYeHNEe TaKUX CUTHAJIOB OTPaHHYEHO OTCYTCTBHEM
COOTBETCTBYIOIINX 00pa3IoB U AIUTEILHOCTBIO MPOIiecca HaKOIICHUsI HOBpexkaeHu . CyIIecTBYOIIHE MTOIX0 bl HA 0C-
HOBE YHCJICHHOTO MOJICIIMPOBAHMS TPEOYIOT BHICOKMX BBIYMCIIMTEIFHBIX PECYPCOB M CIOKHOI HACTPOMKH, YTO CHIDKAET
HX NPaKTHYECKyI0 MPUMEHUMOCTh. [Ipo0GesoM B HCcienoBaHMAX SBISIETCS OTCYTCTBHE MPOCTOH, BOCIIPOM3BOANMON 1
BaJIMINPOBAaHHON METOIUKH T€HEPaIliil CHTHAJIOB, OTPAYKAIOIINX ITOCIIe0BaTeIbHOEe pa3BuTHe nedekra. Llenpto man-
HOTO UCCIICIOBAHMUS SIBIISIETCS CO3/IaHMUE YIIPOIMIEHHOW METOTUKH (DOPMHUPOBAHHS TECTOBOTO HA0Opa CUTHAJIOB BUOpann
TOJIIIUITHUKA, KOTOPBIA MOXET UCIIOIb30BaThCs IS pa3paboTKH U BepU(HKALUK HOBBIX METOJIOB BUOPOIMArHOCTHKH.
Mertoauka OCHOBaHa HAa KOMOMHUPOBAHUH DKCIIEPUMEHTAJIBHBIX U CMOJISTUPOBAHHBIX CUTHAJIOB.

Mamepuanvt u memoosl. B riccneoBaHUH UCTIOIB30BANNCH YKCIIEPUMEHTANIBHBIC TaHHbIE, TOTy4YeHHBIE ¢ J1abopaTop-
HOW YCTaHOBKH, MOJICIIMPYIOIICH POTOPHBIH y3el ¢ moamumHukoM kadenus (tum 180603). [l uMuTanmy paHHUX CTa-
i nedexra (eAMHUYHAS U IBOWHAS SIMKa BBIKPALIUBaHK) TPUMEHSIIOCHh IMHAMUYECKOE MOJISTUPOBaHHE METOZOM KO-
HeuHbIX 51eMeHTOB B cpefe ANSY S Mechanical (Bepcust 16.2) Ha ocHOBe MIoCKuX 35ieMeHToB Plane162 ¢ npuMenennem
naketra LS-DYNA. [Tony4yeHnHble nocieg0BaTeaIbHOCTH UMITYJIBCOB HAKJIaAbIBAJIUCh HA M3MEPEHHBIA CUTHAI HCIIPABHOTO
TTOIIIIAITHUKA 11 (POPMHUPOBAaHUS KOMOMHIUPOBAHHBIX CHTHANIOB. Bee curHansl (3 3KCIepUMEHTABHBIX, 2 KOMOMHHIPO-
BaHHBIX) TOJBEPTaIUCh aHAN3Y C MCIIOJIb30BaHUEM TpeoOpazoBaHus Pyphe, M0JI0COBOH prpTpanmy (OKTaBHASA IMO-
moca gactot 5,4 k['m) u pacuéra cratuctnueckux mapamerpoB: CK3, muk-dakropa u ko3¢ ummenTta sxcuecca. AHAIA3
npoBoawics B cpene Mathcad (Bepcust 15.0).

Pezynomamel uccnedosanusn. B pesynprare uccienoBanus paspaboraHa MeToanka GOpMHPOBaHHUSI TECTOBOTO Habopa
BHUOpaLMOHHBIX CUTHAJIOB TTOIIMITHAKA KaYeHUsI, 0XBaThIBAIOIAsk HCIIPABHOE COCTOSHUE U MOCIIEA0BATEILHOE Pa3BUTHE
JIOKaJIBHOTO JieeKTa Hapy>KHOT'O KoJiblia. Pe3ysIpTaThl MOKa3ain KOPPEIsILIUIo MEX/y aMIUTUTY 101 BUOPAIIMOHHBIX CHT-
HAJIOB U CTaIUsIMH 1e(heKTOB — HAOIFOANICS POCT aMILUTATY/T B BEICOKOYACTOTHOM 00aCTH, YTO MTOITBEPKAACT B3aUMO-
JEHCTBUE TEN KaueHUs C Ae(peKTHBIMU MMOBEPXHOCTAMU. JIOTIOTHUTENEHBIA CTATHCTUICCKUHN aHAITN3 BBRISIBI YBEIIHUCHHC
IUArHOCTHYECKUX TapaMeTpoB (CpeAHEro KBaJpaTUIEeCKOTO 3HA4eHHs, NHK-(pakropa u ko3¢ HUIMEeHTa dKcIecca) 1o
Mepe Pa3BUTHA MTOBPEXKICHHS. Y CTAHOBIICHO, YTO CMOJICITMPOBAHHBIE CHTHAIIBI BOCIIPOU3BOAAT XapaKTepHbIE IPU3HAKU
nedeKTa U KOPPEKTHO BITMCHIBAIOTCS B OOMIYIO TEHACHIINIO H3MEHEHNUS TapaMeTpOB.

Oocyacoenue. TlonyueHHbIC TaHHBIC IEMOHCTPUPYIOT, YTO MPEIIOKEHHAS METOAMKA MTO3BOJIIET YIIPOIIEHHO (hOPMHPO-
BaTh DTAJOHHBLIE CUTHAIEI 0€3 HeO6XO[[I/IMOCTI/I JJIATEIIbHOI'O HAKOIIJICHUS OKCIICPUMEHTAJIbHBIX JaHHBIX UJIN ITOBPEKC-
HUst o0opynoBanus. Ouznueckas 000CHOBAHHOCTh CMO/ICIMPOBAHHBIX HMITYJIECOB M COTJIACOBAHHOCTD IMHAMHUKH POCTa
JIMarHOCTUYECKHX TIapaMETPOB C PeasIbHBIMU JaHHBIMH ITOTBEPKAAI0T BO3MOXXHOCTB UCIIOIb30BaHUS JAHHOH METOIMKA

A CTAaHAAPTU3UPOBAHHOI'O TCCTUPOBAHMS MCTO0B BI/I6pO,I[I/IaFHOCTI/IKI/I.
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3aknrouenue. PazpadboranHas mertomuka obecreunBaeT 3G(GEKTHBHOE W BOCIIPOU3BOANMOE (DOPMUPOBAHHME TECTOBBIX
Ha0OpOB CUTHAJIOB JyIsi BUOpoanarHocTUku. OHA MOXKET OBbITh MCIIOJIb30BaHA JUIS YCKOPEHHOH BepH(UKaIMU allrOpUT-
MOB, CHIDKEHHS 3aTPaT Ha SKCIIEPUMEHTHI 1 TIOBBIICHHS HaIE)KHOCTH AUArHOCTHKU. B nanpHeieM mianupyercst yrpo-
HICHUE TeHEPAIUH UMITYJIHCOB Ha OCHOBE aHAJTUTHYECKOTO MOJICIIUPOBAHMS M PACIIUPEHUE METOAMKH Ha IPYTUE THITHI

MMOJIIMUITHUKOB U )Ie(l)eKTOB.
KiaioueBble ciioBa: BI/I6p0,HI/IaI‘HOCTI/IKa, IIOAIIUITHUK KaUCHMU, MK3, MOJCIMPOBAHUEC CUTHAJTIOB BI/I6paHI/II/I

Baaronapuoctn. ABtopbl Onmaromapst HaydHoro corpyaHuka OIYII «POAL-BHUUT® wumenn axagemunka
E.W. 3a6abaxuna» Amekcannpa IlaBmoBmua BekeroBa 3a TOCTpOCHHE KOHEUHO-IIIEMEHTHOW MOZETH HCIPABHOTO

TOOIIUITHHUKA.

Jnsi murupoBanmusi. Komocosa 3.A., KomocoBa O.II., Iuaiinep /.A. Ilomydenne naGopa BHOPAIMOHHBIX CHIHAJIOB
NOQUIMITHAKA  Kau4eHWs C  pasHOM  CTEMeHBI0  PasBUTWS  JIOKAIBHOIO  Je(eKTa  Hapy)KHOro  KOJbI.
Advanced Engineering Research (Rostov-on-Don). 2025;25(3):242-255. https://doi.org/10.23947/2687-1653-2025-25-3-242-255

Introduction. In modern industry, there is a tendency for the size, complexity and productivity of machinery to
increase, which results in growing capital expenditure on its acquisition, repair and maintenance. Equipment shutdowns
cause significant losses due to short-received production.

A considerable part of rotating industrial equipment contains rolling bearings. In most cases, their technical condition
is the decisive factor in ensuring trouble-free operation — i.e., the failure of a rolling bearing causes the failure of the
entire product. Experts in vibrodiagnostics are faced with the need to analyze and interpret vibration signals to assess the
condition of rolling bearings. The presence of a set of signals reflecting various stages of fault growth is critical for the
development and testing of new diagnostic techniques. This allows not only for improvement of accuracy and reliability
of diagnostic algorithms, but also for their adaptation to real operating conditions of the equipment. However, obtaining
such a set of signals under real conditions is a difficult task [1]. Traditional methods include either waiting for the natural
occurrence of a fault, which can take a significant amount of time, or intentional damage to the bearing, which is not
always advisable and can cause additional costs. In this regard, there is a need to develop alternative approaches to
obtaining vibration signals with varying degrees of fault development.

