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Abstract

Introduction. Flow control in microfluidic systems, membrane technologies, and porous bearings requires an
understanding of the synergy between boundary permeability, their spatial inhomogeneity, and the viscosity of the
working fluid. Each of these factors is actively studied separately. However, a comprehensive analytical description of
their combined effect on the flow is needed. No such publications exist. The presented article fills this gap. Research
objectives are as follows: to obtain an analytical solution for the velocity field in Couette flow with permeable boundaries
and a nonlinear boundary condition; to study the formation of hydrodynamics under the influence of permeability (o),
dynamic viscosity (p), linear (4) and quadratic (B) inhomogeneity of the boundary condition.

Materials and Methods. The analytical solution is based on the stationary Navier—Stokes equations for an incompressible
Newtonian fluid, with a quadratic expansion of velocity along the transverse coordinate. The axial, linear, and quadratic
modes of the velocity profile were investigated using numerical modeling in MATLAB. For a stationary, laminar,
isothermal flow of a Newtonian viscous incompressible fluid, the distance between permeable plates was # = 1 m. The
lower plate was stationary, while the upper plate moved with a velocity of W = 0.3 m/s. The liquid filtration rate was
V., =0.001 m/s, and p=0.01 Pa-s for 4 =+0.03 s' and B = +£0.005 m '-s"'. Water, motor oil, and crude oil were studied
at temperatures of 20 °C, 40 °C, or 60 °C. For this case, # = 0.02 m, W = 0.05 m/s, 4 = 0.1 s, B=0.02 m™'-s,
V,» = 0.0005 m/s. Depending on the fluid and temperature, p ranged from 0.05 to 9.15-107 Pa-s.

Results. Asymmetry of the flow, deviation from the channel axis, and variability of the vorticity amplitude o, were
visualized. Zero filtration velocity was observed at the lower plate in the plane z = 0 and increased with this parameter,
reaching a maximum at z = 4 (distance between the plates). For water, the streamlines exhibited minimal deviation from
the horizontal, while for oil at 20 °C, they curved near the upper wall. Two-dimensional vorticity fields for water, oil, and
petroleum at various temperatures were compared. Weak w, and reduced viscosity resulted in negative values ®, for water
and petroleum. For oil, the situation was reversed: positive values corresponded to elevated .

Discussion. The calculation results allow us to conclude:

— changing the sign of 4 inverts the directions of the maxima for velocity and vorticity;

— the sign of B determines the curvature of the isolines;

— the thickness of the layer with the maximum velocity gradient changes by two orders of magnitude when transitioning
from water to oil.

The identified patterns are explained by the physical meaning of the parameters: 4 defines the macroscopic flow
asymmetry, B governs the distribution of the transverse flow, and viscosity, through o, controls the depth of boundary
perturbations.

© Gubareva KV, Prosviryakov EYu, Eremin AV, 2026
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Conclusion. For the first time, an exact analytical solution to the stationary Navier—Stokes equations was obtained for
generalized Couette flow of a Newtonian fluid between permeable plates with a quadratic velocity profile at the boundary.
A parametric analysis has shown that coefficient 4 determines the asymmetry of the velocity and vorticity fields, while
B determines their nonlinearity. Viscosity controls the thickness of the shear layer: for high-viscosity media, the velocity
drop is localized near the walls, while for low-viscosity media, the profile is linear. The results provide a foundation for
applications in microfluidics, membrane technologies, and tribology. Future prospects are associated with accounting for
non-Newtonian fluid properties, unsteady regimes, and flow stability.

Keywords: limitations of the Couette model, hydrodynamic structure of the flow, flow velocity profile, fluid filtration
rate, vorticity amplitude, dynamic viscosity
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AHHOTALUSA

Beeoenue. YnpaBineHne CTpyKTypoi MOTOKa B MHUKPO(IIOMIHBIX CHCTEMax, MEMOPAaHHBIX TEXHOJIOTHSX M MOPHCTHIX
MOJIIHUITHIKAX TpeOyeT MOHNMAaHHs CHHEPTHU IPOHULIAEMOCTH IPaHMLI, UX MPOCTPAaHCTBEHHONH HEOJIHOPOIHOCTH U BA3-
KOCTH paboueit sxunkoctu. OTneapbHO KKIBINA U3 3TUX (PaKTOPOB aKTUBHO H3ydaeTcs. OTHaKO HEOOXOAMMO KOMITICKC-
HOE aHAJUTUYECKOE ONMMCaHHWE MX COBMECTHOTO BIMSAHMS Ha MOTOK. Takux myOmukanuii Het. [IpencraBneHHas cTaThbs
BOCIIOJIHSCT 3TOT Npobed. Llenn paboTel: mosydeHne aHaIMTHYECKOTO PEIISHHs JUTS TIOJIsi CKOPOCTH B TeueHnH Kyatra ¢
MIPOHUIIAEMBIMH I'PaHULIAMHI 1 HEJTMHEHHBIM T'PAaHUYHBIM YCIIOBHEM; H3y4eHHEe (POPMHUPOBAHUS THAPOANHAMUKH T10/T BIH-
STHUEM TIPOHHIAEMOCTH (0t), TMHAMHYECKOH BSI3KOCTH (W), TMHEHHOH (4) 1 KBagpaTniHOH (B) HEOTHOPOIHOCTH IPaHUY-
HOT'O YCJIOBHSL.

Mamepuanst u memoovl. AHATUTHYECKOE PellieHne 0a3upyeTcs Ha CTaloHapHbIX ypaBHeHusix HaBbe — CTokca 1yist He-
C)KUMaeMOW HbIOTOHOBCKOM JKHIKOCTH C KBaJIPATUUHBIM Pa3fioKEHHEM CKOPOCTH TI0 HONepedHoit koopauHare. OceByro,
JIMHEWHYIO ¥ KBaIPATUUHYIO MOJIBI TPO(HUIISE CKOPOCTH HCCIISOBAIM METOJIOM YUCICHHOTO MoenpoBanus B Matlab. [{is
CTallMOHAPHOI'0, ITAMUHAPHOT' 0, U30TCPMHUYCCKOI'O TCUCHUA HBIOTOHOBCKOM BSI3KOM M HEC)KMMAEMO KUAKOCTH PaCCTOSHUEC
MEXKAY IMNPOHUIAEMBIMU IUIACTUHAMU h = 1 M. Hoxasaa mmactuHa HCTIOJABMYKHA, BEPXHAA IABMKETCA CO CKOPOCTBIO
W=0,3 m/c. CkopocTs puibtpanuu xkuakoctu Vy, = 0,001 m/c, w = 0,01 IMa-c qus 4 = 20,03 ¢! u B=+0,005 v !¢’ Bony,
MoTopHOe Macio U HedTh uccnenosamu mpu 20 °C, 40 °C umu 60 °C. B stoM ciywae £ = 0,02 M, W= 0,05 m/c, A =0,1 ¢,
B=0,02m "¢, ¥,=0,0005 m/c. B 3aBUCMMOCTH OT MAKOCTH U Temreparypbl L — ot 0,05 10 9,15-107 ITa-c.
Pesynemamut uccinedosanus. BiusyannsnpoBaHbl aCHMMETPHS TEUSHUS, OTKIIOHEHHE OT OCH KaHajla, BApUaTUBHOCTh aM-
IUTUTY/IbI 3aBUXPEHHOCTH ®y. HyneBast ckopocTh GpuiIbTpaliiy oTMeYaeTcst JUlsl HIDKHEH TUIACTHUHBI B INIOCKOCTH z = 0 1
pacTeT ¢ yBEIWIEHHEM 3TOT0 MOKa3aTelNs 1O MAKCUMyMa MpH z = /i (pacCTOSHUE MEX Iy IUTacTUHaMu). [l BO/BI IMHUN
TOKa MHHHMAJILHO OTKIIOHSIOTCSI OT TOPU30HTAINH, a il Macia mpu 20 °C — HUCKPUBISAIOTCS BOTU3U BEpXHEH CTECHKH.
ComnocTaBIs0TCs ABYMEPHBIE MO 3aBUXPEHHOCTH JIsl BOZBI, Maciia ¥ He()TH IIPH pa3IndHbIX TeMrepaTypax. Cnabas o,
U CHIDKEHHE BSI3KOCTH 00yCIOBIIIM OTPHIATEIbHBIE OKA3aTEIH My U1 BOABI ¥ HeTH. [y Macia CUTyarust IpOTHBO-
MIOJIOXKHAST: TIOJIOKUTEIIbHBIC TIOKA3aTENH [IPU TOBBIIICHHON (.

Obcysrcoenue. VIToru pacueToB MO3BOJSIIOT YTBEPIKAATh:

— IpY U3MEHEHHH 3HaKa A NHBEPTUPYIOTCS HAIPABJICHNS! CMEILCHNSI MAKCUMYMOB CKOPOCTH U 3aBUXPEHHOCTH;

— 3HaK B onpenenser KpUBU3HY U30JIMHUH;

— TOJIIIMHA CJIOS C MAKCUMAJIbHBIM IPaIMEHTOM CKOPOCTH MEHSETCS Ha JIBa TOpsAKa IIPH IEPexo/ie OT BOJbI K Macy.


https://vestnik-donstu.ru/
https://doi.org/10.23947/2687-1653-2026-26-1-2242
mailto:r.kristina2017@mail.ru
https://orcid.org/0000-0002-9845-8372
https://orcid.org/0000-0002-2349-7801
https://orcid.org/0000-0002-2614-6329

Advanced Engineering Research (Rostov-on-Don). 2026;26(1):2242. eISSN 2687-1653

BrrsBieHHBIE 3aKOHOMEPHOCTH OOBSACHIIOTCS (PU3NIECKUM CMBICIIOM ITapaMeTpoB: A 3a/1aeT MaKPOCKOIIMIECKYIO aCHM-
METPHIO TeUCHWUs, B yIpaBIseT pacipeeIeHHEeM TOIIEPEIHOTO IMOTOKA, a BSI3KOCTh Yepe3 oL KOHTPOJIUPYET MTyOrHY Tpa-
HUYHBIX BO3MYLICHHH.

3aknrouenue. BriepBbie OBUIO MOyYCHO TOYHOE aHATUTUYCCKOE PEIICHUE CTAIMOHAPHEBIX ypaBHeHUi HaBbe — CTokCca
s 0000mEéHHOTO TeueHUs] KysTTa HhIOTOHOBCKOH JKUAKOCTH MEXKIY MPOHUIAEMBIMA IUIACTHHAMH C KBAaJIPATUIHBIM
npo¢uIeM CKOPOCTH Ha rpaHune. [lapaMeTpudeckuil aHaIU3 MOKa3al, 4TO KOA(QGUIMESHT A ONpeAesieT aCHMMETPHIO
oJiel CKOPOCTH U 3aBUXPEHHOCTH, a B — uX HenMHEeHHOCTh. BSI3KOCTh KOHTPOJIMPYET TOJIIKUHY CIIBUTOBOTO CIIOS: JIIst
BBICOKOBSI3KHX CpeJl Tepenal CKOPOCTH JIOKIU3YETCS Y CTEHOK, JUISl MAIOBS3KUX — MPO(UIL JTMHEHHBIN. Pe3ynbraTe
CO37IaI0T OCHOBY JJIsl 337a4 MHUKPOMIIOUINKH, MEMOPAHHBIX TEXHOJOTHHA W TpUOONOruH. [IepCreKTUBBI CBS3aHBI C
Y4€TOM HEHBIOTOHOBCKUX CBOMCTB KHAKOCTH, HECTAI[MOHAPHBIX PEKUMOB M YCTOMYUBOCTH TEUCHUI.

KiioueBble c¢jioBa: orpaHMdeHHOCTh Mojenu KyaTra, ruapoanHaMudecKasl CTPYKTypa TeUeHHs, MPOPUIb CKOPOCTH
TEUEHUSI, CKOPOCTh (DMIBTPAIIUH KUIKOCTH, aMIUTUTYa 3aBUXPEHHOCTH, JUHAMUYECKas BA3KOCTh

B.ﬂarouapﬂocw{. ABTOpLI BbIpaXKaroT 6J'Ial"0ﬂapHOCTB pGHaKHHOHHOﬁ KOJUIETUM JKypHaJla MW PCELHCH3CHTY 3a
HpO(i)GCCI/IOHaIILHHﬁ aHaJIU3 CTaTbU U PEKOMCEHAAIUHN JIs1 €€ KOPPECKTUPOBKU.

Js nuruposanus. ['y6apesa K.B., IIpocsupsixos E.1O., Epemun A.B. Anaymmrudeckoe penienne ypasaennidi Habe — Crokca
JUTISL OTTMICAaHNUsI HEOAHOPOHOTO TedeHust KyaTTa ¢ KBaipaTHuHbIM NMPOQUIIEM B CIIOE ¢ IPOHUIIAEMBIMH rpaHnuamMu. Advanced
Engineering Research (Rostov-on-Don). 2026;26(1):2242. https://doi.org/10.23947/2687-1653-2026-26-1-2242

Introduction. Precise control of flow structure in thin layers is critically important for modern technologies — from
microfluidic devices to lubrication systems. However, in such cases, some classical hydrodynamic models fail to account
for a complex set of technological parameters: wide range of working fluid viscosities, wall permeability, as well as their
spatial inhomogeneity (roughness, distributed sources) [1]. An example of such an “incomplete” model is the Couette
flow between impermeable plates [2]. The presented study is relevant for the advancement of the following applied areas.

1. Biomedical microfluidics and so-called labs-on-a-chip. Efficient mixing of reagents or targeted cell delivery
require, firstly, fluid injection through porous membranes (V,, # 0). Secondly, heterogencous shear flows generated by
wall microtopography (modelled by boundary coefficients 4 and B) are needed [3].

2. Energy-efficient membrane technologies (desalination, gas separation). In this area, performance is determined by
the interaction between the longitudinal flow and transverse filtration through a permeable wall, as well as by the viscous
properties of the medium being separated [4].

3. Tribology of porous and textured bearings. Pressure distribution, friction, and wear directly depend on the lubricant
flow in a microscopic gap with complex topography (4, B) and potential filtration (V,,) through a porous liner [5].

The literature analysis made it possible to systematize approaches to describing the aforementioned factors and
revealed a significant gap. Both for model [6] and applied problems [7], the effects of boundary permeability determining
nonlinear (exponential) velocity profiles is investigated in detail. The effect of complex (including polynomial) boundary
conditions on impermeable walls is well described, which is related to problems of stability, heat and mass transfer, and
roughness modeling [8]. The effect of rheological properties, including the wide range of viscosities of real fluids, is
deeply studied [9]. Modern numerical [10] and analytical [11] methods are actively used to solve conjugate problems.
However, the aforementioned factors have been traditionally studied outside of a systems approach. Analytical solutions
either describe permeability under homogeneous boundary conditions [12] or account for boundary nonlinearity only for
impermeable walls [13]. Thus, the literature lacks a comprehensive analytical solution that explicitly combines the key
dimensionless parameters:

— dynamic viscosity (p);

— permeability (a = pVw/p);

— linear (4) u quadratic (B) corrections to the boundary velocity profile.

It is this gap that prevents a direct parametric analysis of the synergistic influence of the aforementioned factors on
the flow structure. Consequently, it is impossible to purposefully design devices for the applied areas listed above.

The objective of this work is to create and analyze an exact solution for generalized stationary Couette flow of a
Newtonian fluid between permeable plates with a quadratic velocity profile at the boundary. The scientific novelty lies in
obtaining a closed-form analytical solution that, for the first time, explicitly and comprehensively accounts for the synergy
of the parameters o, 4, B and . The primary advantage of this approach over numerical modeling is the ability to obtain
a solution instantly and perform a direct analysis of physical dependences, unmediated by grid approximations.
To achieve this objective, four tasks are addressed.
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1. Output and rigorous verification of the analytical solution, including checking the limiting transitions to known

special cases.

2. Investigation of the effect of the sign and magnitude of the boundary coefficients 4 and B on the spatial distribution
of velocity and vorticity.

3. Quantitative analysis of the effect of the dynamic viscosity of real fluids (water, engine oil, petroleum) on the
velocity profile and shear layer thickness.

4. Discussion of the practical significance of the results, model limitations, and promising directions for the model
generalization.

Materials and Methods. Let us consider a steady (stationary), laminar, isothermal flow of a Newtonian viscous and
incompressible fluid in a channel formed by two infinite, parallel, flat plates (Fig. 1).

L.
>

W — plate movement speed

l l Top plate; (z=h)

Vi(y = 0, z) — velocity profile

Fluid flow

A A
Bottom plate (z = 0)

Viw — permeability rate

h — distance between plates

Fig. 1. Schematic diagram of Couette flow between permeable plates
The distance between the plates is constant and equal to /. The bottom plate is stationary and located in the plane z = 0.
The top plate is located in the plane z = 4 and moves with constant velocity W in the positive x direction.

A key feature of this problem is the permeability of both plates, which enables fluid filtration in the direction normal
to their surfaces [6]. It is assumed that this normal velocity (V) is constant over the entire surface of each plate and is the
same for both plates. If 7, > 0, fluid enters the channel through the bottom plate and exits through the top plate; if V,, <0,
the flow direction through the walls is reversed.

The longitudinal velocity component ¥V is specified as a quadratic expansion in the transverse coordinate y. This
generalization of the classical Couette profile allows for more complex boundary conditions on the top plate [5]:

V. (y,z):U(z)+yul(z)+§u2 (z) €8

Here, functions U(z), u1(z) and u»(z) represent the primary (axial), linear, and quadratic modes of the velocity profile,
respectively, depending only on the coordinate z.

Boundary conditions are formulated on the basis of the no-slip condition. On the stationary bottom plate (z = 0), a
complete absence of motion is specified:

U(0)=0, u;(0)=0, u, (0)=0. 2)
On the top plate (z = &), a generalized velocity profile is specified:
U(h)=W, u;(h)=A4, uy(h)=B, 3)

where W — rate of translational motion of the plate; 4 — coefficient determining the linear velocity gradient along y;
B — coefficient determining the profile curvature.
Unknown functions U(z), ui(z) and ua(z) can be found from the Navier—Stokes equation for the x-component of
velocity. Under the assumption of stationarity, it takes the form [2]:
0%V,
J. “)

2
ol v, oV, v ov,|,, oV, :_6_p+ 0 I;x .
ox |~ oy oz ox ox oz

0%V,
8y2

z
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The flow under consideration is a generalization of pure Couette flow, which is characterized by the absence of a
pressure gradient along the channel (Op/Ox = 0). Taking this condition into account, as well as the facts that V; is
independent of x, V,, = 0 and V. = V,, = const [3]. In this case, equation (4) is simplified significantly:

ov, oV, oV,
PV =u[ \ ] (5)

oz oy?  oz?

Substituting (1) into (5) and computing the corresponding derivatives yields an equation that must hold for all values
of y. Equating coefficients of like powers of y gives a system of three independent ordinary differential equations
(ODE) [11]:

wuy —pVou, =0, ©)
M; _Puné = 0: (7)
pU"—pV U = —pu,. (®)

Expressions (6) and (7) are second-order linear homogeneous ordinary differential equations (ODE) with constant
coefficients. To solve them, the dimensionless permeability parameter o = pV,,/ is introduced, which physically
represents the ratio of inertial forces to viscous forces in the normal direction. Dividing (6) and (7) by p gives the
canonical form:

u, —ouy =0, u,—au, =0. 9)
The general solutions to these equations are:
uw ()= + e, uy(z)=c? +cPle=. (10)
Using boundary conditions (2) and (3) allows us to determine the integration constants. For function u(z), the
conditions #1(0) = 0 and u(h) = A yield:

A
cl=-cl), cl!=—"—. (11)
e -1
Similarly, for ux(z) from the conditions u>(0) = 0 and ux(h) = B, we find:
2 2 2 B
cP=-cP), cP=—"_ (12)
e™ -1
Final expressions for the linear and quadratic modes of the velocity profile:
A
w (2) = (e 1), (13)
e™ -1
B
us (2) = (= 11). (14)

Equation (8) for the fundamental mode U(z) is inhomogeneous. We substitute into it the expression found for u»(z) (14)
and divide by p:

U'—al'=-

(e 1) (15)

For equation (15), the method of undetermined coefficients [13] is applied. Its general solution is the sum of the
general solution to the homogeneous equation and a particular solution to the non-homogeneous equation. After
determining the constants of integration from the boundary conditions (2) and (3), the final expression for the primary
mode takes the form [14]:

w  Bh(e™ +1
U(Z) = ah -1 | ( )

e

e“ |1 —Lz e” |1). 16
a(eah_l)z (e 1) ae 1) (e 11) (10
Thus, substituting (13), (14), and (16) into the original ansatz (1) yields the full field of the longitudinal velocity
component. The analytical solution obtained satisfies both the equation of motion (5) and all boundary conditions, i.e., (2)
and (3).
To confirm the physical validity of the solution, let us consider the limiting transition V,, — 0, which is equivalent to
a — 0. In this limit, using the Taylor series expansion of the exponential, we obtain for the quadratic mode:

uz(z)%%, a—0. (17)

Mechanics
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Similarly for the linear mode:

ul(z)—>7, o — 0. (18)
For the fundamental mode:
()—)&+£(hzz|z3), a— 0. (19)
h h

Numerical modeling. At this stage, the following is performed:

— verification and analysis of the obtained solution;

— investigation of the effect of physical parameters on the flow structure.