One such technique is mathematical modeling and simulation of bearing vibration signals [2]. Researchers have
developed various models, including systems with three [3] and two degrees of freedom [4]. These models take into
account factors, such as radial clearance, number of balls, and localized faults on the inner race, outer race, or balls.
Advanced stochastic models have been proposed that take into account random sliding of roller elements and periodically
changing transfer functions [5]. Simulations by MATLAB have been used to generate vibration time signals and
frequency spectra [4].

However, modeling bearing vibration signals remains a non-trivial task related to a number of technical and
methodological difficulties. First, real bearing systems have a high degree of complexity [6]. An accurate representation
of all factors affecting bearing vibrations in a single model is practically impossible. Models often simplify complex
interactions between components, which can result in potential inaccuracies in predictions. Second, bearings exhibit
nonlinear dynamic behavior, specifically in the presence of faults [7]. This nonlinearity is difficult to capture in
mathematical models, especially when dealing with composite faults, such as simultaneous faults on the inner and outer
races. Third, there is a problem of parameter uncertainty [8]. Numerous models depend on parameters that are difficult to
measure or accurately estimate, such as contact stiffness and damping coefficients. This further complicates the modeling
process and can cause inaccuracies in the results [9]. More complex models require significant computational resources,
making real-time analysis challenging for industrial applications. Some models may ignore important factors, such as
temperature effects, lubrication conditions, or manufacturing variations, leading to discrepancies between predicted and
actual behavior [9]. Due to the lack of calibration bearings, experimental validation capabilities are limited, challenging
the completeness and reliability of verification of the developed mathematical models [10].

This research objective is to develop a simplified methodology for generating a test set of bearing vibration signals
reflecting various types and stages of faults, and to check its applicability for testing and verifying vibration diagnostics
algorithms. The proposed approach is aimed at overcoming the limitations of existing modeling methods related to high
computational complexity and insufficient adequacy of reproducing real operating conditions of the system.
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For this purpose, a method was developed that combines experimental recording of the initial signal from equipment
in good condition and finite element modeling of the system's behavior in the presence of faults. Based on the modeling,
a sequence of pulses was obtained that simulated the effect of bearing damage. These pulses were added to the initial
signal, creating a set of combined signals corresponding to different stages of fault development.

This approach provides the formation of a standardized and easily reproducible dataset that can be used for testing
and comparative evaluation of various vibration diagnostics methods. The proposed method of simulating faulty signals
is a promising direction for the development of vibration diagnostics and can be useful for various industries where the
reliability and durability of equipment are important.

Materials and Methods. The development of a method for obtaining a set of signals from a bearing with different
stages of fault development includes the following stages: obtaining a correct signal experimentally, creating a model of
the bearing being studied, simulating the fault on the model, obtaining a sequence of fault pulses, and mixing this sequence
with a real correct signal.

Obtaining a correct signal from a laboratory setup is advisable because it is difficult to take into account numerous
factors affecting the real signal during modeling, such as noise from the equipment itself, noise from the measuring device,
the existing imbalance of the equipment shafts, etc.

To compare the real and simulated signals, signals from bearings with faults were also obtained on the laboratory
setup. To obtain the pulse sequence, finite element modeling (FEM) was used, which is one of the most efficient and
widely used approaches to the numerical analysis of mechanical systems and structures [10]. The pulse sequences
obtained using FEM were added to the real correct signal to form signals with a fault.

1. Obtaining a correct signal experimentally

The object of the study was a single-row radial ball bearing with a seal type 180603 as per GOST 8882-75'. The
geometric characteristics of this bearing are given in Table 1.

Table 1
Geometric Characteristics of Rolling Bearings
Characteristic, dimensions Designation, formula Value
Overall dimensions
External diameter, mm D 47
Internal diameter, mm d 17
Width, mm B 19
Dimensions of rolling elements
Diameter, mm dp 9.5
Quantity 3z 6
Contact angle, rad B 0
Angular pitch of rolling elements, rad g=2n/z /3
Ziﬁ:;r’ if rt:e circle passing through centers of rolling Do = (D+d)2 19
Initial radial clearance, pm g 8-15
Dimensions of rolling tracks

Minimum thickness along the gutter, mm h = [(D-d)2—dp]/2 2.750
Diameter of the outer track, mm do=D-2%h 41.500
Diameter of the inner track, mm d;=d+2xh 22.500
Radius of cross section, mm r=0,515%d, 4.893

! GOST 8882-75. Single Row Radial Sealed Ball Bearings. Technical Conditions. Electronic Fund of Legal and Regulatory Documents. URL:
https://base.garant.ru/5926172/ (accessed: 09.06.2025).
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The bearing diagram is shown in Figure 1.

WA\\

outer race

inner race

Jf/},ﬁ,"}/

(II

-&/
M)
A

rolling element (ball)

separator

Fig. 1. Rolling bearing diagram

Bearings of this type are installed in the supports of a laboratory setup, which simulates the simplest rotary machine
and basically represents a rotor on two supports. As in any real machine, the setup diagram contains manufacturing faults,
such as static and dynamic imbalance, skew and tilt of the axes, which brings the operating conditions of the bearing setup
closer to real ones.

Structurally, the laboratory setup, whose diagram is shown in Figure 2, consists of a base platform on which two
supports and an asynchronous electric motor of the 4A80A type with a power of 1.1 kW and a nominal rotation frequency
of 1000 rpm are mounted. A shaft with a flywheel rotates in the supports on rolling bearings. The shaft is connected to
the motor through a coupling.

SUPPORTS
(bearing units)

flywheel coupling electric motor
——1

N\

Fig. 2. Laboratory setup diagram

Due to the presence of friction in the bearings, the rotation frequency of the laboratory setup rotor is slightly different
from the nominal rotation frequency of the engine and is 995 rpm, or 16.58 Hz, or 104.2 rad/s. A new, correct bearing is
placed in the right support of the setup (closest to the engine and less accessible). The bearing under study is located in
the left support, farthest from the engine, in the radial vertical direction.

For the experimental study of rolling bearing vibrations, the measuring system shown in Figure 3 was used. The
measuring system included a piezoelectric accelerometer, a signal amplifier, an oscilloscope, an analog-digital converter
(ADC), and a computer. In addition, to calibrate the measuring system, a signal generator was connected instead of the
accelerometer and amplifier.

W Accelerometer
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for analysis of signals

TIENN: ket
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o s o
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Fig. 3. Measuring system
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Three bearings of type 180603 as per GOST 8882752 were installed sequentially in the left support of the laboratory setup:

— healthy rolling bearing;

— faulty bearing with a developed fault (intensive chipping of the rolling tracks);

— bearing in a critical condition with a crack in the outer race.

Vibration acceleration signals were recorded from each of the listed bearings with a sampling frequency of 16 kHz
and a duration of 0.12 seconds.

2. Construction of a bearing model using the finite element method

The model of a healthy rolling bearing placed in the support of the laboratory setup is shown in Figure 4. The model
is constructed using Plane162 elements. The elastic support of the laboratory setup is rigidly fixed to the base. A bearing
is inserted into the support — the support and the outer race of the bearing have common nodes along the contact line.
The shaft and the inner race of the bearing are connected in a similar way. The outer and inner races of the bearing are
elastic. The shaft and separator are rigid. The rolling elements are modeled as follows: the central part of the ball is rigid;
the periphery is elastic.

All elastic elements of the model use a material with the following properties: £ = 210 GPa; p = 0.33; p = 7850 kg/m?.
Rayleigh damping is introduced into the material.

Loads on the model:

— shaft, as a rigid body, is given a law of motion — the angle of rotation around z axis with time @(t)=wt;

— radial load ¢ = qo, is applied to the shaft, directed vertically downwards (the static load of the bearing is simulated);

—radial load ¢» = gon, whose direction rotates together with the shaft around z axis is applied to the shaft (the
imbalance is simulated).

Fig. 4. Bearing model based on Plane162 elements

To ease the task in a computational sense, the following simplifications of the model were introduced.

1. Hollow balls were inserted, which led to a decrease in the number of nodes in the model. In this case, the density
of the rigid part of the ball was recalculated so that the mass of the ball remained unchanged.

2. The finite element mesh was compacted near the contact surfaces. The dimensions of the elements in these areas
were minimal.

3. The structural elements of the system, whose rigidity can be neglected (shaft, separator), were made of the material
“Rigid”.

The calculation feature of the model under consideration is that for subsequent processing of the calculated vibration
acceleration signal (in particular, for applying the fast Fourier transform to it), it is required that the signal recording step
in time be constant.

3. Simulation of a local fault of the outer race of a bearing

The objective of the experiment-calculated study is to obtain vibration signals of a bearing for different degrees of
development of a local fault of the outer race of a rolling bearing. The problem is solved through superimposing a
sequence of short-term, rapidly decaying “single pulses” caused by the rolling element hitting a fault (pit) on the measured
signal of a healthy bearing. The sequence of pulses is obtained using the FEM model.