To this end, the authors of the presented article conducted comprehensive numerical modeling in the MATLAB
environment. The primary objectives of the software implementation were:

— visual representation of velocity fields;

— quantitative comparison of flow characteristics for various fluid types and boundary conditions.

The central element of the code is solve_couette_full function, which implements formulas (13), (14), and (16).

The inputs are:

— physical properties of the fluid (density p and dynamic viscosity p);

— geometric parameters of the problem (distance between the plates 4);

— kinematic characteristics (W, 4, B, Vy,);

— z-coordinate grid.

The output is the basic functions U(z), ui(z), u2(z) and their derivatives with respect to z for the subsequent calculation
of such important hydrodynamic quantities as shear stress and vorticity.

The modeling was conducted in two stages. In the first stage, a basic calculation was performed for a standard set of
parameters. This allowed for verification of the boundary conditions. The maximum deviation of the velocity from the
specified values at the boundaries z= 0 and z = & did not exceed 1072, which confirmed the high accuracy of the analytical
approach and the correctness of the software implementation.

In the second stage, the code was extended to analyze two key aspects. First, the effect of the signs and magnitudes
of the coefficients 4 and B in the boundary velocity profile on the top plate was investigated in detail. Four combinations
were considered: 4 >0,B>0;4>0,8<0;4<0,B>0;4<0,B<0. This allowed for the simulation of several physical
scenarios (from flow acceleration toward the channel center to its deceleration near the walls), as well as the transition
from convex to concave velocity profiles. For each combination, two-dimensional maps of the velocity
distribution Vi(y, z) and velocity profiles along the normal to the plates at fixed values of the transverse coordinate y were
constructed. This provided a clear visual representation of how changing the sign of the quadratic term B altered
drastically the shape of the velocity isolines, and how the sign of the linear coefficient 4 determined the asymmetry of
the profile relative to the plane y = 0.

Secondly, the flow for various fluids was calculated. The model incorporated the physical properties of water SAE 30!
engine oil, and petroleum at temperatures of 20°C, 40°C, or 60°C [14]. The use of reference data for dynamic viscosity
and density made it possible to move from an abstract mathematical model to practically significant engineering
calculations. For each fluid, the Reynolds number Re=Wh/v was automatically determined, which made it possible to
assess the flow regime. As expected, for water at room temperature, the Reynolds number reached Re~1000. At the same
time, the flow remained laminar, which was consistent with the known stability of classical Couette flow. For oil and
petroleum, the flow remained deeply laminar (Re < 20).

Particular attention was paid to the calculation of derived quantities. For each value of the coordinate y, the shear
stress T = LOV,/0z and the vorticity @, = —0V,/0z were computed analytically. This made it possible to avoid errors of
numerical differentiation [15] and ensured high accuracy in constructing the distributions of the specified quantities both
along the gap between the plates and as a function of the transverse coordinate y.

Thus, the program developed in MATLAB is a tool for the comprehensive analysis of generalized Couette flow. It
can be used to:

— verify the correctness of the analytical solution;

— conduct an in-depth study of the effect of the physical properties of the working medium and complex boundary
conditions on the flow hydrodynamics;

— obtain extensive visual and quantitative data for further analysis.

! From the name of the American organization Society of Automotive Engineers — Association of Automotive Engineers.
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Functions ui(z), u2(z), U(z) were parametrically investigated using the numerical modeling method in MATLAB based
on the analytical solution derived from (13), (14), and (16). The calculations were performed with the following fixed
parameters (Figs. 2-5): h=1.0m, W= 0.3 m/s, ¥,,=0.001 m/s, p.= 0.01 Pa-s, for four combinations of signs: 4 ==+0.03 57!
and B=+0.005 m'-s7\.

For real fluids, calculations were performed with 2=0.02 m, W=0.05m/s,4=0.1s"', B=0.02m"-s™!, V,,=0.0005 m/s.
The following were used: water at 20°C (u = 1.002:107 Pa-s) and 40°C (u = 0.653-107 Pa-s); petroleum at 20°C
(u=9.15-10" Pa‘s) and 40°C (n=4.72-107 Pa-s);); SAE 30 oil at 20°C (u = 0.290 Pa-s) and 60°C (i = 0.050 Pa-s).

Research Results. Figure 2 shows the vorticity fields ®,. For 4 > 0, the maximum positive values o, are located in
the region of positive coordinates y. For 4 < 0, maxima o, are shifted to the region y <0. The amplitude of the values w,
varies with changes in coefficient B.

0.8

0.6

04 ¢

02§

0.0
-1.0 05 0.0 05 ym -1.0 05 0.0 05 y,m

Wy, 1/s

-1.0 -05 0.0 05 y,m

Fig. 2. Distribution of vorticity oy for different combinations of parameter signs 4 and B:
a—A>0,B>0;b—A>0,B<0;c—A<0,B>0;d—A4<0,B<0

Figure 3 shows the velocity magnitude field |V] and the vector field for two combinations of the signs of parameters
A and B. For 4 >0, the vectors are longer in the region y > 0, indicating a shift of the velocity maximum towards the
positive transverse coordinate region. For 4 <0, the opposite pattern is observed: the vectors are longer in the region
¥ <0, which indicates a shift of the maximum towards the negative region. This is a manifestation of flow asymmetry
caused by the linear term A4 in the boundary condition. The shape of isolines |V] differs for the cases B> 0 and B <0,
which is related to the effect of the quadratic term B.

Mechanics
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Fig. 3. Velocity modulus field and vector field for different combinations of parameter signs 4 and B:
a—A>0,B>0;4>0,B<0;b—A<0,B>0;4<0,B<0

Figure 4 presents the isolines of the longitudinal velocity V. and the streamlines. The streamlines deviate from the
direction of the channel axis. The direction of the deviation is determined by the sign 4. The isolines V; for B> 0

and B < 0 have different curvatures.
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Fig. 4. Isolines of the velocity component Vx and streamlines for different combinations of parameter signs 4 and B:
a—A>0,B>0;b—A4>0,B<0;¢c—A4<0,B>0;d—A<0,B<0
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Figure 5 shows the profiles Vi(y) at different levels, i.e., at z= 0, h, h/4, h/2 and 3h/4. At z =0, the velocity V; is zero.
As z increases, the variation Vy with y increases and reaches the maximum at z = A, where the profile is determined by
parameters 4 and B. At z = h/2 , the profile is close to linear.

Vx, m/s Vi, m/s z=0
z=h/4
0.8 e 08— z="hR2
=T T e 7 = 3 11/4
0,6 | """} P i e T PR z=h
0.4 0.4
0.2 0.2
-1.0 -0.5 0.0 0.5 y,m -1.0 -0.5 0.0 0.5 ¥, m
a) b)

Fig. 5. Distribution of the velocity component Vx along the transverse coordinate y at different channel height levels:
a—A>0,B>0;4>0,B<0;b—A4<0,B>0;4<0,B<0

The calculations were performed for real fluids with £ =0.02 m, W= 0.05m/s, 4=0.1 s, B=0.02 m™-s™, V,,=0.0005
m/s (Figs. 6-8). The following were used: water at 20°C (u = 1.002-107 Pa‘s) and 40°C (u = 0.653-107 Pas); petroleum at
20°C (u=9.15-107 Pa-s) and 40°C (u=4.72-107 Pa‘s); SAE 30 oil at 20°C (u = 0.290 Pa-s) and 60°C (u = 0.050 Pa-s).

Figure 6 shows the profiles V(z) at y = 0. All profiles are plotted within the range z € [0, 20] mm, which corresponds
to the layer thickness.

z, mm

16

12

0 10 20 30 40 Vv, mm/s
Water (20°C) —— Water (40°C) —— SAE oil 30 (20°C)
SAE oil 30 (60°C) Petroleum (20°C) === Petroleum (40°C)

Fig. 6. Comparison of velocity profiles Vx(z) at y = 0 for various fluids

Figure 7 displays the isolines |V] For water, the streamlines show minimal deviation from the horizontal, while for
petroleum at 20°C, they are significantly curved near the upper wall.

z, mm z, mm

15

15

10 10

0 5 10 15 y, mm 0 5 10 15 y, mm
a) b)
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Fig. 7. Isolines of the velocity module [71 and streamlines for various fluids:
a — water (20°C); b — water (40°C); ¢ —SAE oil (20°C); d — SAE oil (60°C);
e — petroleum (20°C); f— petroleum (40°C)

Figure 8 shows two-dimensional vorticity fields w, for various fluids.
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Fig. 8. Two-dimensional vorticity fields o, for various fluids: @ — water (20°C); b — water (40°C); ¢ — SAE oil (20°C);
d — SAE oil (60°C); e — petroleum (20°C); f— petroleum (40°C)

Discussion. According to the data in Figure 6, for water at 20°C, the profile Vi(z) exhibits a weak deviation from the
linear law, which is associated with its low viscosity. When the temperature increases to 40°C, this deviation becomes
even less pronounced, and the overall slope of the profile slightly decreases. For SAE 30 oil (20°C), a moderate non-
linearity of the profile is observed, which weakens significantly upon heating to 60°C. In this case, the profile approaches
the linear one, which corresponds to a decrease in viscosity with increasing temperature. For petroleum (20°C), the profile
is characterized by a pronounced non-linearity. When the temperature increases to 40°C, the curve becomes closer to the
linear one, which is also consistent with a decrease in viscosity.

As shown in Figure 8, for water at 20°C and 40°C, the vorticity is negative and varies in the range from —35 to -5 s,
which corresponds to weak vorticity throughout the channel. For SAE 30 oil at 20°C, a localized region of elevated vorticity
magnitude (Jw,|> 2,3 ¢™'), is observed, concentrated near the upper wall. Upon heating to 60°C, the region of elevated
vorticity expands, and its magnitude decreases, which is consistent with the reduction in viscosity. For petroleum at 20°C,
vorticity reaches values up to —4.5 s!, and at 40°C up to —1.5 s!, which also corresponds to a decrease in viscosity.

The research results allow us to assert that the combined action of permeability, nonlinear boundary conditions and
viscosity, determines qualitatively new flow regimes that cannot be reduced to a simple superposition of known effects [5].

The decisive influence of the sign of coefficient 4 on flow asymmetry (Figs. 2-5) is explained by its physical meaning as
the velocity gradient 0V,/0y at the boundary. This gradient, specified at the upper wall, generates a transverse flow component
throughout the entire volume due to viscous diffusion, leading to a shift in streamlines and vorticity maxima. Coefficient B,

Mechanics
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governing the curvature of the profile (6*V,/0)?), determines the distribution of this transverse flow across the channel width,
which is reflected in the change in the shape of the velocity isolines (Figs. 3, 4). The weakening of the effect of the boundary
coefficients with distance from the upper wall (Fig. 5) is quantitatively described by the exponential dependences (13) and (14),
which is consistent with the concept of disturbance damping from the boundary in a viscous fluid [16].

The dimensionless permeability parameter a depends on the dynamic viscosity p (a0 = pV,, / p). This explains the
pronounced difference between the flow of water and petroleum (Figs. 6, 8).

For high-viscosity fluids (low a values), the solution far from the boundaries tends to a linear profile. However, the
inhomogeneity in equation (8) for U(z), caused by the term with B, leads to the concentration of shear in a thin near-wall
layer, whose thickness is inversely proportional to |a|. Thus, viscosity is not merely a multiplicative factor but a parameter
governing the spatial localization of shear deformation. This has significant practical implications, for example, in
calculating friction in bearings with porous lubrication [17].

The obtained solution is verified, as it correctly reproduces known limiting cases. For a—0, it transforms into the
solution for flow with a quadratic condition on an impermeable wall [18]. For 4, B — 0, it reduces to the classical
exponential profile for permeable walls [19]. The simultaneous transition a, 4, B — 0 yields the linear profile of classical
Couette flow [2].

The explicit form of the solution allows for direct assessment of the effect of each parameter on the flow field, which
is valuable for engineering design. For example, in a microfluidic mixer, the microrelief of the wall can be varied (via 4
and B) to generate a specific vortex structure that enhances mixing [20]. In the problem of porous bearing lubrication, the
model enables an analytical connection between oil viscosity, seepage rate, and surface roughness (via 4, B), and the
distribution of shear stress and energy dissipation [21].

The basic limitation of the model is its assumptions of steady, laminar, and Newtonian flow behavior. Extending the
model to account for turbulence is beyond the scope of this research. This represents a separate complex problem,
requiring a transition to the Reynolds-averaged Navier-Stokes equations (RANS) or Large Eddy Simulation (LES)
models. [20]. Another promising direction is generalization for non-Newtonian fluids [21] and unsteady regimes [22].
This would allow for the modeling of a wider class of applied problems, such as pulsating flows in biomedical devices.

Conclusion. For the first time, an exact analytical solution to the stationary Navier-Stokes equations has been
obtained, describing generalized Couette flow of a Newtonian fluid between permeable plates with a quadratic velocity
profile at the boundary.

The parametric analysis has revealed that the linear coefficient 4 of the boundary condition determines the direction
of asymmetry in the velocity and vorticity fields, while the quadratic coefficient B determines the degree of their spatial
nonlinearity.

Dynamic viscosity is shown to be a key parameter controlling the thickness of the shear layer. For high-viscosity
media, the main velocity gradient is localized in a thin near-wall region, whereas for low-viscosity fluids, the velocity
profile is close to linear across the entire channel height.

The results of this research provide an analytical foundation for solving applied problems in microfluidics, membrane
technologies, and tribology, where flow control under conditions of boundary permeability and complex boundary
conditions is required.

Further research is related to refining and expanding the model. In perspective, it could be extended to account for the
non-Newtonian properties of the fluid, unsteady regimes, and flow stability.
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Abstract

Introduction. The development of ultrasonic technology requires the creation of piezoelectric transducers with improved
operational and metrological characteristics. One of the most promising directions is the use of composite materials. As
shown in the literature, porous piezoceramics possess a unique property: their piezoelectric modulus ds; is practically
independent of porosity, whereas the elastic moduli noticeably decrease as porosity increases. This opens up possibilities
for the design of high-performance devices, particularly composites with a polymer matrix and porous piezoelectric
ceramic rods with axial polarization. However, despite the sufficient study of their static properties, theoretical analysis
of the dynamic behavior of such structures, including their simplified two-dimensional models, under bending vibrations
and longitudinal polarization, is virtually absent in the scientific literature. In this regard, the objective of the work is to
develop a simplified mathematical model for the analysis of bending vibrations of a layered plate of the specified
composite and to identify the effect of porosity on its dynamic characteristics.

Materials and Methods. The structure is made of a piezoelectric composite consisting of several layers. Each layer
is 1-3 piezoelectric composite, formed by a polymer matrix and porous longitudinally polarized piezoceramic rods. The
mathematical formulation of the boundary value problems is performed within the framework of the linear theory of
electroelasticity. Based on Kirchhoff-Love hypotheses and assumptions regarding the electric potential distribution, an
applied method for calculating steady-state bending vibrations of a layered plate is proposed. The adequacy of the approach
is verified through its comparison with the results of finite element modeling implemented in the ACELAN package.
Results. The key outcome of the study was the development and successful testing of an applied theory that reduced the
three-dimensional boundary-value problem of electroelasticity for layered piezoelectric elements to a simpler two-
dimensional formulation. This significantly reduced calculation time compared to traditional finite element methods while
maintaining the required accuracy. To verify the proposed model, numerical testing was performed by comparing it with
calculations in the ACELAN software package. The comparative analysis showed almost complete agreement between
the results in the low-frequency range, including the precise determination of the first bending mode frequency. The
obtained correspondence confirmed the high adequacy and reliability of the developed method, demonstrating its
applicability as an efficient tool for the analysis and optimal design of piezoelectric devices.

Discussion. One of the key challenges in the design of layered piezoelectric transducers is the high resource intensity of
three-dimensional modeling without transitioning to efficient characteristics, which significantly limits optimization
possibilities. The proposed approach, based on reducing the three-dimensional problem to a two-dimensional one,
represents a significant step forward in addressing this issue. Its main advantage is the reduction in computational costs

© Soloviev AN, Germanchuk MS, Oganesyan PA, 2026
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and the possibility of using simpler software tools compared to “heavy” CAE packages in numerical analysis. This opens
the way to multiple runs, including those employing evolutionary algorithms, in the process of searching for the optimal
geometry and structure of the piezoelectric element. Validation of the model based on comparison with calculations in
the ACELAN finite element package has shown a high degree of correspondence in the low-frequency region, which
confirms its adequacy for practical application. At the same time, the identified limitations related to the frequency range
and differences in the elastic properties of the layers outline the boundaries of applicability and set directions for
subsequent research.

Conclusion. As a result of the conducted research, an efficient calculation method has been developed and tested. It
reduces the three-dimensional boundary value problem of electroelasticity for layered piezoelectric elements to a two-
dimensional formulation. The main outcome is a significant acceleration of numerical modeling while maintaining
accuracy. It is shown that the proposed theory provides high correctness of results in the low-frequency range, up to the
first flexural mode, which has been confirmed by comparison with reference data from finite element analysis in
ACELAN. This demonstrates the practical significance of the method as an efficient tool for the iterative search for the
optimal design of converters. Prospects are opening up for its application in engineering practice when designing new
types of piezoceramic devices, as well as for the further development of applied theory — in the direction of expanding
the frequency range and adapting to more complex multilayer structures.

Keywords: composite materials, porous piezoceramics, layered plate, bending, applied theory, finite element method
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AHHOTALINA

Beeoenue. PazButie ynbTpa3ByKOBON TEXHUKH TPEOYET CO3AHUS THE30IEKTPHUYCCKUX MPE0Opa3oBaTeCii C yIIydIlIeH-
HBIMH JKCIUTYaTallMOHHBIMU U METPOJIOTUYECKAMU XapakTepucTukaMu. OIHUM U3 HanOoJIee MePCIICKTUBHBIX HATIPaBJIC-
HUH ABJSETCS MPUMEHEHNE KOMITIO3UIIMOHHBIX MaTepruaioB. Kak 1mokasaHo B JIUTEpaType, MOPUCTas be30KepaMuKka 00-
JafaeT YHUKAILHBIM CBOMCTBOM: €€ Mbe30MOIYJIb d33 IPAKTHUECKH HE 3aBHCHT OT IIOPUCTOCTH, TOT/Ia KaK MOYJIN YIIPY-
TOCTH 3aMETHO yOBIBAIOT MPH €€ YBETUICHUN. DTO OTKPHIBAET BOZMOYKHOCTH JIJIS TPOSKTHPOBAHUS BHICOKOA () (HEKTHUBHBIX
YCTPOMCTB, B 9aCTHOCTH KOMITO3UTOB C ITOJIMMEPHON MaTpUIIEH U TIOPUCTHIMHU IThe30KEPAMHUUECKUMH CTEPKHSIMU C 0Ce-
BOH mossipusanueit. OqHaKko, HECMOTPSL HA TOCTATOYHYIO M3YYEHHOCTh CTATMYECKUX CBOWCTB, TEOPETHUECKUN aHAIM3
JMIUHAMUYIECKOTO IOBEJICHUS TAKUX CTPYKTYP, BKJIFOYAs MX YIPOUIEHHBIC IBYMEPHBIC MOJICIH, IPY U3THOHBIX KOJICOAHUSIX
Y TIPOJIOJILHOM TMOJISIPU3AIMH B HAYYHOH TUTepaType MPaKTUIeCKUA OTCYTCTBYET. B 3TOMW CBSA3M IENbIO paOOTHI ABISCTCS
pa3paboTka ynpomEHHO MaTeMaTHYSCKONH MOJICIH [Tl aHAIM3a H3TUOHBIX KOJIeOaHHUH CIIOUCTOH TNIACTHHBI YKa3aHHOTO

KOMIIO3UTAa U BBIABJICHUC BJIUAHUA IMIOPUCTOCTU HaA e€ JTMHaAMHMYECKHE XapaKTCPUCTUKU.
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Mamepuanvt u memoos. Marepuan KOHCTPYKIIUH — TbE30AJIEKTPUUECKUNA KOMIIO3UT, COCTOSIIIMA M3 HECKOJIbKHX
cnoéB. Kaxplii ciiolt mpeacTasiser co00i Mbe30KOMITO3UT CBS3HOCTH 13, 00pa3oBaHHBIN TOJUMEPHON MaTpHUIEH U
MTOPUCTHIMHA TIPOIOJIEHO MOJIIPU30BAHHBIMH ITbE30KEPAMUIECKAMH CTEPKHAMHI. MaTeMaTHuecKasi IOCTaHOBKa KPAaeBbIX
3a/1a4 BBINTOJIHCHA B paMKaXx JIMHEHHOW Teopuu dieKTpoymnpyroctd. Ha ocHoBe rumote3 Tumna Kupxrodda-Jlssa u npen-
TIOJIOKEHUH O paclpeiesIeHHH AJIEKTPUYECKOro MOTEeHIMANA MPEJIOXKEH NPUKIAAHOW METOJI pacuéTra yCTaHOBHUBIINXCS
M3rHOHBIX KOJICOAHWH CIIOMCTOM IUIACTHHBI. AJIEKBAaTHOCTb MOAXO/a IPOBEPEHA COMIOCTABICHHEM C pe3yJIbTaTaMH KO-
HEYHO-3JIEMEHTHOT'O MOJIEINPOBaHUsl, peanu3oBaHHoro B nakere ACELAN.

Pesynemamut uccnedosanusn. KioueBbIM UTOroM paboThl cTana pa3paboTKa U ycrelHas anpooaiust MpuKIagHoi Teo-
PHH, O3BOJISIONICH CBECTH TPEXMEPHYIO KPAeBYIO 33/1auy 3JIEKTPOYNPYTOCTH JUlsl CIOMCTBIX IE30JIEMEHTOB K Oojiee
IIPOCTON IBYMEPHOI OCTaHOBKE. DTO 00ECIEUMIIO CYIIECTBEHHOE COKPAIlIEHHE BpEMEHH pacuéTa 10 CPaBHEHUIO C Tpa-
JUIMOHHBIMHA METOJIaMU KOHEYHBIX 3JIEMEHTOB IPH COXpaHEeHHH TpeOyeMoi ToyHocTH. JIiist BepupUKanuy npeaaokeH-
HOW MOJENH BBHITIONIHEHO YHCICHHOE TECTHPOBAHWE MyTEM CpaBHEHMSA C pacdéTaMd B NPOTPAMMHOM KOMIUIEKCE
ACELAN. CpaBHUTEJIbHBIN aHaTU3 TIOKa3aJl MPAKTHIECKHU TOJTHOE COBMAIEHUE Pe3yIbTaTOB B HU3KOYACTOTHOM JTara-
30HE, BKJIIOYast TOYHOE OTPEIEICHNE YaCTOTHI MepBOil M3rnOHOI Mozp!. [lomydeHHOE COOTBETCTBHE IMTOATBEPKAACT BBI-
COKYIO a/IEKBaTHOCTh H JJOCTOBEPHOCTE pa3pabOTaHHOTO METO/Ia, IEMOHCTPHUPYS €Tro MPUMEHIMOCTh B KadecTBe 3¢ dek-
TUBHOTO MHCTPYMEHTA /ISl aHAJIHU3a U ONTHMAJIHHOTO MIPOSKTUPOBAHMS MTHE303IEKTPHUECKUX YCTPOICTB.

Ooécyrycoenue. OnHOM U3 KITFOUEBBIX POOIIEM ITPH MPOSKTHPOBAHUH CIIOUCTHIX MTbE30ICKTPUICCKUX TIpeodpazoBaTene
SIBIISIETCSI BEICOKAsE PECYpPCOEMKOCTh TPEXMEPHOI'O MOJAEIUPOBaHUs 0e3 repexona K 3 (GeKTUBHBIM XapaKTEpUCTHKAM,
YTO CYIIECTBEHHO OIPaHMYMBAECT BO3MOXKHOCTH ONTUMH3AaLMUH. [IpeIutosKeHHBINH MMOJIX0/, OCHOBAHHBIN Ha CBEJCHUU
TpEXMEPHOH 3a/laul K IBYMEPHOM, NPEACTaBIIsICT 3HAUMMBIH IIar BHepén B pelieHuy 3Tol npobiemsl. Ero ocHoBHOE
MPEUMYIECTBO — CHM)KCHHE BBIYMCIUTENILHBIX 3aTPaT U BO3MOXKHOCTD HCIOJIb30BaHMUs O0Jee MPOCTOro MporpaMMHOTO
HHCTPYMEHTAPHSI 10 CPABHEHUIO ¢ «TsokEmpIMu» CAE-maketamMul py YUCICHHOM aHAIH3€E, YTO OTKPBIBACT IYTh K MHO-
YKECTBEHHBIM IIPOTOHKAM, B TOM YHCIIE C IPUMEHEHNEM 3BOJIIOIMOHHBIX aJITOPUTMOB, B IIPOIIECCE TOMCKA ONTUMAIILHON
TEOMETPHUH U CTPYKTYPHI ITbe303JeMeHTa. Bammmanust Mogenn Ha OCHOBE CpPaBHEHHS C pacuéTaMy B KOHEYHO-3JIEMEHT-
HoM maketre ACELAN mokasana BBICOKYIO CTETICHb COOTBETCTBUS B HU3KOYACTOTHOM OOJIACTH, YTO MOATBEPKIALT €&
aZIeKBaTHOCTh JUIS MIPAKTHIECKOTO NMPUMEHEHHs. BMecTe ¢ TeM BBIABICHHBIC OTpaHWYCHHSA, CBA3aHHBIE C YaCTOTHBIM
TUATIa30HOM H Pa3IMYMAMH B YIPYTHUX CBOHCTBAX CIOEB, 0UEPUNBAIOT IPAHHUIIBI IPIMEHUMOCTH 1 3a1aI0T HAIIPaBIICHUS
JUISl TIOCTIEYIOIINX MCCIIEAOBaHU.

3akniouenue. B pesynbraTe NpoBeAEHHOTO MCCIIEIOBAHMS CO3/1aH M anpoOupoBaH 3 QEeKTUBHBIH METOA pacyéra, CBO-
IAMAR TPEXMEPHYIO KPaeByIO 3afady 3JICKTPOYIPYTOCTH ISl CIOWCTHIX ITbE303JIEMEHTOB K ABYMEPHOW IMOCTAHOBKE.
I'naBHBIN UTOT — CYILIECTBEHHOE YCKOPEHHE YHCIICHHOTO MOJICJIMPOBAHUS IIPH COXpaHEHUH TOYHOCTH. [lokazaHo, 4To
MIpeUIoKEHHAsE Teopusl 00eCTIeunBaeT BEICOKYIO KOPPEKTHOCTh PE3YIbTaTOB B HU3KOUYACTOTHOM JHAaIla30HEe, BIIOTH J0
nepBOi M3ruOHOI MOJIBI, YTO HMOATBEPIKICHO CPAaBHEHUEM C ATAJIOHHBIMH JaHHBIMM KOHEYHO-3JIEMEHTHOI'O aHajlu3a B
ACELAN. Tem caMbIM IpOIEMOHCTPUPOBaHA MpaKTHIECKass 3HAYUMOCTb MeTo1a Kak 3(h(HEeKTUBHOTO HHCTPYMEHTA IS
UTEPALMOHHOI0 MOUCKA ONTUMAaIbHON KOHCTPYKIMHY NpeoOpa3oBareneil. OTKPBIBAIOTCS IEPCIIEKTHBBI €70 NPUMEHEHHUS
B MHKCHEPHOH NPaKTHKE MPH MPOCKTHPOBAHIH HOBBIX THIIOB ITEE30KEPAMHUECKUX YCTPOMCTB, a TakKe U JalbHEH-
LIIEr0 Pa3BUTHS PUKIIAIHON TECOPUU — B HAIIPABJICHUH PACIIMPEHHS YaCTOTHOTO IMalla30Ha U aJanTanny K 6oJiee cox-
HBIM MHOTOCJIOMHBIM CTPYKTYpPaM.

KiaroueBble cj10Ba: KOMIIO3UTHEIS MaTepualibl, MOpUCTAsA MbE30KEpaMUKa, CJIOUCTAad IJIAaCTHUHA, I/I3FI/I6, OpUuKjIagHas
TEOPUsA, MCTOJ KOHCYHBIX DJICMCHTOB
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CJIONCTON KOHCTPYKIMU C TOJMMEPHBIMH MaTPUIAMH U BKIIOYCHUSIMH U3 PACIIOJIOKCHHBIX BIOJIb CIIOS MOPHUCTHIX
IIbE30KEpaMUYECKUX  cTepkHe.  Advanced — Engineering  Research — (Rostov-on-Don).  2026;26(1):2272.
https://doi.org/10.23947/2687-1653-2026-26-1-2272

Introduction. To improve the efficiency of piezoelectric transducers, research is being conducted to find the optimal
configuration of the device — its size, shape, electroplating pattern, loading methods, and the materials used. Despite a
significant amount of work having been carried out, the task of determining efficient designs for piezoelectric generators
and selecting piezo-materials with improved characteristics for energy storage devices remains a challenge. One of the
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most promising ways to improve the performance of such transducers is the use of piezocomposite materials. The most
well-known and thoroughly studied are fibrous piezocomposites, or systems with a 1-3 connectivity pattern according to
Newnham's terminology [1], in which rod-shaped piezoceramic elements are embedded in an elastic dielectric matrix.
Among numerous papers devoted to 1-3 composites, we should note [2], which examines applications for hydrophones.
In [3], the efficient properties are calculated through solving boundary value problems by the finite element method for a
unit cell with periodic boundary conditions. In [4], the corresponding coefficients are presented in closed form. In [5],
formulas are derived based on asymptotic averaging, and comparison with experiment shows good agreement.
Homogenization theory for the design of optimal piezocomposites is applied in [6]. In [7], analytical expressions for the
effective constants are also obtained under the condition that the structure period is significantly smaller than the elastic
wavelength, and new composites with improved global properties for biomedical imaging are proposed. An analysis of
electroelastic composites using self-consistent methods and asymptotic homogenization is performed in [8]. In [9], a
theoretical framework for designing piezocomposites with specified generalized characteristics is presented. Additional
information is gathered in review [10]. 1-3 composites provide high values for a number of key parameters important for
applications — the hydrostatic piezoelectric charge coefficient, the hydrostatic voltage coefficient, the thickness
electromechanical coupling coefficient, the hydrostatic Q-factor, and others.

Macro fiber composites, originally developed for the aerospace industry, are also successfully used in energy
harvesting systems. These miniature, low-power generators are thin beams and include piezoelectric fibers placed in a
dielectric medium. The fibers are integrated into a single multilayer structure with interdigital electrodes on the lateral
surfaces of the beams on both sides. The objective of [11] was to assess the effect of the uncertainty in the physical
properties of both the piezoelectric fibers and the epoxy matrix on the model response, and to identify the parameters that
determine the greatest variability in the output data. In [12], a potential technology is proposed for integrating energy
harvesting sources into complex airframe structures in aerospace engineering, enabling the generation of the energy
required for monitoring environmental conditions or controlled structural characteristics. A comparative analysis of
generators made from monolithic and composite piezoceramics, conducted in [13], showed the high efficiency of using
macro fiber composites. Study [14] presents the development of a microgenerator based on microcomposite piezoelectric
materials for energy harvesting in glove structures. The devices described consist of piezoelectric fibers with a diameter
0f 90-250 pm, aligned in a unidirectional order and embedded in a composite structure.

To improve the performance of 1-3 composites, it is possible to vary the materials of the piezoelectric fibers and the
elastic dielectric matrix. In particular, porous materials with a reduced Young's modulus and a significantly varying
Poisson's ratio can be used as the matrix [2, 14]. In [15, 16], the Mori-Tanaka method is used to determine the effective
moduli first for the porous matrix, after which an analysis of 1-3 composites is performed. In [15, 16], additional options
for pore orientation relative to the polarization direction are considered, which, however, is difficult to implement in
practice. In [2], approximations of the effective environmental method are used. In [17, 18] a topological optimization of
the porous structure of the matrix is performed based on the approaches from [2]. In [19], a modeling of a 0—3 composite
with piezoelectric particles in a porous matrix is performed. It is also shown that the use of a porous matrix does not lead
to an improvement in the electromechanical properties of a 03 system. However, the piezoelectric sensitivity coefficients
are not analyzed in that study.

Another direction of modification is related to the use of porous piezoceramics, which in recent years have been
considered a promising active material for energy storage devices. Compared with dense ceramics, porous materials are
characterized by reduced acoustic impedance, increased piezoelectric sensitivity, and a number of high-quality indicators.
Thus, in [20], a Rosen-type piezoelectric element utilizing the longitudinal piezoelectric modulus is investigated. In [21],
it is shown that introducing a porous layer into a multilayer element based on barium titanate significantly improves
performance in piezoelectric energy harvesting. Experimental study [22] describes a piezoelectric generator manufactured
using porous ceramics. In [23], a review of the current state and prospects for the use of porous piezoceramics is given.

The present study builds upon the results of [20, 24] and, to a certain extent, combines approaches to the introduction
of porous piezoelectric ceramics as an active phase in 1-3 composite fibers and to varying matrix materials with different
stiffness. In other words, it examines 1-3 piezoelectric composites in which porous piezoceramics are used as the
piezoelectrically active material.

Thus, an analysis of the literature shows that the main efforts of researchers are focused on determining the efficient
electroelastic properties of 1-3 composites. A wide range of methods has been developed — from analytical formulas to
detailed numerical procedures — that make it possible to predict with high accuracy the homogenized (averaged)
characteristics of the material depending on the properties of the constituent phases: the fibers and the matrix. This
information is undoubtedly important, but it describes the behavior of the material as a whole, rather than that of the final
structural element, which is the goal of engineering design.
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The transition from efficient properties to the analysis of the dynamics of real structures, such as plates and shells,
represents an independent and non-trivial problem. Although the finite element method (FEM) is applicable for high-
precision analysis, as implemented in numerous software packages, full-scale three-dimensional modeling at the stages
of preliminary design and optimization often proves to be excessively resource-intensive. At the same time, the
development of applied two-dimensional theories (theories of plates and shells) that take into account the specific features
of 1-3 composites (particularly in the presence of porous 3—0 and 3—3 components) would significantly simplify and
speed up calculations, while maintaining accuracy sufficient for engineering applications. In the scientific literature, there
is a distinct lack of such models capable of acting as a bridge between the micromechanics of the material and the
macromechanics of the structure.

The objective of this work is to construct an applied two-dimensional theory for calculating the transverse vibrations
of layered plates made of 1-3 piezoelectric composite, followed by validation of the results obtained using the proposed
theory through comparing them with a solution from the ACELAN finite element package.

Materials and Methods. The development of a mathematical model based on the linear theory of electroelasticity
and a computer model of a multilayer transducer with polarization along the layers is performed in the ACELAN finite
element package. The computer model of the device is subsequently used to validate the adequacy of the developed
applied theory.

Mathematical model

The paper considers models of piezoelectric transducers consisting of electroelastic composite materials, whose
properties are specified by effective constants [20, 24]. Let us introduce index j for numbering the bodies and write down
the equations and constitutive relations [25]:

p0ii+apu-V-6=f;;V-D=0;
o=c’ - (e+B é)—e) -E;E=—Vg; (D)
D+g,D=e, - (e+c,8)+3} -E;e=(Vu+Vu')/2,

where ¢ — stress tensor; p; — density of the body; € — strain tensor; u — displacement vector; D — electric induction

vector; E— electric field strength vector; f; — vector of mass forces; ¢ — electric potential; a, B, ¢, Bgj, ¢ — damping

5 , 3§ — tensors of elastic constants, piezo moduli and permittivity; index j corresponds to the

coefficients; ¢/, e
number of the body in the model.

System (1) is supplemented with the corresponding mechanical and electrical boundary conditions. In particular, the
value of the electric potential ¢ is specified on the electrodes, and on the non-electrode part of the surface — the no-
charge condition is set, i.e., the normal component of the electric induction vector D is equal to zero. In the case of free

electrode Sg, potential 7 on it is unknown and is determined from an additional condition:

j D, ds = 0. 2
SE

The same condition is applied when determining the antiresonance frequencies.
To analyze the efficiency of the device, the values of the output electric potential, mechanical stresses, and the
electromechanical coupling coefficient (EMCC) are used. This is calculated from the formula:

k=J1-(/,/ 1.}, 3)

where f; and f, — resonance and antiresonance frequencies, respectively.
The calculation of the damping coefficients when determining the output potential at resonant frequencies was
performed using the approach from [25], for which a constant quality factor O was assumed at the first two resonant
frequencies:
_ 2tfufn . 1
ad_.—s Bd_gd_—'
Q(frl+fr2) 2Tl:Q(frl"‘frZ)

The operating frequencies (f-1) and the next closest ones (f2) are selected as such resonant frequencies. For the

“

structures under consideration, the operating frequency is the first bending mode.

When modeling porous composites, the efficient moduli obtained for porous PZT-4 piezoceramics by the averaging
method [20, 26] in the ACELAN-COMPOS package were used. Data were obtained for materials with porosity up to
80%. The efficient moduli used in the numerical experiments are given in Table 1.

Mechanics
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Table 1
Efficient Porous Ceramic Modules [20]

Porosity, % 0 10 20 30 40 50 60 70 80
p, kg/m? 7500 6750 6000 5250 4500 3750 3000 2250 1500
cf, GPa 139 115.6 92.5 68.5 50.5 334 20.7 12.6 6.8
cly, GPa 77.8 61.5 46.6 314 21 11.6 6.2 2.8 1.3
cf;, GPa 74.3 58.2 42.5 28.2 18.7 10.6 52 24 1
¢33, GPa 115 953 72.3 542 39.1 27.2 16.3 9.1 4.7
iy, GPa 25.6 223 18.3 14.4 11 7.4 4.4 23 1
ey, C/m’ 5.2 —4.23 -3.14 -2.07 -1.32 -0.75 -0.43 -0.21 0.1
es; , C/m? 15.1 13.38 11.37 9.59 7.68 593 3.93 2.3 1.25
e, C/m’ 12.7 10.96 8.96 6.91 5 3.3 1.95 1 0.44

3 /€ 730 663 582 509 439 349 263 191 122
3% /&g 635 567 492 413 345 270 199 130 75

When modeling a 1-3 composite (Fig. 1), the effective properties (Tables 2, 3) are taken from [24].

Fig. 1. Examples of representative 1-3 composite volumes,
constructed in ACELAN-COMPOS complex

Table 2
Material Properties of Composite 1-3 with Matrix 1
Percentage of porosity 0 10 20 30 40 50 60 70 80
p, kg/m’ 5250 5060 4880 4690 | 4500 | 4310 | 4130 | 3940 | 3750
el 10, N/m? 6.36 6.12 5.83 544 | 505 | 4.54 4.05 3.63 3.27
cE™ 10", N/m? 2.77 2.66 2.52 2.31 2.09 1.8 1.53 1.28 1.09
cEeT 101, N/m? 2.82 2.67 2.48 225 | 2.03 1.78 1.54 1.36 1.22
i, 10, N/m? 6.22 5.89 5.51 512 | 476 | 4.43 4.08 3.83 3.67
cE™ 10", N/m? 1.64 1.58 1.51 1.43 1.35 1.25 1.16 1.08 1.02
et C/m? -1.3 -1.05 | —0.785 | —0.523 | —0.33 | —0.185 | —0.108 | —0.053 | —0.025
e C/m? 3.77 3.35 2.86 2.4 1.93 149 | 0972 | 0.58 0.31
et C/m? 3.66 3.26 2.81 2.31 1.83 1.3 0.845 | 0465 | 0221
a0 /g, 51.4 46.5 40.7 352 30.1 24.1 18.3 13.1 8.61
a5 /g, 159 142 124 104 86.9 | 682 50.5 332 19.5
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Table 3
Material Properties of Composite 1-3 with Matrix 2

Percentage of porosity 0 10 20 30 40 50 60 70 80
p, kg/m? 3000 | 2810 | 2630 | 2440 | 2250 | 2060 | 1880 | 1690 | 1500
et 1010, N/m? 1.15 1.13 1.1 1.06 1.02 | 0956 | 0.882 | 0.796 | 0.685
e 101, N/m? 0237 | 0233 | 0228 | 0222 | 0.214 | 0202 | 0.18 | 0.158 | 0.133
e, 1010, N/m? 0332 | 0315 | 0294 | 0269 | 0246 | 0219 | 0.184 | 0.155 | 0.125
cET 101, N/m? 225 2.03 1.78 1.54 1.32 1.12 | 0904 | 074 | 0.632
cEe™ 101, N/m? 0.425 | 0415 | 0403 | 0388 | 0369 | 0341 | 0304 | 0261 | 0219
est C/m? 13 | -1.05 | —0.785 | —0.523 | —0.33 | —0.185 | —0.108 | —0.053 | —0.025

e C/m? 3.77 3.35 2.86 2.39 1.93 149 | 0972 | 0.8 0.31
es!", C/m? 1.44 1.35 1.24 1.1 0.959 | 0.783 | 0.591 | 0.381 | 0.209

3 /e, 14.1 12.9 115 10.1 8.9 7.39 5.93 4.62 3.47

25 /gy 159 142 123 104 86.9 68.2 50.5 332 19.5

Layered plate structures and finite element model

The piezoelectric element under consideration is a layered plate (Fig. 2), in which each layer is a 1-3 piezocomposite,
with the piezoceramic rods (marked by black circles in Fig. 2) made of porous piezoceramics. It is noteworthy that two
layers symmetric with respect to the midsurface have opposing longitudinal polarization.