2 GOST 8882-75. Single Row Radial Sealed Ball Bearings. Technical Conditions. Electronic Fund of Legal and Regulatory Documents. URL:
https://base.garant.ru/5926172/ (accessed: 09.06.2026).
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The depth of the chipping pit is considered equal to the depth of the dangerous point in the contact zone of the rolling element
and the track when the endurance condition is violated — reaching equality of the amplitude value of the maximum equivalent
stress in the contact of the rolling element and the track to the endurance limit of the material — steel LITX15:

o = 25, (1)

The fatigue limit of steel IIIX15 GOST 801-79° during heat treatment of the type “quenching at 840°C in oil and
tempering at 300°C”, used for ball bearings, is 6-1 = 650 MPa. However, the fatigue limit 6-1 for a symmetrical stress
cycle is not suitable for contact strength calculations, since the contact stress cycle is zero (pulsating). The fatigue limit
in a zero-to-tension cycle co is determined using a schematized diagram of limiting amplitudes, linking the average cycle
stress om and its amplitude stress 6, = 6_; — yo,., where coefficient y = 0.2—0.3 for alloy steels. From which:

maxo

O

(1+vy)

To determine the maximum equivalent stress, we consider the stress state at a point located at depth z below the center
of the elliptical contact area. We introduce the coordinate system Cxyz: C — center of the elliptical contact area, z axis is
perpendicular to the contact area, x axis is directed along the major semi-axis of the contact area, y axis is directed along
the minor semi-axis of the contact area. The semi-axes of the contact area are: major — a, minor — b. For ease of writing
formulas, we denote: a/b =, z/a = C.

In areas parallel to the coordinate planes, the shear stresses are equal to 0, the normal stresses are the main ones and
are determined by the following formulas:

Gy = =520 MITa. )

1
G, =—Po s (3)

2
J1+E2- 1+([§J
S PO (AP VT 0 o FEC Y L By el S BLE
R {1 e +2¢-(L-K)-2u {1 RN +C (BZL Kﬂ} @)

2
1+ = -1
G,=—p" B_. -1+ j (BZ j —2@(1 L Kj+2p {1 P>+ + (L K)} &)
=—p, _I_ J1= (P> (1 — ,
. 1-p? J1+62 4+ B2+ 2 p? 1+¢?
where K(e), L(e) — complete elliptic integrals depending on eccentricity e of the elliptical contact area of the rolling
element and the bearing race.

The eccentricity of the contact area e, the greatest intensity of pressure between the contacting bodies po, the minor
semi-axis of the elliptical contact area are found from the Hertz problem of contact between spherical rolling elements
and a toroidal bearing race.

The equivalent tensile stress is determined from (3), (4) and (5) using the Huber-Mises strength hypothesis:

Gama=%.\/(Gx_0-)/)2+(6x_62)2+(6y_0-2)2. ©

According to the calculation results using formulas (1), (2) and (6) for the bearing under consideration, the depth of
the chipping pit on the inner raceway was 0.56 mm, on the outer raceway — 0.60 mm. Assuming the shape of the chipping
pit is hemispherical, its transverse size (diameter) is considered equal to twice the depth.

In the flat model of a healthy rolling bearing, we introduce a fault in the form of a V-shaped notch on the outer raceway
(Fig. 5). We round off the width and depth of the fault and take them equal to 0.5 mm.

Fig. 5. Bearing outer race fault model

3 GOST 801-79. Bearing Steel.


https://vestnik-donstu.ru/

Kolosova ZA, et al. Obtaining a Set of Vibrational Signals from Rolling Bearings with Varying Degrees ...

Such a change in the model of a healthy bearing can describe a single chipping pit. Moreover, it is practically
impossible to obtain an experimental vibration signal for a single chipping pit due to the long duration and labor intensity
of the experiment. A local fault of double width corresponding to a “double” chipping pit — two closely located pits that
merged into one — was also considered. Using these models in the LS DYNA program, vibration acceleration signals
were calculated in the vertical direction of the upper support point lying on the symmetry axis.

The calculation was carried out for the following parameters:

— dimensions of finite elements in contact zones a,; = 0.8 mm,;

— damping value in the material b = 0.25;

— radial load parameter go = 2160 kN/m;

— process implementation time 7= 1.2 s;

— signal recording time step A7z =1 ps.

4. Processing a set of signals

As a result of the measurement and simulation techniques described above, a set of vibration signals was generated,
including three signals measured on a laboratory setup and two signals obtained by mixing the simulated fault pulses with
the real signal of a healthy bearing. The combined signals are intended to fill gaps in the sample and compensate for the
lack of experimental data on bearings with an early-stage fault.

Fast Fourier transform was used to analyze the time and frequency characteristics of vibration signals, which allowed us
to obtain amplitude spectra in the frequency domain. Spectrum analysis was performed in a wide frequency range (0—8 kHz).

To isolate pulses caused by local faults, the signals were filtered in an octave frequency band of 5.4 kHz. The resulting
narrowband signals were used to identify fault pulses and calculate their maximum amplitudes.

The average value of the maximum pulse amplitudes was calculated as the arithmetic mean for all selected pulses in
a narrowband signal. This parameter was used to quantify the severity of the fault.

The following statistical parameters were calculated for quantitative evaluation and comparison of signals: root mean
square (RMS) of vibration acceleration, peak factor, and excess coefficient. The selection of these parameters was
validated by their efficiency in identifying local bearing faults [11, 12].

RMS was calculated using the following formula [13]:

1O
CK3= | Z X2, 7)
where x; — i-th vibration acceleration value, N — number of signal samples.
The peak factor was defined as the ratio of the maximum value of the signal to the RMS value [14]:
Pf = M, (®)
CK3
where x — vibration acceleration values.

The excess coefficient was calculated using the formula for a large sample (N > 100) [15, 16]:

1oo(x-x)

where x denotes the arithmetic mean value of vibration acceleration, s — standard deviation.

The calculated parameters were used to construct a correspondence table for the degree of development of the bearing
outer race fault, which made it possible to assess the likelihood of the simulated signals and their suitability for testing
vibration diagnostics methods.

Research Results

1. Measured signals

Three signals were obtained, corresponding to different states of the bearing: healthy condition, developed fault (multiple
pits), emergency condition (race crack). Figure 6 shows the shapes of vibration signals in the time domain (1 — healthy
rolling bearing; 2 — faulty bearing with developed chipping of the rolling raceways; 3 — bearing under the emergency

condition with a crack in the outer race).
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Fig. 6. Measured vibration acceleration signals

Figure 7 shows the amplitude spectra of signals in the frequency domain (1 — healthy rolling bearing; 2 — faulty
bearing with developed chipping of the rolling raceways; 3 — bearing under the emergency condition with a crack in the
outer race). As the fault develops, an increase in amplitudes is observed in the high-frequency region (about 5.4 kHz),
and sequences of short-term pulses appear in the signals.
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Fig. 7. Amplitude spectra of measured vibration signals

After filtering in the octave band of 5.4 kHz, the fault pulses were isolated. Narrowband signals are shown in Figures

8 and 9.
a, m/s?
30 '
I ! | |
0
=
=
4&3 T T T
g
3 =30
=
=)
wn
g -60
o 0.00 0.03 0.06 0.09 [
=y
=

Fig. 8. Narrowband vibration signal of a rolling bearing with developed chipping of the rolling raceways

250


https://vestnik-donstu.ru/

Kolosova ZA, et al. Obtaining a Set of Vibrational Signals from Rolling Bearings with Varying Degrees ...

a, m/s?

30

0.00 0.03 0.06 0.09 ts

Fig. 9. Narrowband vibration signal of a rolling bearing with a crack in the outer race

The average value of the maximum pulse amplitudes was: 24.3 m/s> — for a large multiple pit (a sequence of the
strongest pulses in a bearing signal with chipping); 39.8 m/s”> — for a race crack.

2. Combined signals

The pulses obtained through dynamic simulation of the FEM model are shown in Figure 10. The correct signal from
the setup, with which the pulses obtained were mixed, is shown in Figure 11.
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Fig. 10. Sequence of received pulses
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Fig. 11. Measured vibration signal of healthy bearing

Two combined signals were generated, corresponding to the early stages of the fault: with a single and double chipping
pit. Figure 12 shows the time representations of the signals obtained (1 (green line) — vibration signal of a healthy
bearing; 2 (blue line) — combined vibration signal of a faulty bearing with a single chipping pit; 3 (red line) — combined
vibration signal of a faulty bearing with a double chipping pit.
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Fig. 12. Combined vibration signals of a rolling bearing for different degrees of fault development

The signal with a single pit visually differs little from the healthy one due to the relative smallness of the pulses.
After filtering in the 5.4 kHz band, the fault pulses were isolated. Figure 13 shows a narrowband signal for a single pit.
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0.00 0.03 0.06 0.09 L8

Fig. 13. Narrowband signal of bearing with single chipping pit

The average value of the maximum pulse amplitudes was:

— 9.6 m/s* — for a single pit;

— 14.7 m/s* — for a double pit.

3. Comparison of statistical parameters of measured and calculated signals
For all signals, the following statistical parameters were calculated:

— average value of the maximum amplitude of fault pulses 4;

— RMS, calculated using formula (7);

— peak factor Pf, calculated using formula (8);

— excess coefficient E, calculated using formula (9).

The results are presented in Table 2.

Table 2
Statistical Analysis Results of Calculated Vibration Signals for Healthy and Faulty Rolling Bearings
Signal Technical condition A, m/s? RMS Pf E
Measured Healthy condition, 0 6.81 3.04 3.03
= no faults
3 Faulty, early stage of
g Combined v, carly stage of 10 6.86 3.86 3.10
8 development — single pit
' . Faulty, developed
4 )
E Combined fault — double pit 15 6.93 4.49 3.27
o
>
< Measured Faulty, developed 25 7.15 5.64 4.30
& fault — multiple pit
= Measured Emergency, race crack 40 7.67 6.96 8.09

Figure 14 shows the change in the normalized values of statistical parameters depending on the degree of fault
development.
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Fig. 14. Growth of statistical parameters depending on the fault development

Discussion. The main objective of this study was to develop a methodology for generating a set of bearing vibration
signals at various stages of development of a local fault of the outer race. The proposed approach, combining experimental
data and numerical modeling, made it possible to fill in the gaps in the experimental base, especially at the early stages
of the fault, whose acquisition under laboratory conditions was difficult due to the lack of appropriate samples.

The analysis of the signals obtained has shown that as the fault develops, characteristic changes are observed in both
the time and frequency domains. Sequences of short-term pulses appear in the signals, while in the spectra, there is an
increase in amplitudes in the vicinity of the bearing unit's natural frequency — ~5.4 kHz. These changes are due to the
impact nature of the interaction of the rolling elements and the faulty surface. When a fault enters the contact zone, an
impact occurs that excites the unit's own vibrations. The amplitude of these vibrations is modulated by the flicker
frequency of the fault, which manifests itself in the form of decaying pulses in the narrowband signal.

Statistical analysis revealed a steady increase in key diagnostic parameters — RMS, peak factor and excess
coefficient — as the damage degree increased, which is consistent with the expected behavior of the vibration signal
during the development of a local fault. However, a key aspect of the analysis was to check the likelihood of the
simulated signals included in the set to compensate for the lack of experimental data at the early stages of the fault.

The analysis has shown that the parameter values for combined signals logically fit into the general trend observed in
the measured signals. Thus, for a signal with a single pit (early stage), the RMS was 6.86 m/s?, the peak factor was 3.86,
and the excess was 3.10; for a signal with a double pit, it was 6.93 m/s?, 4.49, and 3.27, respectively. These values are
between the healthy state and the developed fault, indicating a consistent and physically based change in the signal with
an increase in the degree of damage.

Thus, the simulated signals not only fill the gaps in the set, but also retain the correct dynamics of changes in diagnostic
parameters, which confirms their validity and suitability for use as reference signals in the development and testing of
vibration diagnostics methods. However, the analysis of the trend characteristic has shown that the growth of the
parameters does not correspond to the threshold values specified in GOST R ISO 20816-1-20214 standard (an increase
of 2.5 times for a faulty state and 10 times for an emergency). This suggests that unified thresholds may not be accurate
enough for specific types of equipment, and that individual calibration of diagnostic models is required on the basis of
experimental or simulated data. The proposed methodology allows such calibration to be performed without the need for
long-term collection of fault statistics or intentional damage to equipment.

An important advantage of the approach is the ability to simulate the development of a fault for a specific bearing and
operating conditions. However, the method has limitations. In particular, creating a finite element model requires
significant time and skill resources. To reduce labor intensity, the key characteristics of the pulses generated by the fault
are analyzed:

— carrier frequency of the pulse is equal to the natural frequency of the bearing unit — 5.4 kHz;

— largest pulse amplitudes — random with an average value 1 m/s%

— pulse repetition frequency coincides with the frequency of the fault (flickering of the rolling elements on the outer race);

— initial phase — random;

— pulse shape — exponentially decaying.

* GOST R ISO 20816-1-2021. Mechanical Vibration. Measurement and Evaluation of Machine Vibration. Electronic Fund of Legal and Regulatory
Documents. URL: https://docs.cntd.ru/document/1200182677 (accessed: 20.05.2025).
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The amplitude distribution and attenuation pattern correspond to those observed in real signals with a crack in the
race. This indicates that the pulse generated by the fault can be described analytically, which makes it possible to replace
resource-intensive FEM modeling with simulating predetermined pulse shapes and thereby significantly simplify and
speed up the signal generation procedure.

Thus, the proposed technique not only solves the problem of forming a complete set of signals for vibration
diagnostics, but also opens up the prospect of creating individualized diagnostic models adapted to specific equipment.
In the future, it is planned to develop a simplified algorithm for generating pulses based on the obtained characteristics,
which will make the method more accessible for practical application.

Conclusion. During the research, a method for generating a test set of vibration signals from rolling bearings was
developed, combining experimental data and numerical modeling. The proposed approach provides reproducing various
stages of the development of a local fault in the outer race, including early ones for which there are no experimental
samples, without the need for long-term data accumulation or equipment damage.

The analysis has shown that the simulated signals fit correctly into the general trend of changes in diagnostic
parameters (RMS, peak factor, excess), which confirms their validity and suitability for testing vibration diagnostics
methods. The resulting set of signals can serve as a standardized basis for comparative evaluation of diagnostic algorithms.

The practical significance of the work involves reducing the costs of experimental research, accelerating the
verification of diagnostic models, and increasing the reliability of assessing the technical condition of equipment.

In the future, it is planned to simplify the generation of pulses based on the identified mathematical characteristics,
expand the methodology to other types of bearings and faults, as well as integrate it with data analysis techniques to create
solutions in the field of predictive maintenance.

References

1. Nguyen Duc Thuan, Hoang Si Hong. HUST Bearing: A Practical Dataset for Ball Bearing Fault Diagnosis. arXiv.
2023. https://doi.org/10.48550/arXiv.2302.12533

2. Jing Liu, Yimin Shao. A New Dynamic Model for Vibration Analysis of a Ball Bearing due to a Localized Surface Defect
Considering Edge Topographies. Nonlinear Dynamics. 2015;79:1329-1351. https://doi.org/10.1007/s11071-014-1745-y

3. Halmos F, Wartzack S, Bartz M. Investigation of Failure Mechanisms in Oil-Lubricated Rolling Bearings under
Small Oscillating Movements: Experimental Results, Analysis and Comparison with Theoretical Models. Lubricants.
2024;12(8):271. https://doi.org/10.3390/lubricants 12080271

4. Jain PH, Bhosle SP. Mathematical Modeling, Simulation and Analysis of Non-Linear Vibrations of a Ball Bearing
due to Radial Clearance and Number of Balls. Materials Today: Proceedings. 2023;72(3):927-936.
https://doi.org/10.1016/j.matpr.2022.09.093

5. Menck O. The Finite Segment Method—A Numerical Rolling Contact Fatigue Life Model for Bearings Subjected
to Stochastic Operating Conditions. ASME Journal of Tribology. 2023;145(3):031201. https://doi.org/10.1115/1.4055916

6. Wrzochal M, Adamczak S. The Problems of Mathematical Modelling of Rolling Bearing Vibrations. Bulletin of the Polish
Academy of Sciences: Technical Sciences. 2020;68(6):1363—1372. https://doi.org/10.24425/bpasts.2020.135398

7. Lihai Chen, Ao Tan, Lixiu Yang, Xiaoxu Pang, Ming Qiu. Defect Size Evaluation of Cylindrical Roller Bearings
with Compound Faults on the Inner and Outer Races. Mathematical Problems in Engineering. 2022;2022(2):1-12.
https://doi.org/10.1155/2022/6070822

8. Malanchuk Y, Moshynskyi V, Korniienko V, Malanchuk Z. Modeling the Process of Hydromechanical Amber
Extraction. E3S Web of Conferences. 2018;60:00005. https://doi.org/10.1051/e3sconf/20186000005

9. Ali Safian, Hongsheng Zhang, Xihui Liang, Nan Wu. Dynamic Simulation of a Cylindrical Roller Bearing with a
Local Defect by Combining Finite Element and Lumped Parameter Models. Measurement Science and Technology.
2021;32(12):125111. https://doi.org/10.1088/1361-6501/ac2317

10. Tianhe Wang, Lei Chen, Hong Lu, Shaojun Wang, Zhangjie Li, Wei Zhang, et al. Finite Element Dynamic Model and
Vibration Signal Simulation of Rolling Bearing with Local Faults. In: Proc. 18th International Manufacturing Science and
Engineering Conference. New York NY: ASME. 2023;2:105504. https:/doi.org/10.1115/MSEC2023-105504

11. Gururaj Upadhyaya, Kumar HS. A Comparative Study of Statistical Features Used in Rolling Element Bearing Health
Diagnosis Using Six Sigma Approach. In: Proc. 2nd Indian International Conference on Industrial Engineering and Operations
Management. Southfield, MI: IEOM Society International; 2022. https://doi.org/10.46254/IN02.20220244

12. Jain PH, Bhosle SP. Study of Effects of Radial Load on Vibration of Bearing Using Time-Domain Statistical
Parameters. IOP Conference Series: Materials Science and Engineering. 2021;1070:012130. https://doi.org/10.1088/
1757-899X/1070/1/012130

13. Trufanov NN, Churikov DV, Kravchenko OV. Application of Spectral Analysis Methods for Data Pre-processing
of Anomaly Detection Problem of Vibration Diagnostics in Non-destructive Testing. Journal of Physics: Conference
Series. 2021;2127:012028. https://doi.org/10.1088/1742-6596/2127/1/012028



https://vestnik-donstu.ru/
https://doi.org/10.48550/arXiv.2302.12533
https://doi.org/10.1007/s11071-014-1745-y
https://doi.org/10.3390/lubricants12080271
https://doi.org/10.1016/j.matpr.2022.09.093
https://doi.org/10.1115/1.4055916
https://doi.org/10.24425/bpasts.2020.135398
https://doi.org/10.1155/2022/6070822
https://doi.org/10.1051/e3sconf/20186000005
https://doi.org/10.1088/1361-6501/ac2317
https://doi.org/10.1115/MSEC2023-105504
https://doi.org/10.46254/IN02.20220244
https://doi.org/10.1088/1757-899X/1070/1/012130
https://doi.org/10.1088/1757-899X/1070/1/012130
https://doi.org/10.1088/1742-6596/2127/1/012028

Kolosova ZA, et al. Obtaining a Set of Vibrational Signals from Rolling Bearings with Varying Degrees ...