X1
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-
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Fig. 2. Layered plate structures

In the case where the piezoelectric element consists of two layers, its finite element model is constructed. Figure 3 a
presents the geometric model with two oppositely polarized layers (red and yellow colors), and Figure 3 5 shows the mesh
of triangular quadratic finite elements (1350 finite elements, 2839 nodes).

W e

b)

Fig. 3. Two-layer piezoelectric element: a — geometric model; b — finite element mesh
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The finite element model constructed in this section was used to validate the adequacy of the applied theory in
calculations in the following sections.

Research Results

Development of an applied theory for calculating transverse vibrations of a layered structure with polarization of
layers in the plane of the plate

The applied theory of bending vibrations of the plate under consideration, consisting of four layers, in which the upper
and lower layers are isotropic (thicknesses A with Lamé coefficients A, pt), and the internal electroelastic thickness # is
constructed on the basis of Kirchhoff-Love-type hypotheses. The first hypothesis is that normal stresses are equal to zero
throughout the entire volume of the plate 61 = 0, which makes it possible to express longitudinal deformations:

0
€31 — oz ¢(x .z )"‘Clz € tC3833
en = . ()

(G

The second hypothesis shows that the distribution of the components of the displacement vector and the electric

potential has the form:

0 0
u (x,y,z) = UX(y,z), uy(x,y,z)= —(5(])(()/,2)])6, uy(x,y,z)= —(a—ZUX(y,Z)jx,

(6)
Ux (y, z)] X,

2

0
UX(y,Z)Jx, €33 = _(az_z

where UX(y, z) — deflection of the midsurface, x; = x, x2 =y, x3 =z.
Taking into account relations (5) and (6) in system (1) in the case of steady-state vibrations with circular frequency ®

leads to a system of equations for two unknown functions ®(y, z), UX(y, z).

2 2
g, 2ot (thrHj LS, (lh+Hj —lth x
2 Ci1 2 4 2 4
, 2
N ?(y.z) —1[ 2t +2e3; (lh+HJ 2 |
0zoy? 2 o 2 4
o 2 ?(y,2) L 2enesn g, (lh+Hj2—lh2 i@( z) |+
520 Py, ) o 33 ) 4 023 Y,
5 3 2
+(_l 2012_20“ (lh+Hj _lhB _i _2}”_4M+L W3 x
3\ ¢ 2 8 24 A+2p
P 1 8 1 N 2( 2cppey3
(8—4UX()/JZ)J+[§HI’[3+§c44{(5h+HJ J_ghjjJ_g(T_ZCl} X
3 2 4
y (1h+HJ Lt 2 o | Loz |+ (7)
2 8 12\ A+2p oz2oy?
2 3 2
4 _l 2013 13 (lh_{_[_]j _lh3 _L _27“_4H+A h3 X
3| ¢ 2 8 24 A+2u
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(—UX(y, ] @’phUX (y,z)=p(y,2)=0
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—2g11{ J ( -2 33](62_2¢(y’z)j+
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Bending moments and shear forces have the form:

My, :i[_z(mzu)[;_ux(y Z)J_

oz o
w2l o)
_2(572211;(( ))x 2(k+2p)£—UX(y Z)D

%(_i[z%( [ jy Ux (v, z)]clz ( ;;22 Ux (v, z)m
_2c13(§y—22UX(y,z)J 2c3{g Ux (», Z)]J[(%h+[‘[j3—%h3}+
K _2013631(;;(2}()}’2)]+2€33(a%@(y,2)j {(%}HHJZ —%hzj.

2 cyy

1 (@8 4( o 1 P
My =—— UX (y,z) |h* - UXx —h+H | ——h |+
? 6”[828)/ (yZ)J 3[628)/ (yz)jcM[[z ] 8 ]
2
+e5 3CD(y,z) (lh+Hj —lh2 .
Oy 2 4

3 3 3
szlu a—U)((y,z) wed a UX (9,2) |ca (lh+Hj VR
0z-0y 3 20y 2 8

6
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For the case of a panel consisting of two internal layers (Fig. 2 and 3 a), the second equation of system (7) is reduced

to the form:

2
1[613631 —633]h(diUX(Z)}r[_ﬁ_gﬁ]@(z)JfClz+Cz =0, ®)
Z

4\ e 1

from which the electric potential is expressed:

d
_ h+ h)| —UX
1 ( C11€33 C13€3) )(dz (Z)\J . 1 4CICIIZ+4CZC“

2 2
4 833¢1 te3 4 gycptey

(€))

@(z) =

After this, the first equation (7) is reduced to the form:

2
(_L[ZCB —2033}13 1 ! > (— 2¢13631 +2e33jh2 (—011633h+cl3e31h)J X
24\ ¢y 32¢183; +e3 Cui (10)

x[jTtUX(Z)J—wzphUX(z)— p(2)=0.

System of equations (7) is generally solved numerically, whereas equation (10) can be solved analytically.

Validation of the proposed method for adequacy based on a comparison of the results with calculations in the
ACELAN package

To test the applicability of the proposed applied theory, two problems for a two-layer panel are solved: determining
the first resonant frequency of the bending mode, and the problem of steady-state vibrations at a frequency of 200 Hz
under a uniformly distributed load on the upper plane of the plate with an amplitude of 1000 Pa. The plate length is 0.1
m, the thickness of each layer is 0.0025 m, and the material is PZT-4. The plate is fixed at the left end and hinged at the
right (Fig. 3 a).

The self-resonant frequency of the first bending mode (Fig. 4) in the ACELAN package calculation is 1348.68 Hz,
while the applied theory calculation is 1360 Hz, i.e., the error is 0.8%.

The forced vibration calculation has yielded the following results: Figure 4 shows the distribution of vertical

displacements on the deformed plate.
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Fig. 4. Distribution of vertical displacement at a frequency of 200 Hz

Figure 5 shows the graphs of the deflection of the midsurface of the plate.
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Fig. 5. Plate deflection: « — ACELAN; b — applied theory of equation (8)—(10)
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Figures 6 and 7 present similar results for horizontal displacement, and Figures 8 and 9 show them for electric

potential.
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a — ACELAN; b — applied theory
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Fig. 9. Electric potential in the plate: @« — ACELAN; b — applied theory

Discussion. The key result of this research is an applied two-dimensional theory and the demonstration of a high
degree of agreement between the solutions obtained from it and the simulation data in the ACELAN finite element
package. The deviation in the calculation of the first resonant frequency is only 0.8%, which is more than sufficient for
engineering applications. Visual and quantitative comparison of the graphs of deflections, horizontal displacements, and
the distribution of electric potential under forced vibrations also shows their almost complete agreement (Figs. 5, 7, 9),
which confirms the proposed model adequacy in the frequency range under consideration.
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The primary application of the developed theory is the low-frequency range. The structural geometry is thin plates.
The range of variation of the material parameters of the layers is relatively small. For wider property ranges, when
constructing the applied theory, it will be necessary to take into account the broken normal and use a higher order of
approximation for the characteristics of the mechanical and electrical fields across the thickness of the structure.

The proposed theory eliminates resource-intensive 3D modeling at the preliminary design stages. The practical
significance of the results is in the creation of an efficient and fast tool for engineers and researchers: instead of time-
consuming calculations in “heavy” CAE packages, analytical or numerically analytical solutions of equations (7)—(10)
can be used to quickly evaluate dynamic characteristics, conduct parametric studies, and optimize the designs of
piezoelectric transducers, sensors, and energy harvesting devices.

Conclusion. Within the framework of the study, the problem of constructing and validating an applied two-
dimensional theory for calculating the transverse vibrations of layered plates made of a 1-3 piezocomposite and porous
piezoactive 3—0 and 3-3 elements is successfully solved.

A mathematical model based on the Kirchhoff-Love hypothesis is developed to describe the dynamic behavior of a
thin layered electroelastic plate with opposing longitudinal polarization of the layers.

A system of differential equations is derived, which, for the particular case of a two-layer panel, reduces to a single
equation that admits an analytical solution.

The proposed theory is validated through comparing its results with numerical simulation data in the ACELAN finite
element package. The error in determining the first resonant frequency does not exceed 0.8%.

The adequacy of the theory in calculating forced vibrations is proven: the profiles of vertical and horizontal
displacements, as well as the distribution of electric potential, calculated using the applied theory, almost completely
coincides with the results of finite element modeling.

Thus, it is shown that the proposed two-dimensional theory is an effective and computationally efficient tool for the
analysis and design of thin-walled structures made of piezocomposite materials, which allows for a significant
acceleration of development compared with the use of universal finite element packages.

Prospects for further research are related to the development of the next level of homogenization — the transition to
the efficient properties of a 2-2 composite with subsequent consideration of a two-layer plate — as well as with more
complex approximations of mechanical and electrical fields, including consideration of edge effects. However, when
complicating the model, it should be remembered that the primary practical purpose of such theories is the calculation of
the output integral characteristics of devices: resonant frequencies, output electrical potential, power, etc.
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Abstract

Introduction. The disposal of automotive tires typically involves landfilling, stockpiling, or incineration. As a result, this
causes soil and atmospheric pollution. Scientists have long and actively discussed the recycling of tire rubber as one of
the approaches to solving environmental problems. It is known that the use of rubber crumb in composites can reduce
their weight and thermal conductivity. However, materials based on unsaturated polyester containing rubber waste have
been insufficiently studied. There are contradictions in the assessment of their mechanical and thermal insulation
properties. Moreover, the optimal rubber content in the composite is unknown. The presented work addresses these gaps.
The research objectives include the development and analysis of new materials based on unsaturated polyester with
justification for the required proportion of rubber waste.

Materials and Methods. During the processing of tire rubber, a multistage grinding process was carried out, followed by
magnetic and air separation. A powder with a density of 500 kg/m?® was obtained. The minimum particle size was 0.1 mm,
and the maximum was up to 1 mm. The composite matrix was unsaturated polyester with a density of 1160 kg/m?. To
fabricate the specimens, 0, 10, 20, 30, 40, and 50% rubber filler were added to it. Stable geometry was achieved through
curing at room temperature and subsequent mechanical processing. For each composition, three specimens with an area
0of 0.021 m? and a thickness of 0.01 m were produced.

Results. The dependence of density, water absorption, and thermal conductivity of the samples on the volume of recycled
tire rubber was shown. As its proportion increased, a noticeable decrease in density was recorded: at 0% — 1160 kg/m?;
at 10% — 1074.3; at 20% — 1037.2; at 30% — 1017.8; at 40% — 963.7; at 50% — 905. Water absorption dynamics
were determined by the weight of the samples after immersion in water. It took more than 8 hours for changes (even
minor ones) to occur. The indicator in percentage terms increased from 0.024% to 0.47%, meaning the absolute maximum
was <0.5%. As the rubber content increased, thermal conductivity decreased. The value for pure polyester was
0.254854 W/(m-K); for the composite with 10% rubber — 0.2510574; with 20% — 0.245156; with 30% — 0.238484;
with 40% — 0.223062; with 50% — 0.207039. All samples withstood a load of 1300 kN.

Discussion. The incorporation of 50% rubber into unsaturated polyester results in a 22% reduction in sample density and
a 19% decrease in thermal conductivity, with water absorption remaining under 0.5%. These properties suggest the
suitability of the composite as an efficient insulation material, even in environments with elevated humidity. Its high
compressive strength (>61.83 MPa) allows for its use in structures subjected to significant loads. Varying the rubber
content will provide an optimal balance between mechanical properties and moisture resistance.

Conclusion. This work presents an approach for the sustainable recycling of tires to produce effective insulation
materials. Promising directions for future study include investigating composites with larger rubber particles (>1 mm),
evaluating their acoustic insulation properties, and assessing their fire resistance and chemical stability.

Keywords: tire recycling, unsaturated polyester, properties of polyester-rubber composites, low-absorption materials
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OpMZMHaJleOE amnupudeckoe ucciedosamie

Co3nanne N30J5IIMOHHBIX MATEPHAJIOB 3 HEHACBILIEHHOI0 MOJM3(HUPa U NepepadoTAHHOM
INMHHON pe3HHbI
N.P. Autubac = 04, T.I1. CaBocTuHa

JloHCKOM rocy1apcTBEHHbIN TEXHUUECKUI YHUBEPCUTET, T. PocToB-Ha-Jlony, Poccuiickas denepanus
< Imad.antypas@mail.ru

AHHOTALIAA

Beeoenue. YTrnm3anys aBTOMOOMIBHBIX ITUH OOBIYHO MPEAIoNaraeT uX CKIAHPOBAaHNE, 3aXOPOHEHHE WIIN CKUTaHHUE.
Kak crmenctBue, 3arps3HAIOTCS 1MOYBA M aTMOc(epa. YUeHbIe TaBHO M aKTUBHO OOCY)KIAIOT mepepadoTKy IIMHHOH pe-
3MHBI KaK O/INH U3 MOAXO0B K PEIICHUIO 9KOJIOTHYECKNUX poOieM. M3BecTHO, YTO MCIOIBb30BaHNE PE3MHOBOH KPOIIKH
B KOMITO3UTaX MO3BOJIIET CHU3UTH UX MACCy M TEIDIONPOBOIHOCTh. OMHAKO MaJio M3yUSHBI MAaTepHAIBI C PE3HHOOTXO-
JTaMH Ha OCHOBE HEHACBHIIICHHOTO Mo dupa. ECTh MpoTHBOpEUNs B OIICHKE MX MEXaHUUECKUX U TEIUIOM3OJISAIIOHHBIX
cBoiicTB. Kpome Toro, HeM3BECTHO ONTUMAJIBHOE COJCP)KaHUEe pe3nHbI B koMrosute. [IpencraBnennas padora Bocnon-
HseT 3TH npobessl. Lleny rccnenoBanus: co3aHNe U aHaIN3 HOBBIX MaTepHAIOB U3 HEHACHIIICHHOTO MoJIH3(upa ¢ 060c-
HOBaHHEM HEOOXOAMMOH JOJTH PE3MHOOTXOIO0B.

Mamepuanst u memoost. IIpn 00paboTKe IMHHONW PE3UHBI IPOBEIIM MHOTOCTYIIEHYaTOE U3MENbYEeHHE, MAaTHUTHYIO U
BO3.yIIHYIO cenapanuio. [Toy4unu nopomok mioTHocThio 500 kr/m?. Munnmanbhas gpaxius — 0,1 MM, MakcUMaIb-
Hast — 10 1 MM. ba3za KoMIT031uTa — HEHACHIIIEHHBIN TOMUAGHUP MI0THOCTHIO 1160 kr/™M3. IJ1 M3roTOBICHUS 00Pa3IoB
K Hemy pobasisumn 0, 10, 20, 30, 40 u 50 % pe3uHOoBoro HanoHKUTENA. CTaOMIIEHONW TEOMETPHH JOOUBAIICH OTBEPKIC-
HHEM IPY KOMHATHOW TeMIiepaType U MeXaHHuecKoil o0paboTkoi. J[is Kaxoro cocTaBa M3rOTOBHIIM 11O TpH oOpasna
wromansio 0,021 m? u TommmHOH 0,01 M.

Pezynomamut uccnedosanus. Ilokazana 3aBUCIMOCTb IUIOTHOCTH, BOJOTIOTIIONICHHUS W TETIONPOBOJHOCTH 00Pa3IoB OT
o0bema nepepaboTaHHON IMHHOM pe3nHbl. C yBeTMUeHNUEM e 0N (PUKCUPYETCs 3aMETHOE CHIDKEHHUE TNIOTHOCTH: TIPU
0 % — 1160 xr/M>; ipu 10 % — 1074,3; mpu 20 % — 1037,2; mpu 30 % — 1017,8; mpu 40 % — 963,7; mpu 50 % — 905.
JlnHaMUKy BOJOTIOTIIOIICHHUS OTIPENEISIIN 110 BeCcy 00pa3IoB mocie mpedsiBanus B Boje. s u3MeHeHuit (mpudem He-
CYIIECTBEHHBIX) MOTpeboBasock Oonee 8 gacos. [Tokazatens B mporneHTHOM OTHOIIeHUH pactet ¢ 0,024 mo 0,47 %, To
ecTb abcomoTHEIH MakcuMyM <0,5 %. C yBeIM4eHUEM IO PE3UHBI CHIDKACTCSl TEIUIONPOBOAHOCT. [lokasarens s
guctoro nommdupa — 0,254854 Bt/(m - K); nns xommosuta ¢ 10 % pesunsr — 0,2510574; ¢ 20 % — 0,245156; ¢
30 % — 0,238484; ¢ 40 % — 0,223,062; ¢ 50 % — 0,207039. Bce obpasiisl Beiaepxkanu Harpy3ky 1300 xH.
Oécyacoenue. Ilpn nobaBineHNN B HEHACHIEHHBIH noamaup 50 % pe3nHbl IIOTHOCTH 00pa3ua cHikaercs Ha 22 %,
k03(h¢unreHT TeruronpoBogHocTH — Ha 19 %, a Bogonoronenue He npesbiniaet 0,5 %. 3HauuT, KOMIO3UT OyAeT Xo-
POIINM H30JUPYIONIMM MaTepHUaIoM JIaXke TIPH TIOBBIIIIEHHOHN BIQKHOCTH. BhIcOKast MpoYHOCTH Ha cxarue (>61,83 MITa)
MIO3BOJISIET UCTIONIBL30BATh €r0 B KOHCTPYKIMSIX, HCTIBITHIBAIONINX CEphe3HbIe Harpy3ku. BapsupoBanue conepikaHus pe-
3MHBI JJaCT ONTUMAaJIbHBINA OanaHc MEXaHNYEeCKUX CBOMCTB M BIarOCTOHKOCTH.

3aknrouenue. IIpennoxKeHo pemIeHne Ui YKOJOTHYHON YTHIN3AINH IIHMH U CO3JaHMs Ka4eCTBEHHBIX M3OJISIIMOHHBIX
MaTepHaJoB. B mepcrnekTrBe MOXXHO H3YUIHTh O0Jiee KpyIHbBIE YacTUIIBI pe3UHBI (0T 1 MM) B KOMIIO3HTE, 3BYKOU3OJISIIH-
OHHBII MOTEHIIMA TAKUX MAaTEPHAJIOB, HX CTOMKOCTh K OTHIO M XUMHYECKAM BEIIECTBAM.

KaroueBble cioBa: mnepepaboTka aBTOMOOWJIBHBIX IIMH, HEHACHIIICHHBIH MNOJIMA(HP, CBOICTBA KOMIIO3HMTA W3
noJimdGupa U Pe3UHBI, MaTepUabl C HU3KUM BOJOIOTIIONIEHUEM

Bnaroaapnocn{. ABTOpBI BbIpaXKaroT 6J'Ial"0ﬂapHOCTL KOJUICKTUBY na6opaT0pml KOMIIO3UIIMOHHBIX MaTepUuaoB
MEXaHHUYCCKOI'O q)aKyJ'ILTCTa yHI/IBepCI/ITCTa Anemrio 3a TCXHUYCCKYIO MOAACPIKKY IPHU MMPOBECACHUN IKCIICPUMEHTOB.

Jas nutupoBanus. Anrubac M.P., CaBoctuna T.II. Co3maHne W3OJSAIMOHHBIX MATEPHAIOB W3 HEHACHIIIEHHOTO
noimddupa u nepepadoTaHHON MIMHHOW pe3uHbl. Advanced Engineering Research (Rostov-on-Don). 2026;26(1):2199.
https://doi.org/10.23947/2687-1653-2026-26-1-2199

Introduction. The accumulation of automobile tire waste is a global environmental problem. According to [1],
approximately 1.5 billion tires are produced worldwide each year, with over 17 million tons being disposed [1]. It is
expected that by 2030, the number of end-of-life tires will reach 1.2 billion units. Currently, a significant portion of
discarded tires is sent to landfills. As a result:

— the risks of fires and environmental pollution increase;

— the shortage of cheap insulation materials for construction is exacerbated.

It is known that about 40% of global energy consumption is attributable to the construction sector [2]. The industry
has a critical need for effective thermal insulation materials to improve the energy efficiency of buildings. Therefore, the
development of innovative composites is essential both for enhancing the recycling of rubber waste and for creating
much-needed thermal insulation [2].
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Unsaturated polyester was selected as the composite matrix due to its thermosetting properties. When mixed with a
curing agent, unsaturated polyester forms a rigid polymer structure, allowing the desired shape and porosity to be imparted
to the composition. Rubber waste, in turn, serves as an effective dispersed filler. Incorporating rubber crumb into the
composite substantially lowers its thermal conductivity. This reduction is attributed to two factors: firstly, the intrinsically
low thermal conductivity of rubber (~0.1-0.2 W/(m-K)), and secondly, its particles, dispersed in the polymer matrix,
create additional air cavities and a complex network of so-called “thermal bridges” [3].

There are publications on the use of tire rubber and other industrial waste to create materials with high sound-absorbing
properties [4]. In [5], the sound transmission loss of three composite panels was measured: made from waste tire rubber,
composite wood board, and particleboard. The conditions under which the use of tire rubber improves sound insulation
have been determined.

The University of Wisconsin-Milwaukee studied the use of rubber concrete in railway construction [6]. The
authors [6] compared the performance of a rubber suspension to a standard mix and revealed its higher strength and
ductility. The research also explored the potential of using this waste-derived material for trench backfilling and filling
voids in bridge abutments.

In [7], unsaturated polyester composites containing 5—40% recycled rubber glove filler are investigated. It has been
found that the additive increases the impact strength of the compound, but reduces tensile and flexural strength. This is
explained by weak rubber adhesion and the formation of pores at high levels.

Study [8] shows how the addition of rubber waste to unsaturated polyester reduces the flexural strength of the base
polymer material. The reason is the presence of contaminant particles, which impair the mechanical properties of the
mixture. It is further revealed that pre-treatment of the rubber waste enhances material stiffness, while pre-heating the
rubber prior to incorporation improves the flexural strength of the resulting composite.

In [9], it is demonstrated that incorporating rubber waste particles of varying sizes into unsaturated polyester yields
an insulating material with reduced density, thermal conductivity, and water absorption.

The mechanical properties of unsaturated polyester with different rubber waste loadings are reported in [10]. For
example, tensile strength ranges from 1.25 to 22.8 MPa, and compressive strength ranges from 8.25 to 79.5 MPa. Thus,
the material described is suitable for insulation applications where high mechanical performance is not required.

Study [11] investigated the effect of incorporating 2—4 mm rubber crumb particles on the compressive strength and
elasticity of the composite. Both properties improved, particularly following pre-treatment of the rubber waste with
synthetic resins. Under these conditions, compressive strength increased by 12% and elasticity by 40%.

The addition of rubber reduces tensile and flexural strength [10], which is caused by pore formation and weak adhesion
at the polymer—rubber interface. However, it simultaneously increases impact toughness [7] and elasticity [11].

The negative impact on strength can be reduced. For this purpose, pre-treating the rubber is recommended. Scientists
suggest techniques such as cleaning, heating, or resin treatment. All of these improve adhesion and partially restore the
mechanical properties of the compound [11].

Despite active and multifaceted interest from researchers in the topic under consideration, some key questions remain
unresolved. It is still unknown, for example, how the properties of composites based on unsaturated polyester depend on
the concentration and particle size distribution of rubber waste. This concerns parameters such as thermal conductivity,
density, water absorption, and flexural and compressive strength.

No optimization criteria have been developed for the composition required to produce an efficient thermal insulation
material for construction. In this case, it is important to balance processability, low thermal conductivity, and mechanical
properties suitable for the installation and operation of the structure.

The targeted development of such materials requires a deeper understanding of the processes occurring in the
unsaturated polyester—rubber crumb system. It is necessary to examine in detail the formation of the porous structure and
the mechanism behind the reduction in thermal conductivity. The presented scientific work aims to address this challenge.
The research objectives include the creation and comprehensive study of new composites based on unsaturated polyester,
with justification for the required proportion of rubber waste.

Materials and Methods. Polymer insulating composites were prepared through blending rubber waste and
unsaturated polyester at different weight ratios. The experimental study was conducted in three consecutive stages.

1. Preparation of raw materials and equipment

This phase assessed the feasibility and efficiency of mechanical recycling of end-of-life tires for producing rubber
powder with predefined characteristics. The study included an analysis of the processing steps, parametric monitoring at
each stage, and final quality control of the resulting material.

In the raw material preparation phase, steel bead wires were first stripped from the tire sidewalls. Primary size
reduction was performed using a shredder operating at 80 rpm for 2 minutes, producing particles in the 50-300 mm range.
Subsequent grinding in a rotary crusher at 1500 rpm for 5 minutes further reduced the particle size to 10-50 mm.

Machine Building and Machine Science
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A critical step in the preparation process involved separation of the ground material. Ferrous residues were extracted
using drum magnetic separators operating at 25 rpm with a magnetic induction of 500 mT. Textile fibers were
subsequently removed by means of vortex air classifiers operating at an airflow velocity of 15 m/s and a material feed
angle of 30°.

The cleaned rubber feedstock was further processed in a roll granulator, yielding granules in the 1-10 mm size range.
Subsequently, the material was subjected to fine milling in a ball mill operating at 45 rpm for 60 minutes to achieve a
homogeneous powder.

The multistage grinding and separation process yielded a homogeneous rubber powder with a bulk density of
500 kg/m>. Sieve analysis was conducted to verify its particle size distribution. The results confirmed that all particles
were smaller than 1 mm (Table 1), meeting the specified maximum particle size. Notably, 85% of the particles were found
to be below 0.37 mm, indicating a predominantly fine-grained fraction suitable for composite fabrication.

Table 1
Sieve Analysis Results for Rubber Powder

Sieve passage of powder, % 100 | 99.5 99 98 97 95 92 85 30 15 5

Sieve cell, mm 1.0 | 091 | 082 | 0.73 | 0.64 | 0.55 | 0.46 | 0.37 | 0.28 | 0.19 | 0.10

Unsaturated polyester resin supplied by SABIC (Saudi Arabia) served as the polymer matrix. The material, a pinkish
transparent liquid with a characteristic pungent odor, cured at ambient temperature upon initiator addition. Its density,
determined at 25+2°C, was found to be 1160 kg/m®.

Methyl ethyl ketone peroxide (MEKP) produced by Haihang Industry (China) was used as a polymerization initiator.

2. Specimen fabrication

Test specimens were prepared using silicone molds, which allowed for convenient demolding after curing. The mold
cavity dimensions of 145 mm x 145 mm x 10 mm were selected to comply with ASTM D695 standard requirements
while also matching the measurement capabilities of the available testing instrumentation.

The volumes of rubber waste in the specimens were 0, 10, 20, 30, 40 and 50%.

Following demolding, all specimens were surface-ground for dimensional stability and eliminating any surface
irregularities.

For each composition (0, 10, 20, 30, 40, and 50 vol.% rubber waste), three replicate specimens were prepared and
tested to ensure statistically reliable results.

3. Testing

In accordance with international standards, a series of physical, thermal, and mechanical tests were conducted at the
Composite Materials Laboratory of the Faculty of Mechanical Engineering, University of Aleppo.

3.1. Physical tests

Specimen density was measured in accordance with ISO 1183-1:2019. The standardized procedure comprised four
key steps. During the preparatory stage, appropriate equipment was selected and specimens were conditioned for testing.
At the experimental stage, direct mass and volume measurements were conducted. Specimen mass was determined using
a balance with a precision of 0.01 g.

Linear dimensions — length, width, and height — were measured using a hardened stainless steel digital caliper with
a precision of 0.01 mm.

Specimen volume was determined from the geometric measurements. Density was calculated according to the
formula: p = m/V, where m — specimen mass, ' — its volume.

3.2. Water absorption test (ISO 62:2008)

Specimens were submerged in water for 24 hours, with weight measurements recorded at two-hour intervals. Water
absorption was calculated from the formula:

W-W

1

WR% = -100,

where W — wet specimen mass after immersion, g; W1 — dry specimen mass before immersion, g.

3.3. Thermal conductivity test (ISO 8301:1991)

Thermal conductivity measurements were performed using a DRX thermal conductivity analyzer (China). The
instrument has a measurement range of 0.01 to 2 W/(m-K) and an accuracy of +3%. Testing was carried out over a
temperature range of 15-100°C, following the Chinese standard GB/T 10295-2008, which corresponds to ISO 8301:1991.
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During testing, the heat source was supplied with a constant voltage of 8§ V, maintaining a current of 1.18 A and a
source temperature of 15°C. Temperature measurements were taken at equal time intervals throughout the experiment.
The thermal conductivity coefficient was determined according to Fourier's law:

Q=P=d—H=V~I=k.A‘AT:>k=V.[.d,
dt d A-AT
where Q — heat flux; P — thermal power, W; d — specimen thickness, m; H — enthalpy, J; t — time; V— heater supply
voltage, V; I — current from the voltage source, A; k — thermal conductivity coefficient, W/(m-K); 4 — specimen
surface area, m?; AT — temperature difference between specimen surfaces, K.

Prior to testing, the thermal conductivity analyzer was calibrated using reference specimens provided by the
manufacturer. For each standard specimen, the correlation between nominal (theoretical) and measured thermal
conductivity values was established. This allowed for the derivation of a calibration equation and subsequent correction
of the experimental thermal conductivity data (Fig. 1).

0.043
Y =0.8208x + 0.0057
R2=1
0.042 1

0.041 -

0.040 1

0.039 -

0.038 1

Theoretical value, W/(m-K)

0.037 -

0.036

0.035 T T T T
0.036 0.038 0.04 0.042 0.044 0.046

Actual value, W/(m-K)

Fig. 1. Calibration curve of the thermal conductivity measuring device: R — coefficient of determination;
Y — theoretical thermal conductivity; x — actual value

3.4. Compression testing (ISO 604:2002)

A brief description of the compression testing machine operation is as follows. The upper movable plate applies
pressure to square specimens (25 mm thick) placed on the lower plate. The axial load is gradually increased.

Research Results. The density of the specimens was calculated from their mass and volume (Table 2). The obtained
data allowed for an analysis of density variation as a function of composition and the physical-mechanical characteristics
of the material.

Table 2
Specimen Density Calculation Results

Specimen parameters )
Rubber waste volume, % Dry mass, kg 10 Arca, m’ Thickness, m Density, kg/m?

0 232.00 1160

10 225.60 1074.333
20 217.52 1037.238
30 213.73 0.021 0.01 1017.761
40 202.59 963.714
50 190.06 905.047

Machine Building and Machine Science
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Figure 2 shows the density of the specimens as a function of rubber volume fraction.
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Density, kg/m?
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Fig. 2. Density as a function of rubber content

40

50

Water absorption behavior was evaluated through monitoring the weight change of specimens after 2 to 24 hours of
immersion in water (Table 3).

Table 3
Specimen Water Absorption Behavior
Weight Weight after immersion, kg-1073
Rubber waste before
volume, % immersion, in 2 hours in 4 hours in 6 hours in 8 hours in 24 hours
k-1073
0 201.47 201.47 201.47 201.47 201.50 201.52
10 271.39 271.39 271.40 271.47 271.49 271.66
20 289.14 289.18 289.19 289.26 289.34 289.76
30 287.81 287.86 287.99 288.03 288.06 288.60
40 304.66 304.71 304.83 304.94 304.97 305.56
50 271.78 271.18 272.18 272.28 272.39 273.08

Figure 3 shows water absorption as a function of rubber volume fraction.
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Fig. 3. Dependence of water absorption on rubber loading
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Table 4 presents the results of measuring the thermal conductivity coefficient of the specimens.

Thermal Conductivity Measurement Results

Table 4

Rubber waste Heat flow, V-1, Temperature °C Specimen | Specimen Thermal conductivity
volume, % w ’ area, m*> |thickness, m coefficient, W/(m-K)

0 17.90 0.2548540

10 17.45 0.2510574

20 17.78 0.2451560

30 8115 18.37 0.021 0.01 0.2384840

40 19.64 0.2230620

50 21.16 0.2070390

Figure 4 shows the thermal conductivity coefficient as a function of rubber waste content.

0.26

0.25

0.24

0.23

0.22

0.21

Thermal conductivity coefficient, W/(m-K)

0.20 T T T T T T T T
5 10 15 20 25 30 35 45 50
Rubber waste, %
Fig. 4. Thermal conductivity as a function of rubber content
Table 5 shows the compression test results.
Table 5
Compression Test Results
Rubber waste volume, % Specimen area, m?> | Maximum load, kN Maximum compressive stress, MPa
0
10
20
0.145-0.145 1300 61.83
30
40
50

Discussion. As shown in Table 2 and Figure 2, specimen density decreases as the rubber waste content increases. This
is because the rubber has a lower density (500 kg/m?) than unsaturated polyester (1160 kg/m?®). The specimen with 50%
rubber waste exhibited the lowest density (905.05 kg/m?), representing a reduction of nearly 22% compared to the pure
polymer. This density reduction corresponds to a decrease in specimen mass from 232 g to 190 g, with the geometric
dimensions held constant (thickness: 0.01 m; area: 0.021 m?).

The discrepancies between the present results and those reported in [10] are minor and can be attributed to differences
in the characteristics of the polymer matrix and the recycled tire rubber [12]. These findings confirm that rubber waste
serves as an efficient filler. It allows for a reduction in composite weight and controlled adjustment of the final density to
meet specific performance requirements.

Machine Building and Machine Science
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As shown in Table 3, specimen mass remained virtually unchanged during the first hours following water immersion.
Detectable changes occurred only after 8—24 hours of exposure. Figure 3 demonstrated that incorporating rubber waste into
the unsaturated polyester matrix did not substantially affect water absorption in absolute terms. The values increased
marginally from 0.024% for pure polyester to a maximum of 0.47% for the composition with 50% rubber waste. Thus, water
absorption below 0.5% can be regarded as negligible. In this case, the low water absorption can be attributed to two factors:

— hydrophobic nature of rubber relative to unsaturated polyester;

— microscopic pores formed during the mixing process.

The low water absorption makes these materials promising for applications requiring moisture resistance, such as
protective coatings, thermal insulation, and machinery components exposed to humid conditions. Further enhancement
of performance could be achieved through chemical surface modification of the rubber particles or by limiting the rubber
content to 20-30%, thereby attaining an optimal balance between mechanical integrity and moisture resistance.

According to Table 4 and Figure 4, increasing the rubber waste content to 50% reduces the thermal conductivity
coefficient by approximately 19%, thereby enhancing the thermal insulation performance of the specimens. This trend is
attributed to the inherently low thermal conductivity of rubber. The composite with 50% rubber waste exhibits a thermal
conductivity of 0.2070 W/(m-K), which lies within the range of values reported in previous comparative studies [10].
Minor discrepancies between the present results and those in the literature may arise from differences in measurement
techniques or the specific characteristics of the materials employed [13, 14].

Compression testing (Table 5) did not yield precise compressive strength values for the developed composites, as all
specimens remained intact up to the maximum load capacity of the testing machine (1300 kN). The corresponding
compressive stress at this load was calculated to be 61.83 MPa, which was considered to fall within the acceptable strength
range for insulation materials.

Conclusion. This study shows that the incorporation of rubber waste into unsaturated polyester yields composites
with enhanced properties suitable for construction applications.

The composition with 50% rubber waste was identified as optimal, exhibiting reduced density and thermal
conductivity — key characteristics for thermal insulation materials. Although water absorption increased marginally with
higher rubber content, it remained at a very low level (maximum 0.47%), making the composite suitable for use in humid
environments.

The tests confirmed the high mechanical strength of the developed composites. All specimens withstood compressive loads
of up to 1300 kN without failure, indicating their suitability for use in structural components exposed to mechanical stress.

Thus, the developed composites can contribute to solving two problems:

— environmentally sustainable disposal of substantial quantities of rubber waste;

— fabrication of efficient thermal insulation materials with high structural integrity.

Future work will focus on three main aspects.

1. Investigation of the effect of larger rubber particles (from 1 mm) on the properties of composites.

2. Evaluation of the sound insulation potential of the materials. This requires studying the microstructure, clarifying
the proportion of air voids, and their effect on acoustics and mechanical properties.

3. Conducting experiments to study the resistance of the specimens to fire and chemicals.
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Abstract

Introduction. Modern technologies of tool and mold production increasingly use metal-composite systems (MCS), which
combine additively manufactured metal shells and metal-polymer fillers. This corresponds to priority areas of scientific and
technological progress, such as digitalization and additive manufacturing (in accordance with the Federal Project
“Development of Materials and Production Technologies” within the framework of the national program “Scientific and
Technological Development”). The scope of application of MCS in industry is growing: according to industry reviews, their
share in the production of high-precision components for the aerospace and automotive industries has increased by 25-30%
over the past five years, providing economic benefits due to a 15-20% reduction in the weight of structures and improvement
of the energy efficiency of processes. Such systems combine the strength and thermal conductivity of metal with the damping
properties of polymers, yet exhibit high sensitivity to overheating during machining. Consequently, the temperature at the
metal-MCPM (metal-polymer composite material) interface during turning may exceed the thermal stability threshold
(170°C), resulting in thermal degradation, loss of adhesion, and shell deformation. In the literature, the problem of MCS
thermal stability in turning is addressed only fragmentarily: existing studies focus on monolithic composites or general
heat-transfer models, lacking detailed analysis of interfacial heating in additively manufactured systems featuring
low-conductivity fillers. Therefore, research is needed to quantify the thermal response during the machining of such systems
and to determine the cutting parameters that provide their thermal stability. The objective of this work is to experimentally
study the temperature response during turning of MCS with a shell thickness of 6 = 3.5 mm and to construct a second-order
regression model linking the temperature at the metal —- MPCM interface with the cutting parameters.

Materials and Methods. A hardware-software measurement unit simulating the MCS structure was developed for the
study. It included a replaceable bushing made of 12Kh18N10T steel, an internal insert made of Ferro-Chromium metal-
polymer, three built-in type K thermocouples, and a data acquisition module based on an ESP32-WROOM
microcontroller with MAX6675 converters, providing temperature recording at 5 Hz and data transmission via Wi-Fi.
The accuracy of the measurements was confirmed by thermal imaging verification using FLUKE Ti400. The experiment
was conducted according to the full factorial design (FFD) 2% + no, in which cutting speed V, feed S and cutting depth ¢
were varied. Data processing was performed by the least-squares method with adequacy validation using Fisher's F-test
and coefficient significance by Student's t-test. Based on the results of processing in real physical units, a second-order
regression model was constructed — model 3.5TP, designed for engineering prediction.

Results. The analysis of the experimental data showed that the thermal response of the metal-composite system was
nonlinear. The depth of cut ¢ was the dominant factor increasing the temperature, whereas within the investigated range,
an increase in the feed rate S and cutting speed ¥ led to a decrease in the interface temperature due to a shorter thermal
exposure time and more intensive heat removal with the chip flow. The resulting 3.5TP model was characterized by the
coefficient of determination R?> = 0.9513, Fisher criterion value F = 364.31 and the significance level p < 1073, which
validated its adequacy. Interpretation of the regression coefficients indicated that the depth of cut (¢) had the strongest
impact on the temperature rise, the feed rate (S) showed a moderate effect, and the cutting speed (/) had the least
sensitivity within the investigated range. The constructed response surfaces and contour maps identified the “safe zones”
of cutting conditions that satisfied the constraint 7< 170°C, corresponding to the thermal stability limit of the metal—-
polymer filler. The average deviation between the experimental and calculated data did not exceed 7°C, that confirmed
the high accuracy and predictive capability of the proposed model.
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Discussion. The constructed 3.5TP model revealed the relationship between geometric and technology factors that
determine the thermal load of the MCS during turning. The dominant impact of the depth of processing was due to the
increase in the volume of the cut layer and heat generation in the contact zone, while the increase in feed and cutting
speed was accompanied by compensating effects due to a decrease in the time of thermal contact and more intense heat
removal with the chips. The results obtained indicated the need to optimize processing modes taking into account the
shell thickness 8. Directions for further research were identified.

Conclusion. The conducted study demonstrates that the developed experimental setup reproduces accurately the thermal
behavior of a metal-composite system composed of an additively manufactured metal shell and a metal-polymer filler.
The constructed 3.5TP regression model adequately describes the temperature response during turning and can be used
for engineering prediction of mechanical processing modes.