14. Garad A, Sutar KB, Shinde VJ, Pawar AC. Analysis of Vibration Signals of Rolling Element Bearing with
Localized Defects. International Journal of Current Engineering and Technology. 2017;7:37—42.

15. Tetter V, Tetter A, Denisova 1. Researching the Possibility of Determining the Technical Condition of Rolling
Bearings by the Kurtosis Factor. In: Proc. International Russian Automation Conference (RusAutoCon). New York City:
IEEE; 2023. P. 149-153. https://doi.org/10.1109/RusAutoCon58002.2023.10272799

16. Puzyr V, Mykhalkiv S. Classification of the Technical Condition of Rolling Bearing by the Scalar Indicators and
Support Vector Machines. Progresivna tehnika, tehnologid ta inzenerna osvita. 2023.

About the Authors:
Zoya A. Kolosova, Postgraduate student of the Automation and Control Department, South Ural State University
(76, Lenin Ave., Chelyabinsk, 454080, Russian Federation), ORCID, SPIN-code, ScopusID, ResearchGate, kolosovaza@susu.ru

Olga P. Kolosova, Cand.Sci. (Eng.), Professor of the Technical Mechanics Department, South Ural State University
(76, Lenin Ave., Chelyabinsk, 454080, Russian Federation), ORCID, kolosovaop(@susu.ru

Dmitry A. Shnayder, Dr.Sci. (Eng.), Professor of the Automation and Control Department, South Ural State
University (76, Lenin Ave., Chelyabinsk, 454080, Russian Federation), ORCID, SPIN-code, ScopusID, ResearcherID,
ResearchGate, shnaiderda@susu.ru

Claimed Contributorship:

ZA Kolosova: formal analysis, writing — original draft preparation.
OP Kolosova: methodology, visualization.

DA Shnayder: conceptualization, writing — review & editing.

Conflict of Interest Statement: the authors declare no conflict of interest.
All authors have read and approved the final manuscript.

00 asmopax:

30 AuexcanapoBHa KomocoBa, acnmpant kadeapsl «ABroMaTHka u ympasieHue» HOxHO-Ypaibckoro
rocynapctBeHHoro yamuBepcureTa (454080, Poccmiickas ®epepanws, r. YenstOuack, np. Jlenuna, 1. 76), SPIN-kom,
ORCID, ScopuslD, ResearchGate, kolosovaza@susu.ru

Oubra IlerpoBna KosiocoBa, KaHAMIAT TEXHUYECKHX HayK, npodeccop kadenpsl «TexHHUYeckass MeXaHUKa»
IOxHO-Ypanbckoro rocymapctBeHHoro  yHmBepcureTa (454080, Poccwiickas ~®enmepanms, T. UensOuHCK,
np. Jlenuna, 1. 76), ORCID, kolosovaop@susu.ru

JAvutpuii Ajexcanapoud lllnaiinep, moxkTOop TeXHUYECKHUX Hayk, mpodeccop kadeapsl «ABTOMATHKA WU
ynpasienue» HOxHo-Ypanbeckoro rocyaapctBeHHoro yHuBepcurera (454080, Poccuiickas deneparus, YensOnHckas
obmacte, r.Yensabunck, mnp. Jlemmna, x.76), SPIN-xom, ORCID, ScopusID, ResearcherID, ResearchGate,
shnaiderda@susu.ru

3aneneHHblIl 6K1A0 ABMOPOB:

3.A. KomnocoBa: (hopManbHBIN aHAI3, HATIICAHNUE YSPHOBHUKA PYKOIIHICH.

O.I1. KonocoBa: pa3paboTka METOI0JI0T MY, BU3YAIN3AIIHSI.

J.A. llTHaiinep: pa3paboTka KOHIENIINHY, BHECEHHE 3aMEYaHHi 1 UCIIPABICHUI B TEKCT PYKOIIUCH.

Kongauxm unmepecos: aBTOpbI 3asIBISIOT 00 OTCYTCTBHHM KOH(JIMKTA HHTEPECOB.
Bce asmopui npouumanu u 0006puiu 0KOHYAmMeEbHbLIL 6APUAHN PYKORUCU.

Received / [Tocrynuaa B pexaknuio 16.06.2025
Reviewed / Iloctynuiaa nociie penensuposanus 02.07.2025
Accepted / IlpunsaTa k mydaukanuu 21.07.2025

Information Technology, Computer Science and Management

255


https://doi.org/10.1109/RusAutoCon58002.2023.10272799
https://orcid.org/0000-0002-5485-9852
https://elibrary.ru/author_profile.asp?authorid=1247772
https://www.scopus.com/authid/detail.uri?authorId=59198139900
http://www.researchgate.net/profile/Zoya-Kolosova
mailto:kolosovaza@susu.ru
https://orcid.org/0009-0009-9915-0749
mailto:kolosovaop@susu.ru
https://orcid.org/0000-0001-7275-6569
https://www.elibrary.ru/author_profile.asp?authorid=483180
https://www.scopus.com/authid/detail.uri?authorId=57219166252
https://www.webofscience.com/wos/author/record/R-6261-2016
https://www.researchgate.net/profile/Dmitriy-Shnayder
mailto:shnaiderda@susu.ru
https://elibrary.ru/author_profile.asp?authorid=1247772
https://orcid.org/0000-0002-5485-9852
https://www.scopus.com/authid/detail.uri?authorId=59198139900
http://www.researchgate.net/profile/Zoya-Kolosova
mailto:kolosovaza@susu.ru
https://orcid.org/0009-0009-9915-0749
mailto:kolosovaop@susu.ru
https://elibrary.ru/author_profile.asp?authorid=483180
https://orcid.org/0000-0001-7275-6569
https://www.scopus.com/authid/detail.uri?authorId=57219166252
https://www.webofscience.com/wos/author/record/R-6261-2016
https://www.researchgate.net/profile/Dmitriy-Shnayder
mailto:shnaiderda@susu.ru

https://vestnik-donstu.ru

256

Advanced Engineering Research (Rostov-on-Don). 2025;25(3):256-268. eISSN 26871653

INFORMATION TECHNOLOGY,
COMPUTER SCIENCE AND MANAGEMENT
NHOPOPMATHUKA,
BBIYUCJ/IUTEJBbHAS TEXHUKA U YIIPABJIEHHUE

ek uadeis
BY

UDC 004.94; 303.732 Original Theoretical Research
https://doi.org/10.23947/2687-1653-2025-25-3-256-268

Improving Business Process Model and Notation Diagrams E E
with the Node-Function-Object Approach . -
Alexander G. Zhikharev'=', Elena V. Malkush, Sergey I. Matorin"='

Belgorod State National Research University, Belgorod, Russian Federation E
X matorin@bsuedu.ru EDN: PWKCXM
Abstract

Introduction. The BPMN standard system (notation) is widely used in business process modeling. However, it is not
expressive enough to represent technical and production mechanisms. BPMN poorly describes parallel flows with strict
resource constraints, insufficiently supports modeling of physical parameters and technological conditions. These and
other shortcomings worsen the analysis of performance and reliability, reduce the applicability of models for optimization
and verification. The objective of the presented work is to create a method that uses an alternative notation and thus limits
the impact of the listed shortcomings of BPMN in modeling production processes.

Materials and Methods. The basis of the new solution was a comparison of BPMN and the notation for the system
“node — function — object” (NFO). The elements of the diagrams were the intersections of some connections (nodes).
They contained functional elements (functions, processes), which in some cases also had the characteristics of a
substance (objects). A comparative analysis of the normative systems of BPMN and NFO showed the possibility of
mutual transformation of diagrams. The processes were visualized using the CASE (Computer Aided Software
Engineering) tool NFO-toolkit and the Stormbpmn program according to the BPMN rules. The NFO diagram was
described in the XPDL! language.

Results. Six sequential operations have been developed for converting a NFO diagram into BPMN, and four — for the
reverse transformation. The scheme of component production is shown in the context and decomposition, from the
requirement for the development of the workflow to the issuance of products. Decompositions of the NFO elements
“Injection Molding Machine”, “Master” and “Development Department” are presented, each of which corresponds to a
decomposition of the same-name track of the BPMN notation pool. It has been proven that converting a BPMN diagram
to a NFO improves the description of the process as a whole and to any degree of detail. The NFO approach does not
refer to the graphical notation system of BPMN, which increases labor costs and the risk of simulation errors. The XPDL
language describes processes, connectors, splitters, relationships, external entities, and other elements of NFO diagrams.
Discussion. The main advantages of NFO notation over the BPMN approach are: easier procedure for creating models
and their better visualization. A simple graphic set of NFO reduces simulation time and increases its accuracy. The NFO
approach is focused on taking into account information and material connections. This means that it is possible to conduct
functional cost CASE analysis, which is impossible using the BPMN method. The XPDL language is suitable for
describing elements of NFO diagrams, and the solution can be Russified.