Keywords: additive technologies, metal polymer, cutting temperature, interfacial boundary
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AHHOTALINA

Beeoenue. CoBpeMEHHbIE TEXHOJIOTHH HHCTPYMEHTAIBHOTO B (hOPMOOOPA3yIOIIEro MPOM3BOACTBA BCE Yallle HCIIOIb-
3y10T MeTa-komno3utHele cucreMsl (MKC), coueratonye ajJIMTHBHO MU3TOTOBJICHHBIE METAUINYECKUE O0OJIOUYKH U
METAIIONONIMMEPHBIE HAMIOTHHUTEIH, YTO COOTBETCTBYET NPHOPUTETHHIM HANPABICHHUSIM HAyYHO-TEXHHYECKOTO MPO-
rpecca, TAKUM Kak [IM(pOBH3aLKS U 3 JTUTUBHOE IPOU3BOJICTBO (B cooTBeTCTBUY ¢ DenepanbHbIM poekToM «PazBuTre
TEXHOJIOTHI MaTEepHaIoB M IIPOM3BOACTBA» B paMKaxX HAI[MOHAIBHOW mporpamMMbl «HaydHO-TEXHOIOTHYECKOE pa3BH-
THe»). Macmtadsl npumeneHnss MKC B IpOMBIIIIIEHHOCTH PacTyT: 110 JaHHBIM OTPacieBbIX 0030pOB, HX JIOJIS B IPOH3-
BOJICTBE BRICOKOTOYHBIX KOMIIOHEHTOB ISl aBHAKOCMHYIECKON M aBTOMOOMIIFHOM oTpacieii yBenmuamiacsk Ha 25-30% 3a
TIOCJIC/THUE TISITh JIET, 0OecTieunBasi 9KOHOMUYECKYIO BBITO/y 33 CUET CHHIKCHUS Macchl KOHCTpYKIMi Ha 15-20 % u mo-
BBILICHUS] 9HEPTro3((HEKTUBHOCTH HPOLeccoB. Takue CHCTEMBI COYETAl0T MPOYHOCTh M TEIIONPOBOIHOCT METAIIA C
JIeMIT(UPYIOIMMH CBOHCTBAMH MOJIMMEPaA, HO XapaKTepPHU3yIOTCsl BHICOKOW YyBCTBHTEILHOCTBIO K TIEPErpeBy IPH MeXa-
HH4ecKoit 00paboTke. Benencteue atoro temneparypa Ha rpanuie «metana — MITKM» rpu TodeHUN MOKET MPEBBIIIATh
nopor tepmoctoiikoctr (170°C), npuBoAs K TEPMOJIECTPYKIIMH, TIOTepe aiare3un u nedopmanuu odonouku. B nurepa-
Type npobnema repmoctabmabHocTH MKC npn ToueHn# ocBemeHa pparMeHTapHoO: CyIIECTBYIOIINE PaObOThI OKycHupy-
I0TCSI HA MOHOJIUTHBIX KOMITO3UTaX MJIM OOIIMX MOJIENISIX TEILIoNepeHoca, Oe3 IeTaabHOro aHali3a Mex(a3Horo Harpesa
B aJTUTHBHO-()OPMOBAHHBIX CHCTEMaX C HU3KOW TETJIONMPOBOIHOCTHIO HAIOMHUTENS. 1103TOMy HEOOXOIMMEBI HCCIIEI0-
BaHUs, MO3BOJIAONIMEC KOJIMYCCTBCHHO OIMHMCATh TEIJIOBOM OTKIIMK npu 06pa60TKe TaKUX CHUCTEM U ONPCACTIUTH Iapa-
METPBI pe3aHus, 00eCIeYnBaIOIINe X TePMOCTa0MILHOCTE. L{ess HacTosIel paboThl — 3KCIEPHUMEHTAIBHOE HCCIIe0-
BaHHE TeMIlepaTypHoro oTkiiuka npu todeHnt MKC ¢ TonmuHoN 00605109k 6 = 3,5 MM U IIOCTPOSHUE PErpecCHOHHON
MOJIETIM BTOPOTO MOPSKa, CBSI3bIBAIONIEH TeMIeparypy Ha rpanune «Merant — MIIKM» ¢ mapamerpamu pe3aHusl.
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Mamepuanovt u memoost. J11s1 viccienoBaHus ObLT pa3paboTaH MPOrpaMMHO-aNIapaTHRIA H3MEPUTEIBHBIN y3€l, MOJie-
mupyromuil ctpykrypy MKC. On Brutouan cMeHHyo BTyIKy u3 ctanu 12X18H10T, BHyTpeHHIOI0 BCTaBKy U3 METAILIO-
noiumepa «Deppo-Xpom», TpHU BCTPOCHHBIE TepMmomapsl Tnna K m Momyns cOopa JaHHBIX Ha MHUKPOKOHTPOJLIEpPE
ESP32-WROOM c npeobpazoBatensivu MAX6675, obecriednBaromnil perucTpauio TeMIepaTypsl ¢ 4acToToi 5 ' n
nepenady gaHHbIX 0 Wi-Fi. KoppekTHOCTh m3MepeHwmii ToATBEepIKAeHa TeIUIOBU3NOHHON Bepu(UKAIINEH C HCIIOIh30Ba-
nneM FLUKE Ti400. DkcriepMMeHT MPOBOMIICA TI0 IJIaHY MOJHOro (GpakTopHoro skcrepumenta (ITMD) 23 + ny, B koTo-
POM BapbHPOBAIMCH CKOPOCTh pe3anus V, mogada S v riyOuHa peszanus t. OOpaboTka JaHHBIX BBIIIOIHAIACH METOIOM
HaMMEHBIINX KBa/IPATOB C IIPOBEPKOM aIeKBaTHOCTH 110 F-kpureputo duriepa v 3HAYMMOCTH KOIPPHUIIUESHTOB I10 t-KpH-
teputo CteioneHTa. [1o pesynpraTam 00pabOTKH B pealibHBIX (U3NIECKHAX SANHUIAX IIOCTPOCHA PETPECCHOHHAS MOJIENb
BTOPOTO Nopsiaka — Mozens 3.5TP, npenHasHaueHHas Uil HHKEHEPHOT'O TPOTHO3UPOBAHUSL.

Pe3ynomamet uccinedosanus. AHamm3 SKCIIEPUMEHTAIBHBIX JaHHBIX TTOKA3all, 4To TemreparypHsiid oTkik MKC nveet
HEJTMHEHHBIH XapakTep, IPpY 3TOM TIyOnuHa pe3aHus t SBISETCS JOMUHHUPYIOIUM (haKTOPOM MOBBILIEHHUS TEMIICPATyphbI,
TOT/Ia KaK B MCCJICZIOBAHHOM JIMANa30HE YBEIMUCHHE T0/a4M S U CKOPOCTH pe3aHus } CONpPOBOXKAAETCS CHHKEHHEM
TeMIIepaTypbl Ha Mex(a3HOW rpaHuIe 3a CU€T COKpalleHHs BpEMEHH TEIUIOBOTO BO3JEHCTBHS 1 00Jiee HHTEHCHBHOTO
BBIHOCA TETLIA O CTPYKKoi. [Tomyuennas Mmoxens 3.5TP xapakrepusyercsa ko> puuueHToM aeTepMuHanun R = 0,9513,
3HauenueM kputepus Oumepa F = 364,31 u yposHeM 3HaunMocTH p < 1075, 4T0 MOATBEPKIAET €€ aNeKBaTHOCTh. UH-
TeprpeTanyst KO3 GUIMEHTOB BEIABUIIA, YTO INTyOHHA pe3aHus t OKa3bIBaeT HANOOJIbIIIEE BIMSHNAE Ha POCT TEMIIEPATYPBI,
nojayda S — yMepeHHOe BO3/AEHCTBHE, a CKOPOCTb pe3aHus J'— MuHHMansHoe. IlocTpoeHHbIE TOBEPXHOCTH OTKIIMKA U
KOHTYPHBIE KapTHI IIO3BOJIMIIN BEIIEITHTE «O€30TIaCHBIE 30HBD) PEKUMOB, YAOBIETBOpsIomuX yeiosuto 7' < 170°C. Cpen-
HHE PaCXOKACHHS MEXTy IKCIIEPUMEHTAILHBIMU ¥ PAaCYETHBIMHU JIAHHBIMU He TpeBbImany 7°C, 4To MoATBEP>KAACT BbI-
COKYIO TOYHOCTH MOJICIIH.

Obcyicoenue. Tloctpoernas monenb 3.5TP packpbuia B3aMMOCBSI3b T€OMETPUYCCKUX M TEXHOJIOTUYCCKHUX (PaKTOPOB,
onpenensgonux TepMoHarpyxxeanocts MKC npu Touennu. [JoMuHHpYromiee BIMSHAE TIyOHHBI 00paboTku 00yciIoB-
JICHO yBeJIMYeHHuEM 00bEéMa cpe3aeMoro Ciiosi ¥ TEIJIOBBIJCICHUS B 30HE KOHTAKTa, TOTr1a KaK pOCT MoJjaqyd U CKOPOCTH
pe3aHus CONPOBOXKAAETCA KOMIIEHCUPYIOINMH 3((EKTaMH 32 CHET yMEHBIICHHUSI BPEMEHH TETJIOBOTO KOHTaKTa 1 OoJee
MHTEHCHUBHOT'O BBIHOCA TEILIa CO CTPYKKOH. [loydyeHHbIe pe3ysbTaThl CBHACTENBCTBYIOT O HEOOXOMMOCTH OIITUMH3a-
LM PEXXUMOB 00pabOTKH € YIETOM TOJMIIUHBI 0007109KH 8. OTpeieNieHbl HaNpaBIeHUs NadbHEHIINX HCCIIeTI0BAHUMN.
3aknrouenue. IIpoBe€HHOE HCCIEAOBaHKUE JA0KA3ajlo, yTO pa3paboTaHHas SKCIEpUMEHTalIbHAs YCTaHOBKAa KOPPEKTHO
BOCITPOM3BOJUT TEIJIOBOE TTOBEJICHNE METAIUI-KOMIIO3UTHONW CHCTEMBI C aJ/TATHBHON 00O0JOYKON W METaJUIONOINMeEp-
HBIM 3anonHuTeneM. IloctpoenHas perpeccuonHast Mmoaens 3.5TP ajgexkBaTHO ONMKCHIBaeT TEMIIEPATyPHBIH OTKIMK IpU
TOYEHUH U MO>KET UCIIOIb30BAThCS IS HHKEHEPHOT'O ITPOTHO3UPOBAHUS PEXUMOB MEXaHNIECKOH 00paOOTKH.

KiroueBble cjI0Ba: aJyIMTHBHBIC TEXHOJIOTHH, METAJUIONIOINMED, TEMITEpaTypa pe3aHus, Mek(asHasi rpaHuIa

BaarogapuocT. ABTOpBl Onmaromapst pykoBonactBo Llentpa Beicokmx TtexHonoruid BI'TY wum. B.I. lllyxoBa 3a
IIpeoCTaBIeHHbIE 00pa3bl U 000pyAOBaHME I HCIBITAaHUH. ABTOpPHI BBIPAKAIOT MPHU3HATEIFHOCTH aHOHUMHBIM
peLeH3eHTaM.
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CHUCTEMBI MpPH TOYCHUH O0O0JOYKM ToMmMHON 3,5 MM.  Advanced Engineering Research (Rostov-on-Don).
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Introduction. The modern development of tool and form-forming production, particularly in the aircraft and machine-
building industries, is characterized by a transition to hybrid structural solutions that combine metal and composite
components. One of the promising areas in this field is the development of metal-composite systems (MCS), in which
thin-walled metal shells are combined with fillers made of metal-polymer composite materials (MPCM). This provides
an optimal balance of strength, thermal conductivity and damping properties [1].

In recent years, additive manufacturing (AM) technologies [2] have become widespread, allowing for the formation
of complex topologically optimized (TO) shells, including structures with conformal cooling channels that provide
targeted heat dissipation and increased thermal stability of products [3]. This approach is particularly important for tooling
products, for example, indexable drills with internal cooling channels (Fig. 1), manufactured through selective laser
melting (SLM). They improve heat dissipation from the cutting zone and increase the durability of carbide heads [4].

Machine Building and Machine Science
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a) b) o

Fig. 1. Indexable drill: a — model of a topologically optimized part of a drill body with a setting head and curved cooling channels of
the body; b — model of the TO drill body with a thin-walled shell forming the chip grooves and shank; ¢ — physical sample of TO
metal-composite indexable drill (cavity after TO is filled with MPCM), manufactured using SLM technology: 1 — machined metal-

composite shank; 2 — chip grooves; 3 — cutting head of the indexable drill

The transition to hybrid metal-composite structures, despite obvious advantages, is accompanied by new technological
constraints. The most significant of these are thermal processes during finishing machining, where local temperature
distribution determines the strength of interfacial adhesion, geometric stability, and durability of the product. Unlike
monolithic metal workpieces, the heat flow during turning of hybrid metal-composite structures is concentrated at the
metal - MPCM interface, where the materials differ sharply in thermal conductivity and heat capacity [5]. Since the metal
polymer is characterized by low thermal conductivity and limited heat resistance (up to 170°C), even short-term
overheating can cause thermal destruction, reduced adhesion, and deformation of the shell. [6].

The analysis of the literature data shows that existing research in the field of thermal loading during cutting covers
mainly homogeneous metal alloys [7] or metal-matrix composites [6], where the temperature field is described through
the mechanisms of friction and hardening of surface layers. In studies on thin-walled parts [8], the main focus is on
increasing rigidity and vibration resistance due to special basing systems and devices [9]. At the same time, hybrid metal-
polymer structures remain virtually unexplored in terms of heat transfer patterns during turning.

Furthermore, traditional analytical and numerical heat transfer models used in cutting simulations are developed for
materials with uniform thermal properties and do not take into account the discontinuity in thermal conductivity at the
interphase boundary [8]. This makes it impossible to directly use known relationships to predict the temperature in the
MCS where the metal and metal-polymer components interact.

Cooling and lubrication conditions, and the selection of tool materials and coatings also have an additional impact on
thermal loading. It is known that the use of PVD coatings in combination with optimized conditions increases tool life
when machining heat-resistant alloys [10], and modification of metalworking fluids (MWF) can reduce contact
temperatures when turning titanium and aluminum alloys [11]. For additive materials obtained by surfacing, an increase
in temperature gradients was noted due to differences in the thermal conductivity of the layers [12]. These effects are
particularly significant when processing products with a combined metal-polymer structure.

Additively produced shells are also characterized by increased roughness and residual stresses [13], which affect local
heat transfer and the generation of contact temperature [14]. This further complicates the selection of rational processing

modes, requiring the construction of experimentally verified thermal response models.
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Thus, in the modern scientific picture, there is a gap in knowledge due to the lack of experimentally confirmed data
and validated regression models describing the temperature response of metal-composite systems during finishing. The
effect of the metal shell thickness on the efficiency of heat dissipation and the nature of the temperature gradient in the
metal - MPCM contact zone remains particularly understudied.

The objective of this study is to experimentally determine the temperature response of a metal-composite system with
a metal shell thickness of 3.5 mm during turning, as well as to construct a regression model of the dependence of the
temperature at the interphase boundary on cutting conditions (V; S, f).

To achieve this objective, the following tasks were completed:

— development and production of a hardware-software stand for real-time temperature recording during turning the MCS;

— conducting a series of experiments according to a full factorial design 2*+ng with varying cutting parameters;

— constructing a second-order regression model and assessing its adequacy on statistical criteria;

— determining safe turning ranges that prevent overheating of the metal-polymer filler and adhesion failure.

The implementation of the set tasks is aimed at the development of an engineering-applicable methodology for
selecting finishing modes for metal-composite systems, providing control of thermal loading, and preservation of the
structure of the metal-polymer filler.

Materials and Methods. Experimental studies are directed at determining the thermal response patterns of a metal-
composite system (MCS) during turning, taking into account the geometric parameter — the thickness of the metal shell.
To simulate the actual structure of hybrid products, a hardware-software setup is developed, including a replaceable metal
bushing and an internal filler made of a metal-polymer composite material (MPCM).

The development of the setup, whose model is shown in Figure 2, made it possible to simulate the conditions of
turning a fragment of a hybrid part with a given wall thickness and record the temperature in real time at the interphase
boundary “metal - MPCM”.

Fig. 2. Hardware-software setup for simulating real structure of hybrid products:

1 — external device housing; 2 — electronics housing; 3 — metal shell; 4 — metal-polymer filler;
5 — thermocouple housing; 6 — thermocouple mounting holes in the housing; 7 — mounting screws;
8 — microprocessor housing; 9 — breadboard; 10 — microprocessor; 11 — battery;
12 — thermocouples; 13 — cover

The major element of the setup was a housing made of grade 40 structural steel, providing secure placement in the
chuck of 16K20 lathe. A replaceable bushing made of 12Kh18N10T steel (similar to AISI 321) was fixed inside the
housing. This steel has low thermal conductivity (~15—-16 W/(m-K)) and is resistant to high temperatures. This makes it
a suitable model for high-alloy steels used in additive manufacturing [15]. The metal bushings were cylindrical with an
inner diameter of 53 mm and an outer diameter of 60 mm, corresponding to a metal thickness of 6 = 3.5 mm. This element
simulated the metal shell of a real hybrid part and allowed for varying the geometric parameters for subsequent studies.

Figure 3 shows the machined replaceable bushing.

Machine Building and Machine Science
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Fig. 3. Machined bushing

A Ferro-Chrom! MPCM insert was installed in the inner cavity of the bushing. It was pre-molded to the nominal
diameter and secured with KPT-8 thermal paste to improve thermal contact. The MPCM contained a thermosetting epoxy
matrix filled with powdered chromium particles. The material had a limited thermal resistance of up to 170°C and a
thermal conductivity of approximately 2 W/(m-K). This combination of materials provided adequate reproduction of the
thermal interaction at the metal - MPCM interface.

Three K-type thermocouples were used to record temperature. They were embedded in the wall of the bushing along
the sample axis and spaced equally along the cutting zone. The thermocouple signals were fed to MAX6675 analog-to-
digital converters connected to an ESP32-WROOM microcontroller, which provided digitization and wireless data
transmission. The electronic components were located in a separate cavity of the housing, protected by a plastic holder.
Power was supplied from a 2600 mA- h rechargeable battery, providing several hours of continuous operation.

Temperature was recorded at a frequency of 5 Hz, and data was transmitted via the UDP protocol through the built-
in Wi-Fi module. On a personal computer, the data was visualized in real time using a Python 3.12 API (Fig. 4),
implemented by the PyQtGraph, Matplotlib, and Pandas libraries. This allowed for rapid monitoring of temperature
variation at the interface and storing the results as digital arrays for subsequent processing.

@ Spyder (Pvihon 3.12)

8 ¢ Temperature monitoring = (=] X

Stop measuring l

|
Reset data |

Download data to Excel |

Temperature over time

100 1

80

60

40-

0 100 200 300 400 500 600 #s
— sensor | — sensor2 — sensor 3

Fig. 4 Temperature Monitoring program interface on a PC (cooling process)

! Specifications TU 2257-002-48460567-00. “Ferro-Chrom” Metallopolymer. Moscow: ZAO “LEO Metal-Polymer Mmaterials”; 2000. URL:
https://www.leo-polymer.ru (accessed: 01.11.2025).



https://vestnik-donstu.ru/
https://www.leo-polymer.ru/

Advanced Engineering Research (Rostov-on-Don). 2026;26(1):2250. eISSN 2687-1653

To validate the operation of the thermocouples and control the temperature distribution over the surface of the bushing,
thermal imaging verification was performed using a FLUKE Ti400 device [16]. The comparison results showed that the
deviations between the thermocouple and thermal imaging data did not exceed £3°C, which confirmed the reliability of
the recording scheme used.

Thus, the developed setup is an autonomous measuring unit capable of recording the temperature at the interface of a
metal-composite system with high frequency and sufficient accuracy. Its design allows for studies to be conducted under
various shell geometric parameters and cutting conditions, that makes it possible to develop an experimentally validated
model of the MCS thermal response during turning.

The experiment was designed to identify quantitative patterns in the effect of cutting conditions on the temperature
response of a metal-composite system with a metal shell thickness of & = 3.5 mm. For this purpose, an approach based on
the full factorial experiment (FFE) methodology was used [17], which made it possible to study the interaction of process
parameters and construct a second-order regression model suitable for engineering prediction.

The selection of this scheme is explained by the need to evaluate not only the key factors but also their interaction,
since thermal loading during MCS turning is a multiparameter function dependent on cutting speed, feed, and depth.
Moreover, unlike traditional metal workpieces, the behavior of hybrid systems is determined by uneven heat transfer at
the interface, which increases the nonlinearity of the relationships.