Conclusion. Content redundancy and other shortcomings of the BPMN notation are eliminated through using a more universal
and convenient notation — NFO. The research results will contribute to the development of the theory and practice of graph-
analytic modeling of production processes, and simplify the procedure for their development and automation.

Keywords: graph-analytic modeling of production processes, process automation model, BPMN notation, NFO notation,
“node — function — object” system, CASE tool NFO-toolkit, XPDL language

! XPDL Support and Resources. URL: https://wfmc.org/xpdl/ (accessed: 08.06.2025).
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AHHOTaNUs

Beeoenue. Tlpn MonennpoBaHn OHM3HEC-IIPOLIECCOB IIMPOKO HCIOJIB3yeTCsi HOpMaTuBHas cucteMa (Hotarws) BPMN.
OnHako OHa HEOCTAaTOYHO BRIPA3UTENbHA [UIS ITPEACTABICHUS TEXHUIECKUX 1 ITPOU3BOACTBEHHBIX MeXaHN3MOB. BPMN
IUTOXO ONHMCHIBAET IAPAJUIEIbHBIE OTOKHU C KECTKUMHU PECYPCHBIMH OTPAaHWIECHHSIMH, C1a00 TOAECPKUBAET MOJIEIIHPO-
BaHKe (U3MYECKUX MTAPaMETPOB M TEXHOJIOTHUECKHUX YCIOBUIL. DTH U IPyTUe HEOUYEThl YXYALIAI0T aHAN3 TPOU3BOM-
TEJIHOCTH U HAJIGKHOCTH, CHIDKAIOT MPUMEHUMOCTD MOJIeNIeH JUIsl ONTHMHU3alMu U Bepudukanuu. Llens npeacrasieH-
HOH pabOTBI — CO37aTh METOJI, KOTOPBIH 3a/1eHICTBYET albTEPHATHBHYIO HOTAIMIO M TAKUM 00pa30M OIPaHWYUT BIMSHHUE
NIEPEUUCIIEHHBIX HegocTaTkoB BPMN nipu MozsenupoBaHuu IpOU3BOACTBEHHBIX [TPOLIECCOB.

Mamepuanst u memoost. bazoii HoBoro pemenus 6pu10 conocraBieHrne BPMN u HoTarmu u1st cUcTEMBI «y3el — (QyHK-
it — 00BekT» (YDO). DieMeHTH quarpaMM — 3TO TEPEKPECTKH HEKOTOPHIX CBs3el (y31bl). B HUX pacmooskeHbl
(yHKIIMOHATIBHBIE AJIEMEHTHI ((PYHKIUH, IPOLECCH), IMEIOMINE B HEKOTOPBIX CIIydasX M XapaKTEPUCTUKU CyOCTaHIINU
(o6wexThr). CpaBHUTENBHBIN aHAN3 HOpMAaTUBHBIX cucTeM BPMN n Y®O nokasan BO3MOKHOCTb B3aHMHOT'O TIpeodpa-
3oBaHUA auarpamm. [Iporeccsl BuzyanusupoBanu ¢ momomsio CASE-maCcTpyMeHTa (0T aHra. computer aided software
engineering) NFO-toolkit (ot anrn. nHabop uHctpymentoB Y®O) u mporpammbsl Stormbpmn mno mnpasuiam BPMN.
V®O-auarpammy onmcany Ha a3bike XPDL2,

Pesynomamol uccneoosanus. PazpaboraHbl mecTh MOCIENOBATENbHBIX omepanuii mis npeobpazoanus Y PO-ana-
rpammbl B BPMN u wetsipe — aist oOpatHoii Tpancopmarin. B KoHTEKCTe 1 IEKOMITO3UINH TIOKa3aHa CXeMa BBITYCKa
KOMIUIEKTYIOIINX — OT TpeOOBaHUs Ha pa3pabOTKy TEXHOJIOTHYECKOro Ipolecca A0 BblAaun u3aeiuil. [IpeacraieHsl
nexomnosunuu Y ®0O-anemento « TepmoruacraBromary, «Mactep» u «OTen pa3zpadoTKi», KakJ0My U3 KOTOPBIX CO-
OTBETCTBYET JIEKOMIIO3UIMS OJHOWMEHHON HOopokku Iyna BPMN-noTamum. [lokazaHo, 9To mpeoOpa3oBaHHE Ha-
rpammbel BPMN B YOO ynydmmmaer onncanue mporecca B IeIoM U ¢ JIF000# cTeneHsio noapodHoctu. Y @O-moxxon He
oOpainaercs k rpaduueckoii cucreme obo3naueHnii BPMN, u3-3a koTopo#i BO3pacTaroT Tpy103aTpaThl U PUCKH OLINO0K
MozenupoBanus. Ha si3pike XPDL onmcaHbl mpomecchl, COeTMHNTENH, Pa3BETBUTENH, CBS3H, BHEIIHIS CYIIIHOCTD U IPY-
rue sneMenTsl Y @O-auarpamm.

Oocyacoenue. OcuoBHbie ipeumytinectBa Y ®O-notaiuu nepeq BPMN-nogxomom: 6osiee jgerkas mpoueaypa Co3aaHus
MoJierniel 1 Jydnias uX HarisigHocTb. [Ipocroii rpagudeckunit Habop YPO cokpaiaer BpeMs: MOJEIMPOBAHHS U MTOBbI-
II1aeT ero To4HoCTh. Y PO-1101X0/] OpHEHTHPOBAH Ha y4eT HH()OPMAIIMOHHBIX ¥ MaTePHAIBbHBIX CBS3€H. 3HAUUT, MOKHO
MPOBOIUTH PYHKIHOHAIEHO-CTOUMOCTHON CASE-ananu3, uto HeBbinoaauMo Meto oM BPMN. S3pik XPDL moxxoaut
JUIsL onMcaHus 31eMeHToB Y PO-quarpaMm, Mpu4eM penieHHe MOXHO PyCH(UIIMPOBATE.

3akntouenue. ConepxarenpHas W30BITOYHOCTD U Ipyrue HepocTaTky HoTauu BPMN nckimtogatoTest mpy UCIoab30Ba-
HuH OoJiee yHUBepcalbHON U yA00HO# HoTarun — Y DO. Utoru nccnegoBanus OyIyT CIIOCOOCTBOBATh Pa3BUTHIO TEO-
PHH U MIPAKTUKH TPpadoaHATUTHIECKOTO MOAEIUPOBAHHUS IPOU3BOICTBEHHBIX ITPOIIECCOB, TIO3BOJIST YIIPOCTHTH HPOLIE-
IOypy UX pa3pabOTKH U aBTOMAaTH3AIHH.

KaoueBsbie cioBa: rpadoaHaliuTrieckoe MOACIMPOBAHUE MPOM3BOACTBEHHBIX IMPOIIECCOB, MOJEIb aBTOMATHU3AIHN
mporecca, Hotarss BPMN, votarmus Y®O, cucrema «y3en — pyHKIms — o0bekt», CASE-unctpyment NFO-toolkit,
s13p1k XPDL

BbaarogapHocTi. ABTOpBI BEIpa)KaroT MPHU3HATEIBHOCTH KOJUIETaM 110 Kadeape 3a MoMOIIb B HOAOOPE MaTepHaIoB 110
BPMN. Bbraromapum peaakuMOHHYIO KOMaHAy >KypHala M PEHEeH3E€HTa 3a KOMIIETCHTHYIO JKCIEepPTHU3y W LICHHBIC
PEKOMEHIALNH IO YITyUYIIEHHIO CTAThH.

2 XPDL Support and Resources. URL: https:/wfmc.org/xpdl/ (nata o6pamenus: 08.06.2025).
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Introduction. Information systems and technologies provide automation of processing and production, which is
essential for the modern economy [1]. Thus, in 2024, the analytical portal [aaSSaaSPaaS reported that BPM (Business
Process Management) systems are used in Russia by about 12,000 organizations, and hundreds of IT companies are
engaged in the implementation?.

An integral part of the procedure for creating such solutions is the formulation of requirements for them. This is an
important element of design [2], which is based on modeling and analysis of automated processes [3]. The analysis is
performed using both mathematical tools and graphical notations (IDEF, DFD, EPC, BPMN families, etc. [4]). Each of
the listed groups has its own characteristics [5], which are assessed differently by researchers and users [6].

One of the most popular notations is BPMN specification (Business Process Model and Notation) 4. According to the
statistical report of the company “Business Logic”, BPMN is widely used to describe business processes and occupies
more than half of the market — 54% [7]. This particular notation is recommended to be used, e.g., in [8]. At the same
time, BPMN has significant disadvantages®, and they have been repeatedly discussed in the literature. Some of them are
listed below:

— complex semantics and modeling methods [8];

— hard-to-read linear diagrams when using multiple tracks [9];

— inability to specify the cost of performing actions in monetary terms [8];

— connecting elements do not reflect material and information flows [10];

— difficult-to-model big hierarchical systems, which include large organizations [11].

Business process modeling experts admit that such shortcomings often cause errors when constructing diagrams in
BPMN notation. Diagrams can be incomprehensible. This complicates the interaction between developers and can cause
the design deadlines to be missed® ’. There have even been proposals to abandon BPMN. The author of one such work®
claims that the notation in question has no particular advantages. He compares BPMN to a cargo cult, i.e., mechanical
copying of actions without understanding the essence of the processes. It is noted that the system was proposed not by
business practitioners, but by software developers.