The variable factors were cutting speed V' (m/min), feed per revolution S (mm/rev), and cutting depth ¢ (mm). Each
factor was assigned two levels — upper and lower — corresponding to code values of +1 and —1 (Table 1).

Table 1
Experimental Factors Variation Levels
Factor Designation -1 0 +1
Feed, S mm/rev X1 0.05 0.10 0.15
Cutting speed, V' m/min X2 60 90 120
Cutting depth, t mm X3 0.5 1.0 1.5

To assess possible nonlinearity and check reproducibility, five replicate experiments with zero code values (0, 0, 0)
were added to the center of the design. Thus, the overall experimental structure included eight factorial and five central
points (Table 2), which made it possible to construct an adequate approximation model without increasing the size of the

experiments.
Table 2
Full Factorial Design
Experiment number b X2, (V, m/min) X3, (¢, mm) Mode (code)
(S, mm/rev)
1 0.50 60 0.05 -1,-1,-1)
2 0.50 60 0.15 (-1,-1,+1)
3 0.50 120 0.05 (-1, +1,-1)
4 0.50 120 0.15 (-1, +1, +1)
5 0.15 60 0.05 (+1,-1,-1)
6 0.15 60 0.15 (+1,-1,+1)
7 0.15 120 0.05 (+1,+1,-1)
8 0.15 120 0.15 (+1, +1,+1)
9-11 0.10 90 0.10 (0,0,0)

The temperature at the metal —- MPCM interface was measured simultaneously by three thermocouples (71, 7> and 73),
positioned along the workpiece axis. For each experiment, the maximum temperature values were determined, and the
average value T¢p, characterizing the integral thermal response of the system, was calculated.

The experimental results were used to construct a regression function describing temperature 7 at the metal - MPCM
interface in coded variables xi, X2, X3 using equation (1):

T = by +b,X; +byXy +byx5 +byxi +bsx3 +bex3 +byx Xy +bgx, x5 +boXpx5. €8
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The model coefficients were determined by the least-squares method, which minimized the sum of squared deviations
between the experimental and calculated temperature values. The significance of the coefficients was tested using
Student's #-test, and the adequacy of the model as a whole was assessed using Fisher's F-test at a significance level
of a = 0.05, which is the standard for engineering experiments in the mechanical processing [18].

The quality of the approximation was assessed using the coefficient of determination R?, which characterized the
proportion of explained variation in the response. Values R? > 0.95 were interpreted as indicating high agreement between
the model and the experiment. Additionally, the relative deviation AT was calculated from formula (2):

Ta}(cn - TMOH
AT =122 Tvenl 10095, @)

sk

Minimum values AT, not exceeding 7-8%, showed a good fit between the model and the observed data.

All statistical processing was performed in Excel and Python using built-in regression analysis tools and the
statsmodels package. This approach provided reproducible calculations, clear graphical representation, and the ability to
subsequently validate the model in automated engineering analysis systems.

Thus, the selected experimental design scheme allowed us to generate a statistically reliable database required for
constructing the 3.5TP regression model and subsequent analysis of the thermal behavior of the metal-composite system.
The resulting relationships served as the basis for determining critical cutting conditions that preserved the structure of
the metal-polymer filler and the stability of the shell geometry.

Research Results. The experiments yielded a set of data reflecting the dynamics of temperature variation at the metal-
composite interface during turning of specimens with a shell thickness of 3.5 mm. Processing of the results revealed that
the temperature response of the metal-composite system was nonlinear, and it was determined by a combination of cutting
conditions. It was found that increasing the cutting depth ¢ led to a growth of temperature, while in the studied range,
increasing the feed rate S and cutting speed /" was accompanied by a decrease in temperature at the interphase boundary.
Moreover, the impact of the parameters was interrelated, therefore the nature of the temperature variation should be
assessed using the response surfaces.

Figure 5 shows a typical temperature dependence obtained with fixed machining parameters. The curve demonstrates
the initial heating phase, followed by a brief temperature increase to a steady-state level, after which thermal equilibrium
is observed. The average duration of the transient mode was 2—5 minutes, corresponding to the time it took for the heat
flow in the cutting zone to stabilize, followed by slow cooling.

T,°C

200 A

_—
150 1 /

100 +

0 100 200 300 400 500 t,s

—e—sensor 1, °C sensor 2, °C sensor 3, °C

Fig. 5. Temperature change graph during turning, experiment no. 2, = 3.5 mm
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Average temperatures T¢p, calculated from the results of 13 full factorial experiments, ranged from 90 to 186°C. The
highest temperatures were observed under conditions with increased cutting depth ¢ combined with reduced S and V values
(within the studied levels), while temperature reduction was achieved with increased feed and speed at a fixed cutting depth.

The maximum temperatures at the interphase boundary are shown in Table 3.

Table 3
Maximum Temperature Values for Thermocouples with a Metal Thickness of 3.5 mm
Experiment no. Thermocouple 1, °C | Thermocouple 2, °C Thermocouple 3, °C Average, °C
1 120.00 116.75 111.75 116.17
2 174.25 191.50 192.75 186.17
3 97.00 90.50 95.75 94.42
4 120.75 121.25 122.50 121.50
5 95.50 87.00 89.25 90.58
6 112.25 106.50 105.00 107.92
7 103.50 95.25 92.50 97.08
8 118.50 111.25 106.75 112.17
9 104.25 103.00 99.75 102.33
10 109.00 101.50 101.50 104.00
11 112.75 106.25 102.75 107.25
12 111.50 104.00 102.00 105.83
13 113.75 108.50 111.00 111.08

Based on the experimental data processing for samples with a metal shell thickness of 6 = 3.5 mm, several regression
models of the temperature response 7 were constructed: separately for each sensor (71, 7>, T3), for the average temperature
value, and for the combined sample. The comparative analysis showed that the models constructed on individual
measurement channels were characterized by high determination coefficients (R*= 0.96-0.97) and statistically significant
coefficients at the p < 0.5 level. However, the most robust and informative model was the combined (extended) model,
which took into account the combined data from all three thermocouples. This model, designated as 3.5TP, tripled the
observation volume, increasing its statistical power and the reliability of engineering predictions.

For the 3.5TP model, the determination coefficient was R>= 0.9513, and the Fisher's exact test value was F = 364.31,
with a significance level of p < 1075, indicating high adequacy of the model to the experimental data. Based on the
estimated coefficients, regression equation in physical units was obtained (3):

3.5TP =1484.16-S* +7.604-S -V —388.75-5 -t —915.59-S +0.0041-V* — 3)
~0.4646-V -t —1.376-V +14.84-t*> +85.44 -1 +182.57.

Based on the obtained 3.5TP model, surface graphs were constructed reflecting the interaction of factors (Fig. 6).
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Fig. 6. Temperature surface graphs for 3.5TP model: @ — cutting depth of 1 mm; b — cutting depth of 1.5 mm
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The constructed 3.5TP model is characterized by high approximation accuracy. Validation against the full observation
matrix showed that the deviation between the calculated and experimental temperature values (A7) in most cases did not
exceed 1-7 °C. Only in certain combinations of modes, deviations of the order of 10-12 °C were observed, which was
due to local inhomogeneity of heat transfer at the metal - MPCM boundary and differences in the emissivity coefficient
when compared with thermal imaging verification data [19]. Overall, the level of discrepancies is considered acceptable
for engineering tasks of prediction and construction of temperature maps.

Figure 7 shows a contour map of the temperature fields constructed using equation (2) for a cutting depth of 1.5 mm.

Contour map at cutting depth 7= 1.5 mm T, °C
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Feed, S, mm/rev

Fig. 7. Temperature contour graph for 3.5TP model, with cutting depth of 1.5 mm

The constructed 3.5TP regression model reliably describes the thermal behavior of a metal-composite system with a
metal shell thickness of 3.5 mm during turning. The model has high predictive power and can be used to determine safe
machining conditions that prevent the 170°C threshold from being exceeded.

Discussion. The analysis of the obtained coefficients has shown a consistent physical meaning for each term of the
equation. The linear coefficients for feed and speed (—915.595 and —1.376¥) have negative values, indicating a decrease
in temperature as these parameters increase over the studied range. This effect is explained by the fact that increasing
cutting speed reduces the time of thermal contact between the tool and the workpiece surface, while the increase in supply
contributes to a more intensive heat removal from the chips. Meanwhile, the coefficient for depth of cut is positive
(+85.44¢), which corresponds to the observed increase in temperature with increasing cross-section of the cut layer.

The nonlinearity of the dependence is expressed by the quadratic terms S%, ¥? and 2, among which the positive
coefficient for S$? is particularly significant, reflecting the effect of optimal feed: after reaching a certain level, increasing
the feed again leads to a growth of temperature due to increased cutting force and friction on the flank of the tool. One of
the quadratic terms is negative, indicating a saturation effect, and another is at the border of statistical significance.

The paired relations of S - V, S - # and V - ¢t demonstrate moderate but significant factor interactions. The most
pronounced interdependence was between cutting speed and depth (—0.46467V7%), reflecting compensation for the thermal
effect due to increased heat transfer across the shell thickness. The interaction of feed and speed (+7.604SV) indicates the
presence of regions where a coordinated increase in these parameters contributes to temperature stabilization, which is
confirmed experimentally (Fig. 6).

The results obtained confirm the high sensitivity of the thermal response of the metal-composite system to the
combination of process parameters and demonstrate the significance of the geometric and thermophysical characteristics
of the structure. The constructed 3.5TP model shows that even with a relatively small shell thickness of & = 3.5 mm, heat
transfer processes in the cutting zone are determined by the complex interaction of cutting parameters and the material
properties of the metal - MPCM system. This allows us to assert that further development of research should be aimed at
expanding the scope of applicability of the obtained patterns and increasing the universality of the proposed model.
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A promising direction is the parametric study on the effect of metal shell thickness on the thermal behavior of the
MCS during turning. The variation of § affects the heat rejection rate and the temperature field pattern, thus allowing the
overheating resistance of the metal-polymer to be controlled. Systematic variation of the shell thickness will make it
possible to construct a generalized “6—7" relationship, enabling the prediction of thermal risks for various hybrid
component configurations.

An equally important task is to validate the constructed model on alternative types of metal-polymer composites with
different thermal conductivity, heat capacity, and temperature rating. Conducting similar experiments with composites
based on aluminum or nickel fillers, as well as using other grades of structural steel, will help determine universal heat
transfer patterns and refine the applicability limits of the regression relationships.

The next direction should be a comprehensive study of the relationship between temperature, surface roughness, and
tool wear, supplemented by recording cutting forces and vibroacoustic characteristics. This coupled analysis will enable
the development of integrated maps for permissible machining conditions, where thermal constraints are considered
alongside surface quality and tool life indicators. This will lay the groundwork for multi-factor optimization of the process
parameters.

The impact of metalworking fluids (MWF) on reducing temperature extremes in the cutting zone deserves special
attention. The experiment used a standard MWF supply, but it would be advisable to further explore alternative
technologies, such as minimum quantity lubrication (MQL), aerosol cooling, and cryogenic techniques. These methods
can provide localized temperature reduction and reduce the thermal impact on the metal-polymer filler, specifically when
working near the 170°C threshold.

An important area for further research is the identification of heat transfer mechanisms and the degradation of adhesive
bonds at the metal — MPCM interface under cyclic thermomechanical loads. Monitoring this effect will enable a
quantitative evaluation of the contact zone stability and a more precise definition of the durability criteria for hybrid
components in service.

Finally, numerical 3D models of thermal processes and digital twins of metal-composite systems offer significant
potential for improving prediction accuracy. Their development and calibration using the experimental data obtained in
this work will open up the possibility of rapid engineering calculation of temperature fields under production conditions
and the implementation of the method in an adaptive process control system.

Pursuing the outlined directions will enable the transformation of the proposed approach into a standardized
methodology for assigning mechanical processing modes for metal-composite systems, providing robust control of the
thermal load and durability of tooling products.

Conclusion. The conducted research has confirmed the feasibility of accurate experimental simulation of the thermal
behavior of metal-composite systems (MCS), which comprise an additively manufactured metal shell filled with a
polymer composite, by means of the developed measuring assembly. The experimental apparatus was designed to provide
reliable temperature measurements at the metal-polymer composite interface, enabling a quantitative evaluation of the
thermal load during turning under conditions representative of practical engineering applications.

The application of a full factorial experimental design provided the identification of the major effects of cutting
parameters, the determination of their interactions, and the detection of nonlinearities through introducing central points.
The constructed second-order regression model for the shell thickness variant of § = 3.5 mm (3.5TP model) demonstrated
high statistical adequacy (R*>=0.9513, F=364.31, p <107) and good agreement with the results of thermal imaging
verification, validating the experimental methodology.

Engineering interpretation of the model coefficients has shown that the depth of cut # is the decisive factor affecting
the temperature increase, whereas the feed rate S has a moderate effect, and the cutting speed V' exhibits the lowest
sensitivity within the ranges studied. These relationships provide a clear understanding of the contribution of each
parameter to the thermal response and can be applied to optimize the machining parameters.

Based on the 3.5TP model, response surfaces and a contour map of temperature fields are constructed, allowing for the
identification of “safe zones” of turning modes in which the temperature at the metal-polymer composite interface does not
exceed the limit value of T < 170°C. The introduction of this technological constraint prevents thermal degradation of the
metal-polymer composite and confirms the feasibility of finish turning of MCS without damaging the filler.

The developed model is of significant applied value for engineering prediction and standardization of process modes
for the machining of hybrid components — both for shaping molds with conformal cooling channels and for composite
bodies of indexable drills. Practical implementation of the proposed approach reduces the risk of thermal damage to metal-
polymer structures, improves the reproducibility of product quality characteristics, and guarantees their operational
durability while maintaining high process efficiency.

Machine Building and Machine Science
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Introduction. The wear rate of a cutting tool can be controlled by introducing additional vibrations into the cutting zone.
The effect of vibration parameters on tool wear appears to be well-studied. However, the conclusions of some such studies
are contradictory. It is noted that vibrations of varying amplitudes can both increase and decrease wear. There are no
analytical models in the literature that resolve this contradiction or reflect the nonlinear relationship between the tool and
workpiece subsystems under cutting. Furthermore, the fact that wear on different tool faces requires different force
interaction models is not taken into account. The present research fills these gaps. The objective of the study is to
determine the patterns of impact of high-frequency vibrations (HFV) on tool flank wear.

Materials and Methods. The data from mathematical modeling of the dynamic cutting system in Simulink were used,
taking into account the forces on the back face, effective parameters, and the HFV. Equipment: 16K20 machine tool,
vibration control measuring stand with a frequency range of 0.4—15000 Hz, computer, E20-10 analog-to-digital converter,
acoustic system, and STD.201-1 cutting force testing stand. Workpieces made of 10GN2MFA steel with a diameter of
D = 84 mm were machined using tools with brazed T15K6 plates without lubrication.

Results. The effect of the HFV on the contact interaction forces along the tool flank and the phase trajectory of the tool
deformation displacements are demonstrated for different HFV amplitudes: from 0.5 - 102 to 2 - 102 mm. It is established
that power N of irreversible energy transformations (IET) depends on the direction of the introduced vibrations. The
dependence of tool wear rate on additional vibrations with amplitudes of 5 and 10 um in different directions at cutting
speeds of 1 m/s, 1.4 m/s, and 2 m/s is shown. The results obtained are compared with wear trajectories without
disturbances.

Discussion. The optimal amplitude of additional vibrations in the feed direction depends on the tool clearance and
decreases with wear stage. The maximum wear value drops from 0.55 mm to 0.35 mm when introducing vibrations with
an amplitude of 5 pm and to 0.26 mm — at 10 um. With additional vibrations in the tangential direction, wear rate
depends weakly on the amplitude of the introduced vibrations, as it is many times smaller than the velocity of the tool
vibrational displacements. The maximum wear value decreases from 0.65 mm to 0.6 mm at 5 um and to 0.48 mm — at
10 pm. With increased wear, there is no optimal amplitude for additional vibrations.

Conclusion. The developed models allow for a quantitative assessment of the impact of HFV on the tool flank wear rate
and the appropriate selection of vibration parameters introduced into the cutting zone. This allows for the creation of:

— virtual models of the cutting process and the selection of modes to minimize wear rate;

— wear monitoring systems with a comprehensive approach to prediction.

Next, it is required to study the dynamics of the cutting process at HFV amplitudes greater than 10—15 pm.

Keywords: high-frequency vibrations, additional vibrations, dynamic cutting system, tool wear, irreversible energy
transformations
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0pu2uHa]le0€ meopemuieckoe uccneoosanue
BubOpauunonHoe ynpasjieHrue U3HOCOM 3a/IHelil TPAHM HHCTPYMEHTA NMPHU TOYEHUH

B.E. I'Bunpxunamns = <
JloHCKOM roCy1apCcTBEHHbIN TEXHUUECKUI YHUBEPCUTET, T. PocToB-Ha-Jlony, Poccuiickas denepanus
X vvavindjiliya@donstu.ru

AHHOTALINA

Beeoenue. VIHTEeHCUBHOCTBIO N3HOCA PEXKYILETO HHCTPYMEHTA MOXHO YIIPABIISATh, BBOJS JOIOJHUTEIBHbBIC KOJICOaHNs B
30Hy pe3anus. [IpeacTaBisercs: TOCTATOYHO M3yUCHHBIM BIIMSHHE ITapaMeTPOB KoIeOaHUi Ha N3HOC HHCTpyMeHTa. On-
HAKO BBIBOJIbI HEKOTOPBIX TAKHX paboT mpoTuBOpednBbl. OTMEYaeTCs, 9TO BUOPALUH C Pa3IMYHON aMIUINTYA0H MOTYT
KakK yBEIMYMBaTh W3HOC, TAK M yMEHBIIATh €r0. B nmuTepaType HET aHATUTUYECKUX MOAENEH, pa3pelaonuX JaHHOEe
MIPOTHBOPEUHE, OTPAKAIONINX HETUHEHHYIO B3aMMOCBSI3b MOJACHCTEM MHCTPYMEHTA M 3arOTOBKH IpH pe3aHuu. Kpome
TOT0, HE IPUHUMAETCS BO BHUMAHNE, 9TO H3HOCY 110 PAa3HBIM TPaHIM HHCTPYMEHTa TpeOyIOTCS pa3HbIe MOJIEIH CHIIOBOTO
B3auMozeiicTBrusA. OTMedeHHBIEe IPOOEITBI BOCIIONHSACT NMpeICcTaBlIeHHas pabdoTa. L{enp nccnepoBaHus — ONpeaenuTh 3a-
KOHOMEPHOCTH BJIMSHHS BBICOKOUACTOTHBIX KojieOanuii (BUK) Ha n3HOC 3a/1He rpaHi HHCTPYMEHTA.

Mamepuanst u memoost. VIcionb30BaNNCh JaHHBIE MATEMaTHYECKOTO MOJIETTMPOBAHMS JUHAMUYECKOH CHCTEMBI pe3a-
uust B Simulink ¢ ygetom cun mo 3amgueit rpanu, 3¢dexrusapix napamerpoB u BUK. O6opynosanue: craHok 16K20,
HU3MEPUTENBHBIA CTEH BUOPAIIMOHHOTO KOHTPOIIA ¢ YacTOTHBIM auana3onoM 0,4—15000 ', kommbproTep, aHamoro-mud-
poBoii mpeoOpazoBatens E20-10, akycTuueckast cuctema, CTeH 11 uccinenoBanus cui pesanuss — STD.201-1. 3aro-
ToBKH U3 ctanu 10IH2M®A muamerpom D = 84 MM 06pabaThIBaId HHCTPYMEHTAMH C MPHUIASHHBIMYU IUIACTHHAMH U3
T15K6 6e3 cmasku.

Pe3ynomamul uccneoosanusn. Jlemonctpupyercs BiausiHue BUK Ha cuilbl KOHTAaKTHOTO B3aWMOJCUCTBUA TO 3aJHEH
IpaHy HHCTPYMEHTA U (pa30Basi TpaeKTOpHs JAe(hOPMAaMOHHBIX CMELICHHI HHCTPYMEHTA NPH pa3HbIX aMmIuiuTyaax BUK:
ot 0,5+ 1072 10 2 - 102 MM. YCTaHOBJIEHO, YTO MOIIHOCTL N HeoOpaTUMbIX NpeobpasoBanuii sneprun (HI1D) 3aBucut
OT HaIpaBJIeHHs BBOJUMBIX BHOpanuii. [TokazaHa 3aBUCHMOCTh HHTEHCHBHOCTH H3HOCA HHCTPYMEHTA OT JIOTIOJTHUTEIb-
HBIX KoJieOaHui ¢ amruiutynamu 5, 10 MKM B pa3HBIX HalpaBJeHUSIX MPHU CKOpocTsax pesanus 1 m/c, 1,4 m/c, 2 m/c. Ilo-
JIy4eHHbIE Pe3yJIbTaThl CPABHUBAIOTCS C TPAEKTOPHAMH M3HOCA 0€3 BO3MYIIECHHS.