BPMN has integrated tools for translating diagrams into business process execution languages (e.g., XPDEL) [12],
and the literature contains recommendations for converting other notations into BPMN. Thus, in [13], IDEFO is considered
from this point of view.

Therefore, the shortcomings of BPMN are known and widely discussed, but there are no constructive suggestions for
overcoming them in the public domain. The presented study is intended to fill this gap. The objective of this work is to
create alternative, more universal notations that will reduce the impact of the above-mentioned shortcomings of BPMN
in modeling production and processing. First of all, it is necessary to solve problems related to the difficulties of modeling
and reading diagrams.

Materials and Methods. The authors [14] investigated graph-analytic notations as normative systems. In this sense,
the notation of the system-object approach “node — function — object” (NFO approach) turned out to be more universal in
comparison with other graphic notations. In this case, universality is provided by the representation of any system in the
form of an element “node — function — object” [10], for which the following statements are true.

Node — a structural element of a supersystem. It represents a crossroad of connections (flows of transmitted
elements) of a system with other systems in this supersystem.

Function — a functional element. 1t performs a certain role to support the supersystem through balancing a given
node (transforming input flows into output flows).

3 BPM Systems Market 2024: Analytical Review. URL: https://iaassaaspaas.ru/rating/bpm-sistemy (accessed: 12.06.2025).

* Top-8 Methods of Business Process Analysis for 2025. (In Russ.) URL: https:/listohod.ru/blog/top-8-metodov-analiza-biznes-processov (accessed:
12.06.2025).

> BPMN Notation: Pros, Cons, and Scope. (In Russ.) URL: https://www.directum.ru/blog-post/notacija_bpmn__pljusy minusy i_oblast primenenija
(accessed: 12.06.2025).

¢ Typical Mistakes in Modeling Business Processes in BPMN Notation. (In Russ.) URL: https://www.artofba.com/post/common_mistakes_bpmn_dia-
grams_partl_ru (accessed: 12.06.2025).

" Top 25 Errors in BPMN. (In Russ.) URL: https://bpmn2.ru/blog/top-25-oshibok-bpmn (accessed: 12.06.2025).

§ Why You Should Abandon BPMN. (In Russ.) URL: https://habr.com/ru/articles/681262 / (accessed: 12.06.2025).
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Object — a substantial element. This function is implemented in the form of a certain material formation that has
design, operational and other characteristics.

The content classification of connections as flows of elements assumes two levels. In material connections, there are
substantial (S) and energy (E). In information connections, there are data (D) and control (C) connections.

The analysis of existing graphic notations shows that their alphabet and, accordingly, diagrams, are intersections of
connections in which functional elements are located, which in some cases have the characteristics of a substance. Thus,
all alphabetic elements of all graphic notations are nodes with functions and often with object characteristics. This allows
us to consider the notation of the NFO approach, i.e., NFO notation as universal [14].

The following are the correspondences between BPMN and NFO notations. They are found during comparative
analysis and will be the basis for solving the problems of diagram transformations and their evaluation.

1. BPMN Activity corresponds to NFO element that has both a node and a function defined, and is assigned the name
“Subprocess”. The decomposition diagram of such an element contains NFO elements named “Tasks”. BPMN Pool or
Track as a context of subprocesses corresponds to NFO element that has a node, a function, and an object defined.

2. BPMN Gateway corresponds to NFO element, which has both a node and one of the logical functions defined:
“AND”, “OR", “Exclusive OR”, “Complex”, etc.

3. BPMN Sequence Flow corresponds to the relationship of NFO notation named “Control Transfer”.

4. BPMN Message Flow corresponds to the relationship of NFO notation named “Message”.

5. BPMN Event corresponds to the relationship of NFO notation with the name of the corresponding event.

For visualization, we use the CASE tool (Computer Aided Software Engineering) NFO-toolkit and the Stormbpmn
program in accordance with the BPMN rules.

Thus, according to the stated research objective, we use the listed materials and methods to assess the potential of
transforming NFO diagrams into BPMN diagrams and vice versa. Let us consider the possibility of full replacement of
BPMN diagrams with NFO diagrams. We find out, firstly, to what extent the NFO approach is able to eliminate the
shortcomings of BPMN diagrams. Secondly, we study the task of describing NFO diagrams in the XPDL language®.

Research Results. To implement the tasks and goals of the work, we simulate a production situation: we show a
diagram of the interaction of departments associated with the component release.

Converting NFO diagram to BPMN. Converting diagrams in system-structural notations (particularly, in DFD and
IDEFO0) to NFO diagrams does not require the development of a specific procedure. NFO diagram in which NFO elements
are functional nodes (without defining objects) is equivalent to DFD diagram. NFO diagram in which NFO elements are
defined to the object level and there is no relationship “Mechanism” is equivalent to IDEFO diagram. Thus, for the
situation under consideration, instead of developing recommendations for converting various notations into BPMN, a
method for converting NFO diagrams into BPMN is needed. This transformation is provided through performing six
operations, which are described below. The correspondence of BPMN elements and NFO is given in the Materials and
Methods section. The logical operation sign “—” (implication) means replacing the object to the left of the sign with the
object to the right of it.

1. Context NFO diagram is converted to BPMN pool.

1.1. Context NFO element as a process or object = open BPMN diagram pool.

1.2. External entities of the context NFO diagram — closed BPMN diagram pools.

1.3. Functional (external) relationships of the context NFO element as a process or object that are not related to external
entities (or it is not practical to show these entities) — start or end events in the open BPMN pool.

2. Processes on decomposition of the context object of NFO diagram are transformed into BPMN subprocesses or
into pool tracks.

2.1. Processes on decomposition of context NFO element as a process or object —» BPMN subprocesses, if the open
pool has one track.

2.2. Processes on decomposition of context NFO element as a process or object — tracks of the open BPMN pool, if
the open pool has several tracks.

3. NFO diagram relationships are converted into BPMN diagram relationships.

3.1. Information relationships (flows) according to NFO diagram data - BPMN message flows or data objects.

3.2. Information relationships (flows) according to NFO diagram control - BPMN operation flows.

Information Technology, Computer Science and Management

3.3. Material relationships (flows) of NFO diagram — BPMN operation flows with corresponding names.

® XPDL Support and Resources. URL: https://wfimc.org/xpdl/ (accessed: 08.06.2025).
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4. Multiple input and output relationships of NFO elements as processes are connected to BPMN subprocesses via
gateways.

4.1. If NFO element has several input arrows, they are connected through a gateway whose logical function is
determined by the value of the input connections.

4.2. If NFO element has several output arrows, they exit through a gateway whose logical function is determined by
the value of the output connections.

5. If NFO elements corresponding to the subprocesses are decomposed, then the processes in these
decompositions - BPMN tasks.

6. Markers corresponding to the names of the relationships are installed on the relationships, if this makes sense.

Figures 1-3 show an example of converting NFO diagram into BPMN diagram using the procedure presented above.
The NFO diagrams (Fig. 1 and 2) were created using the CASE tool NFO-toolkit, and the BPMN diagram (Fig. 3) was
created using the Stormbpmn program in accordance with the BPMN rules.

Special tool shop

Design and Technology Department

73 T
Application for special tool Special tool
| h 4

Drawing and processing
Production of components using special equipment

[ L3 [
Application for blanks Blanks Components
v L

‘Warehouse

Fig. 1. Context NFO diagram

Application for special tool

Determination of
requirements for blanks and
tools. Production scheduling

hd

Special tool

Drawing and processing
Production scheduling

Drawing and processing Drawimng and processing

v A

Parts production

—»
Parts C oulponlent
fabrication

i Drawing and processing
Application for blanks I
Reject Components
Quality
control
Reject
I J 51! . J
{ OR j— Reject
Components
Blanks
~

Fig. 2. Decomposition of context NFO diagram
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Special tool shop
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Fig. 3. BPMN diagram corresponding to NFO diagrams

Figure 3 shows clearly the problem of visibility and comprehensibility of the BPMN diagram. The reason is the
requirement of the IDEF3 standard integrated into BPMN for the presence of only one input and one output. The fact is
that each organizational-business and engineering-manufacturing process involves not only the transformation of the
input product into an output one, but also document flow. Thus, any process must have at least two inputs and two outputs:
product (material or informational) and documentary (informational). This is not taken into account by the programmers
who created BPMN. In addition, Figure 3 allows us to state that event marker icons essentially do not add anything to the
diagram content, since all connections are labeled. At the same time, graphic elements are more difficult to use. You need
to remember both their meaning and the placement rules.

Converting BPMN diagram to NFO. The following four operations provide converting BPMN diagram to NFO.
The correspondence between BPMN and NFO elements is presented in the Materials and Methods section. The logical
operation sign “—” (implication) means replacing the object to the left of the sign with the object to the right of it.

1. BPMN pool with relationships is converted into context NFO diagram.

1.1. Pool = context NFO element defined to the object level.

1.2. Pool start event and end event(s) — functional relationships of the context NFO element corresponding to the
NFO approach relationship classification.

1.3. If, in addition to the pool, there are tracks associated with it, then the pool relationships with tracks — functional
relationships of the context NFO element corresponding to the classification.

1.4. Tracks external to the pool - NFO elements (defined to the object level) as external entities in relation to the
context NFO element.

1.5. If there are BPMN elements on the external tracks, then these tracks — NFO elements with subsequent
decomposition.

2. BPMN pool tracks are transformed into a decomposition diagram of context NFO element corresponding to
BPMN pool.

2.1. Pool track — decomposition elements of context NFO element corresponding to BPMN pool.

2.2. Each BPMN track — NFO element defined to the object level.

2.3. Start event(s) and end event(s) of a track, as well as relationships to other tracks (if any) — functional relationships
of NFO element corresponding to a track from the NFO approach relationship classification.

3. Subprocesses on BPMN track are transformed into NFO element decomposition diagram corresponding to the
BPMN track.

3.1. Subprocesses on BPMN track — elements of decomposition of NFO element corresponding to BPMN track.

3.2. Each BPMN subprocess — NFO element defined to the function level.
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3.3. Subprocess relationships — relationships from the NFO approach relationship classification taking into account
BPMN event triggers.

3.4. BPMN track gateways — NFO elements with certain logical functions.

3.5. Gateway relationships — relationships from the NFO approach relationship classification taking into account
BPMN event triggers.

4. The tasks of BPMN subprocess are transformed into a decomposition diagram of the NFO element
corresponding to the BPMN subprocess.

4.1. BPMN subprocess tasks — decomposition elements of the NFO element corresponding to the BPMN subprocess.

4.2. Each BPMN task — NFO element defined to the function level.

4.3. Task relationships — relationships from the NFO approach relationship classification taking into account BPMN
event triggers.

4.4. BPMN subprocess gateways — NFO elements with defined logical functions.

Figures 4-9 show an example of converting BPMN diagram into NFO using the above procedure. Here, the BPMN
diagram (Fig. 4) was also created using the Stormbpmn program in accordance with the BPMN rules. To build the NFO
diagram (Fig. 5-9), the CASE tool NFO-toolkit was used.

The scheme of production of plastic components from the requirement for development of the process to the issuance
of products is shown. In this case, the following are taken into account:

— development, analysis and fine-tuning of the process for manufacturing a part on an injection molding machine;

— parameters for setting up the injection molding machine;

— obtaining plastic;

— loading the machine;

— heating the plastic to a specified temperature;

— forming and releasing products.
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é Setting e process
ﬁ o' |Requirement for . i | has been
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ERIE of the developed g injection molding and loading the Product
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& process machine machine
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2 g Heating plastic to a Formation of Issuance of
i given temperature products products
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Fig. 4. BPMN diagram
Plastic Product
L] 4
TOR for developing the process Process development for manufacturing plastic products Processing

Fig. 5. Context NFO diagram with functional relationships of BPMN diagram
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Fig. 6. Decomposition of context NFO diagram corresponding to the tracks of BPMN diagram pool
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Fig. 7. Decomposition of NFO element “Injection Molding Machine”, corresponding to decomposition of the track of the pool

“Injection Molding Machine” of BPMN diagram
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Fig. 8. Decomposition of NFO element “Master”, corresponding to the decomposition of the pool track “Master” of BPMN diagram
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Fig. 9. Decomposition of NFO element “Development Department”, corresponding to decomposition
of pool track “Development Department” of BPMN diagram

Analysis of Figures 4-9 allows us to state that the transformation of BPMN diagram into a diagram in NFO notation
makes the description of the process more understandable, since it provides seeing it not only as a whole (in context), but
also to any degree of detail. In this case, fewer icons are used, and this is a more convenient option, since it does not
require remembering the meaning of graphic elements and the rules for their placement.

Description of NFO diagrams in XPDL language. In the Introduction section, the advantage of BPMN over other
notations is noted: the means of translating BPMN diagrams into business process execution languages (e.g., XPDEL'?)
allow for the automation of organizational-business and engineering-manufacturing processes. However, this feature is
easily transferred to the NFO notation. The main elements of the method for describing NFO diagrams in the XPDL
language are presented in Table 1 by analogy with paper [15].

Table 1
Description of NFO Diagrams in XPDL Language

NFO diagram element XPDL Construction
<Activity id=«Ums»>
<BlockActivity />

Process (context)
</Activity>
<Activity id=«ms»>

<Implementation>
<SubFlow />

Process (on decomposition)

</Implementation>
</Activity>

<Activity>

<Route/>
<TransitionRestriction>
<Join Type=«AND»/>
</TransitionRestriction>
</Activities>
<Activity>

<Route/>
<TransitionRestriction>
<Split Type=«AND»/>
</TransitionRestriction>
</Activities>
<Activity>

<Route/>
<TransitionRestriction>
<Join Type=«OR»/>
</TransitionRestriction>
</Activities>
<Activity>

<Route/>
<TransitionRestriction>
<Split Type=«AND»/>

Connector “AND”

Splitter “AND”

Connector “OR”

Splitter “OR”

10 XPDL Support and Resources. URL: https://wfmc.org/xpdl/ (nata ob6paruenus: 08.06.2025).
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</TransitionRestriction>
</Activities>

Connector “Exclusive OR”

<Activity>

<Route/>
<TransitionRestriction>
<Join Type=«XOR»/>
</TransitionRestriction>
</Activities>

Splitter “Exclusive OR”

<Activity>

<Route/>
<TransitionRestriction>
<Split Type=«XOR»/>
</TransitionRestriction>
</Activities>

Functional relationship without a source (input) or without a consumer
(output))

<Transition/> id=«ms» />

Supportive connection between subprocesses

<Transition id=«Ly» from=«ms!»
to=«msa?» />

External entities

<Activity>

<Route type=«iny />
</Activity>

Ui

<Activity>

<Route type=«out» />
</Activity>

Process executor

<Participant type=« »/>
1. Role

2. OrganisationUnit

3. Human

4. System

5. Resource

6. RecourceSet

Interaction of two processes using two relashionships

<Activities>

<Activity id=«ms!»>
<Implementation>

<SubFlow />
<TransitionRamification>

<Split Type=«AND» />
<Transition id=«M» from=«ms!»
to=«Ums?» />

<Transition id=«I» from=«ms!»
to=«Uma?» />
</TransitionRamification>
</Implementation>

</Activity>

<Activity id=«Ums?»>
<Implementation>

<SubFlow />

<TransitionMerger >

< Join Type =«AND» />
<Transition id=«M» from=«ms!»
to=«Uma?» />

<Transition id=«I» from=«ms!»
to=«ma?» />
</TransitionMerger>
</Implementation>

</Activity>

</Activities>
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The table shows that when converting BPMN diagrams to NFO, it is possible to translate them into the process
execution language.

Discussion. Thus, in BPM systems, not only BPMN notation can be used to build process models for the purpose of
their automation, but also NFO notation, which provides a simpler procedure for creating models and their greater
visibility.

The adequacy and practical value of this approach can be judged by the following data compiled by the authors:

— BPMN diagram;

— context NFO diagram with functional relationships of the BPMN diagram;

— decomposition of the context NFO diagram corresponding to the tracks of the BPMN diagram pool;

— decomposition of the NFO element “Injection molding machine” corresponding to the decomposition of the track
of the “Injection molding machine” pool of the BPMN diagram;

— decomposition of the NFO element “Master” corresponding to the decomposition of the track.

The illustrative material proves the advantages of NFO notation. The transformation from BPMN diagram to NFO
has revealed two advantages of this approach. First: the description in NFO notation opens up the possibility of analyzing
the process as a whole (i.e., in context) and with any level of refinement (decomposition). Second: NFO notation uses
fewer specific icons. This is a more convenient option, because:

— time required to remember the meaning of graphic elements and the rules for their placement is cut;

— risk of incorrect use of graphic elements in diagrams is reduced.

All this is clearly visible in Figures 4-9. In addition, to show the acquisition and dispatch of material resources to an
external entity within BPMN, it is required to use a dotted arrow intended to indicate a message flow, not a material flow.
This creates problems both at the stage of constructing the model by the analyst and at the stage of reading it by the
designer or manager. Diagrams in NFO notation do not have this drawback.

Next. The NFO diagram shows better from which resources the desired result is obtained. This is explained by the
fact that the NFO approach is initially focused on accounting for both material and information flows (connections).
Hence another advantage. It is possible to conduct a functional cost analysis using a CASE tool that provides construction
of NFO diagram. This is impossible for a diagram in BPMN notation, since this principle does not have a standard
interpretation of connections as flow elements.

Discussing the data in Table 1, it is appropriate to note the prospects for Russification of the material. Here, the XPDL
language constructs are naturally presented in English. However, it is planned to automate the execution of the models
created by the authors of the article. And in the new solutions, the process names will be in Russian. As we can see, in
this case, the attribute “Name” is written in Cyrillic.

Conclusion. Research of the normative systems of notation of the system-object approach “node — function — object”
(NFO) and BPMN show that NFO notation is more universal and provides eliminating a number of shortcomings of
BPMN diagrams through reproducing them by NFO notation. The results of the presented work will contribute to the
development of the theory and practice of graph-analytic modeling of processes.

As a result of the conducted research, procedures for mutual transformation of BPMN and NFO diagrams were
created. In addition, a description of the elements of the NFO approach notation in the XPDL business process execution
language is shown, which equalizes the applied capabilities of the NFO notation with BPMN. In the future, XPDL
structures will be Russified. It is assumed that the models created by the authors of this article will be executed by software
methods, and the process names will be in Russian.

In general, the application of the results obtained will simplify the procedure for constructing graphical models of
processes and their automation.
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