Oécyacoenue. OnTnMainbHAs aMIUTUTY 1A JONOJIHUTENBHBIX BUOpALMii B HAIIPaBJICHNH IT0Jauyl 3aBUCHUT OT 3a/IHETO yIiia
HHCTPYMEHTA U YMEHBIIAETCS C U3MEHEHHEM CTaJuu M3HOca. MakcuManbHOe 3HaueHHe u3Hoca majaet ¢ 0,55 MM go
0,35 MM mpy BBEJICHUH KOJe0aHUN ¢ aMIUIUTY 10U 5 MkM U 10 0,26 MM — mipu 10 mxM. [Tpu momomHUTETHHBIX BHOpa-
USX B TAHTCHIIMAIFHOM HAINpaBJIEHNH WHTEHCUBHOCTH M3HOCA CJIa00 3aBUCHT OT aMIUIMTY/IBI BBOAWMBIX KOJEOaHHH,
TaK KaK OHa BO MHOTO pa3 MEHbIIIE CKOPOCTH KOJIeOaTeNIFHBIX CMEIICHNI HHCTpYMEeHTa. MaKkcuManbHOE 3HAYSCHHE H3HOCA
yMmenbInaercs ¢ 0,65 mm g0 0,6 MM mipu 5 MM 1 10 0,48 Mmm — mipu 10 Mxwm. [Ipn nHTeHCHUKAMKM M3HOCA HE CYIIle-
CTBYET ONTHMAaIbHOM aMIUIUTY /(b JOIIOTHUTEIIBHBIX BHOpAIIHil.

3akntouenue. PazpaboTaHHBIE MOJIEIH MTO3BOJISIIOT KOJMYECTBEHHO OlleHnBaTh BiaustHne BUK Ha nHTEHCHBHOCTH H3HOCA
MHCTPYMEHTa 10 33/IHeH IrpaHW W OOOCHOBAHHO MOAOHMpATh MapaMeTphl KojeOaHWH, BBOAUMBIX B 30HY pe3aHus. Tax
MOXXHO CO3J1aBaTh:

— BUPTYyaJIbHBIE MOJIENH IIPOLIecca PE3aHusl U O0NPATh PEXUMBI TSI MUHUMH3ALMH CKOPOCTH M3HOCA,

— CHCTEMBI MOHHTOPHHTA U3HOCA C KOMIUIEKCHBIM MOAXO0JI0M K MPOTHO3UPOBAHHIO.

Jlanee HeoOxouMoO HccaeoBaTh IMHAMUKY Tpolecca pezanus npu ammintyaax BUK 6omnee 10—15 mxwm.

KaioueBble cioBa: BHICOKOYACTOTHBIE KOJIEOAHHS, JOMOIHHUTENbHBIC KOJIeOaHHs, IUHAMUYECKAs CHCTeMa pe3aHwsl,
W3HOC MHCTPYMEHTa, HeoOpaTHMbIe MPe0Opa30BaHuUs SHEPTUH

BaarogapHocTu. ABTOp BhIpaxxaeT OJaroJapHOCTh JOKTOPY TEXHHUECKHUX HaykK, nmpodeccopy B.JI. 3akoBopoTHOMY 3a
TIJIOAOTBOPHEBIC O6Cy)KI[eHI/I$[ 1 3HAYUMbIC PEKOMEHAAIUN B ITPOLECCC MOATOTOBKU MaTepuHalia, a TaKXKE COTpYyAHUKAM
nmabopaTopuy  HAYYHO-HCCIEIOBATENECKOTO  HMHCTUTYTa  «BuOporexHomorus»  JJOHCKOTO  TOCYZapCTBEHHOTO
TEXHUYECKOTO YHHUBEPCHUTETA, OKa3aBIIAM IIOMOIIH IIPH MIPOBEACHUHN HAYYHBIX SKCIICPUMEHTOB.
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®unaHcupoBaHue. Pabora BBINOIHEHA B paMKaX COTMIALICHUS HA PEANM3AIMI0 MPUKIAIHOTO HAYYHOTO UCCIICAOBAHNUS
«Pa3zpaboTka MPOrpaMMHO-AIMApaTHBIX CPEACTB /Ui MOHHTOPHMHIA M aHaiu3a [apaMeTpoB pe3aHust |
9KCIUTyaTaIMOHHBIX XapakTepucTuk cTaikoB ¢ UITY» (FZNE-2025-0008) Ne 075-03-2025-302/10 ot 23.12.2025.

T uurupoBanus. ['surmxunms B.E. BubparmonHoe ynpapieHre W3HOCOM 3aJHEeH T'paHH MHCTPYMEHTa HPH TOYCHHU.
Advanced Engineering Research (Rostov-on-Don). 2026;26(1):2103. https://doi.org/10.23947/2687-1653-2026-26-1-2103

Introduction. The impact of vibration on tool wear is the subject of numerous studies, as cutter wear determines the
quality of parts and the efficiency of machining. The impact of vibrational oscillations on cutting force dynamics is
comprehensively analyzed in the literature [1]. The diversity of tool and workpiece vibration sources and,
correspondingly, the diversity of methods for monitoring, evaluating, and modeling them are noted [2].

At the initial stages of the development of cutting theory, vibrations were considered as a consequence of the loss of
stability of the equilibrium of elastic deformations in a moving coordinate system, whose motion was determined by the
trajectories of the machine actuators [3]. The loss of stability was associated with the effect of force regeneration [4], and
a criterion for the stability of the equilibrium of elastic deformations [5] was proposed for its analysis. Regeneration
problems were studied for turning [6], milling [7], drilling [8], and other operations.

The loss of stability was explained by:

— delay in force variations with changes in deformation [9];

— decreasing characteristic of force variation with increasing cutting velocity [10];

— regenerative effect of the tool mark on the workpiece [11];

— nonlinear dependence of the friction forces of the chip as it moves along the front face of the tool [12].

It is known [13] that when the trajectories of the tool formative movements lose stability, the most typical attracting
sets for vibrations are those of the limit cycle [14] and the chaotic attractor [15]. It is established that changes in the
attracting sets of tool vibrations are determined by the cutting conditions. For example, when changing the feed rate of
the tool, all types of Andronov-Hopf bifurcations can be observed [16]. Vibrations were considered as a consequence of
disturbances related to the quality of the machine tool. These were primarily spindle runout [17] and kinematic
disturbances [18]. Depending on the frequency of external disturbances, various effects were observed [19]. At
frequencies close to the natural frequencies of the interacting subsystems, parametric phenomena such as self-excitation,
oscillation synchronization [20], and others, occur.

Finally, vibrations were studied as vibrations purposefully introduced into the cutting zone to achieve a beneficial
effect: chip fragmentation [21], increased tool life [22], and improved surface quality [23]. It has been shown that
introducing ultrasonic vibrations (USV) into the cutting zone can improve the quality of work and reduce the intensity of
tool wear [24]. To improve the efficiency of USV, USV generation systems are proposed in which feedback for self-
excitation is realized through vibrations generated under the cutting process [25]. In this case, nonlinear effects of the
interaction between the tool and the workpiece are taken into account, specifically, the decreasing characteristic of cutting
forces with increasing velocity [26] or the amplitude-frequency modulation of the system vibrations [27].

Researchers have paid particular attention to the impact of vibrations on the tool wear rate under cutting. It is widely
believed that vibrations increase wear and thereby reduce tool life [23]. However, there is evidence that with an
increase in the amplitude of the introduced vibrations, an optimum amplitude is recorded at which the wear rate reaches
a minimum [28]. This effect is most pronounced when ultrasonic excitation is applied through the tool [28] and when
turning difficult-to-machine materials such as AISI 52100 [29] or POM4KS&F [30].

To analyze the impact of vibrations on wear rate, methods and mathematical tools are needed that can allow for the
rapid assessment of wear rate. It is advisable to use the power of irreversible energy transformations (PIET) in the contact
zone of the tool and the workpiece as a diagnostic indicator [31]. When turning with tools with carbide inserts, the main
type of wear is observed along the flank [32]. PIET is the primary source of heat generation, so it can be argued that the
optimal cutting conditions correspond to the optimal temperature [33]. Heat production and PIET are correlated and
adequately reflect wear rate [34]. Therefore, when developing wear monitoring systems, temperature and PIET in the
cutting zone are considered as key diagnostic parameters. Diagnostic information models employ methods of
autoregressive spectral analysis [35], models based on cutting force analysis using analytical functions [36], machine
learning [37], and vibroacoustic emission signal analysis [38]. When the PIET changes, the mechanisms of physical and
chemical interaction (wear) in the contact between the tool and the workpiece change — from adhesive-fatigue [1] and
abrasive [31] to diffusion-oxidative [39].
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PIET is often considered within the entire cutting zone. However, the power distribution between the tool flank, the
chip formation zone, and the secondary plastic deformation zone is disproportionate. When analyzing flank wear rate, it
is required to consider irreversible energy transformations in the contact area between the tool flank and the workpiece.
It is not always taken into account that vibrations cause periodic changes in the power of irreversible transformations, and
depending on the current power, various wear mechanisms are activated — from frictional fatigue to diffusion-oxidation.
Consequently, estimates of the velocity and rate of tool wear change periodically. Furthermore, the literature does not
describe the transformation of high-frequency vibrations (HFV) introduced into the cutting zone into the trajectories of
the tool flank and the workpiece, nor into the trajectories of the forces generated in the contact zone.

The objective of this study is to establish the relationship between the HFV and tool flank wear rate based on a
developed theoretical model of cutting dynamics, as well as its numerical and experimental analysis. To achieve this goal,
the following work is being conducted to refine the models, simulate, and conduct theoretical studies and experiments.

1. Mathematical models of the dynamic cutting system (DCS) are refined. They are supplemented with constraints
formed in the contact between the tool flank and the workpiece.

2. How the HFV introduced into the cutting zone are transformed into trajectories of the flank and workpiece, as well
as into trajectories of forces generated in the contact zone, is studied. Numerical modeling of these processes is performed.

3. The changes in tool wear rate on the flank during longitudinal turning of 10GN2MFA steel are studied theoretically
and experimentally. Their dependence on the ultrasonic waves introduced into the cutting zone is determined using the
PIET analysis.

The developed mathematical tools and methods can be interpreted as the creation of a virtual numerical model of wear
of cutting tools for the optimal selection of vibration parameters introduced into the cutting zone.

Materials and Methods

1. Problem statement. Mathematical modeling of DCS that takes into account forces on the tool flank. We
consider the relationship between wear and PIET, as well as wear intensity patterns. To determine the PIET, we create a
model of the DCS disturbed by the HFV. We develop algorithms and a program for calculating the PIET trajectories in
the tool flank — workpiece contact (Fig. 1).

Fig. 1. Schematic diagram of the cutting process: a — representation of trajectories of actuators and deformation displacements;
b — formation of cutting forces F in the region of primary and secondary plastic deformation,
and additional forces @ in the region 4 — B

Assume that the trajectories of the machine actuators are given in the form of displacements L = {L;, L, L;}7 € R®
and velocities dL/d = V(t), V(t) = {V1, V2, V3}T € RO, Here, Li(¢), La(f) — trajectories of the transverse and longitudinal

supports; L;(f) = fot Q(E)D(&)dg — displacements of the workpiece relative to the tool at the point of contact of the tool

tip with the workpiece in the direction of its rotation; D — diameter of the machining surface, mm; d — diameter of the
machined workpiece, mm (puc. 1).

The disturbances are characterized by displacements AX® =AY I(X),AX gx),AX ;X)}T e‘ﬁg) and velocities

X X X X X)\T 3
dXMdt =AV® = (Ar O Ar I Ay e
Let us consider the case when additional vibrations introduced into the cutting zone are represented by a vector of

periodic disturbances: AX® ) ={A\x 1(3() sin(Q, 1), AX ;X) sin(Q,¢ +6,),AX §X) sin(Q, 7 + 93)}T € YR(,? . Also — for velocities

AVO) = (AX ), cos(Q,1),AX0Q, cos(@,t +6,),AX 1, cos(@Q, 1 +05)}" € R .
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Perturbations  occur in  the deformation space X ={X,X,,X;} ¢ SR(,?. Strain  rates  are
X X) (X)) 1, (0OLT 3
dX/dt = V® = O 0 pEnT e g
Vector X is considered in moving coordinates defined by L (Fig. 1). The unit of measurement for L, AX® and
X — mm, for V(t), AV® and V® — mm/s.
T
The workpiece is rigid, so the trajectory of the shaping movements L‘® ={L(1¢),L(2®),L(3q’)} e R can be
represented as:
L@ =L+AX® -X. )

We involve velocities dL®/dt = V® =V + AV® — V®in the modeling. We use work [40] to indicate the relationship
between forces and deformations:

d’X dx
+h—+¢cX = FIL®) + (L), 2
e ” @L™)+o@™) )

Here, m, h, ¢ — positive-definite symmetric matrices of inertial, velocity, and elastic coefficients, m = diag{m, m, m}.

m

The dimensions of the matrix elements m — kg's’mm, h — kg's/mm, ¢ — kgf/mm. F(L‘®)={F, ,Fz,FS}T eRY —

forces generated in the area of contact between the tool front face and the cutting zone. They depend on the dynamic
properties in the areas of primary and secondary plastic deformation (highlighted in red in Fig. 1).
OLY)={D,,D,,® 3}T e MY — additional forces caused by the approach of the tool flank to the workpiece (region
A— Bin Fig. 1).

Forces ®(L®), introduced additionally to the model considered in [10] reveal the interaction between the tool flank
and the workpiece. They limit the development of periodic movements, generate forces acting on the flank, and, together
with the trajectories L(®), determine the work and power of irreversible energy transformations in the contact area of the
tool flank. Forces F and @ are represented as functions of trajectories L‘®, which vary depending on AX(¢) and the elastic
response of the tool Xi(7).

Let us analyze processing with constant modes: L = L1(0) = d/2 = const.

Here, d — diameter of the processed workpiece under cutting (Fig. 1), Lx(t) = Vat, V2= const, Ls(f) = Vat,
V3 =rDQ = const.

Before we start modeling F(L®), let us make three statements [41].

1. Forces F grow monotonically with increasing cutting area S (Fig. 1), which can be represented as: S(¢) = #p(£)Sp(?).
Here and hereafter ¢4(f), Sp(f) — current values in mm of the cutting depth and the feed rate, respectively.

2. Vector F has the form: F = {y1, x2, x3} 7, where y; — angular coefficients, and {(1)* + (32)> + ()3)*} = 1.

3. There is a delay between the variations of F and S.

The delay is modeled by an aperiodic link with time constant 7, which depends on the modes t¢(f), Sp(£), Vr(f). Here,
Ve = {(V1)* + (V2)* + (V3)*}%° — cutting velocity. If there are no vibration disturbances and the deformation rates are
small, then Vp(¢) = V3, since V> < V3, and for longitudinal turning — ¥; = 0. When determining time constant 7%, called
the chip formation time constant in [3], it is taken into account that the path traveled by the tool tip relative to the
workpiece remains approximately constant [3]. In this case, the transition from one stationary state to another is
considered.

The above means that 7 depends mainly on the cutting velocity, and it can be approximated:

0)
7O :L
T)1/ (@) °
1+ kDY,

Here, T — time constant in the region of low cutting speeds, s; k” — coefficient with the dimension s/mm.

According to [10], approximation (3) is valid in a limited range of variations of the process mode. For example, when
processing 45 steel, the limitations are determined as Vp € (0.2; 2.5) - 103 mm/s. The greatest approximation error is
observed in the range of low cutting velocities and depends mainly on the properties of the limit state of the material
being processed, its plasticity and thermophysical characteristics. If the parameters are specified, then the following
is valid:

3

t
TOV®)dF© /di+ FO =p{t® +AX, (1) - X, (1)} J' (V+ a1, (8) -V (g)}ds, (4)
t-T
where T — workpiece turnover time, s; p — chip pressure on the front face of the tool, kg/mm 2.
To illustrate the analysis method, we limit ourselves to the case where the main and auxiliary angles in the tool plan
are equal (Fig. 1): ¢ = n/2, ¢' = 0.
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Let us consider the disturbances: AV® = {O,AVZ(X),O}T and AV® = {O,O,AV3(X )}T )

We exclude AV® = {A VI(X) ,O,O}T from the analysis since Sp < ¢p. Moreover, the internal gain in the self-excitation
channel varies significantly depending on the deformation direction. For the direction X; the gain will be an order of
magnitude smaller than for X,. Furthermore, with the tool geometry under consideration, it is precisely the vibrations in
X> — X3 plane that bring the tool flank and the workpiece closer together, which determines the intensity of wear and
generates additional forces ®(L®).

Thus, if Q = const, dXs/dt — 0 and dAX5(£)/dt — 0, then T = (Q)!. Otherwise, T is required to calculate from the ratio:
Lo

T(LY)= Vd(éég) )

[P x
Here, Vp — law of cutting velocity variation, taking into account elastic deformations and disturbances. To study the
PIET, it is necessary to know the force model ®(L(®). After cutting-in (Fig. 2 a), a trace trajectory is formed on the

workpiece at angle ¢ = arctg(V3/V>) (Fig. 2 b).

L@(z) = L(t;) + AX®() — X(#) A
V(1) | Qoo
IA V39(t;) Vi)
IV@(g)
VZ(X)(t,-)
B
¢
a) b)

VO(t) = V(t) [VO(t) = dL@(t)/dt |

Fig. 2. Forces ®(L®) generation diagram: @ — formation of a tool mark on the workpiece surface; b — change in direction of
movement when velocity and direction of rotation of the workpiece coincide; ¢ — convergence of the surfaces of tool flank and
workpiece when the direction of movement of the velocity V(®)(#) changes

Direction ¢ is indicated by the line A — B (Figs. 1, 2). When changing V(X), as shown in Figure 2 b, due to AV(X), the
direction of the tool movement towards or away from the workpiece changes. As the surfaces approach each other, the
forces on the flank increase. When vector V'Y shifts to the area highlighted in yellow (Fig. 2 b), the tool moves away from
the workpiece, and area S decreases. If the equilibrium position of elastic deformations is stable and unperturbed, then
the trajectory of movement in the direction 4 — B (Fig. 2) is an attractor. It is displaced in space L by a constant amount
of elastic deformation. Due to disturbances or loss of stability, periodic convergence or repulsion of the flanks from the
workpiece occurs. To estimate the deviation of the trajectory from the projected attractor, it is convenient to consider

dimensionless aggregated coordinates:

(6= (1, + AV () =dX, /de )/ (Vs + AV () =dXy [ dt); v =V, / Vs, 6)
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Here, v(f) — dimensionless aggregated coordinate defining the current position of the direction of the tool tip
movement; v° — aggregated coordinate defining the desired direction of tool movement, specified by velocities
V> and V.

The approach of the flank to the workpiece surface depends on the kinematic value of the clearance angle a. The
experiments described in [39] show that forces ®(L‘®) increase disproportionately with decreasing a according to an
exponential law. Therefore:

@, = ko Fy+po [ 10 - X, (t)]exp[g(o—o*)l
D, =koky Fy+krpo {(1}9) - X, (t))exp [g(o -v* )]},
where po — coefficient of conversion of contact length into force, kg/mm; ¢ — dimensionless parameter dependent on
the tool clearance angle o in statics; kr — dimensionless coefficient of friction; ko — dimensionless coefficient that
determines the elastic recovery of the material.

From (7), it follows that there is a potential relationship between deformations and disturbances in the direction of
trajectories A — B (Fig. 2), and they have virtually no effect on the forces generated at the contact between the tool flank
and the workpiece. In this case, variations in cutting velocity in the range of actual values will be small. Let us denote the
current variations in velocities in the directions X> and Xz: 8V, = AV, (£) =V (¢), 8V = AV (6) =V (¢) . Then

from (6), we obtain:

(7

VsV (£) = 1,879 (1), 8)

Let us consider harmonic disturbances in two orthogonal directions, maintaining the ratio between the amplitudes of
the additional vibrations. In this case, the in-phase condition of vibration (8) is V3/V> = 8V3/6V>. It is almost never satisfied
in the dynamic cutting system. There are two reasons for this. Firstly, V> « V3, therefore, the direction of the total
vibrations (i.e., vibrations introduced into the cutting zone with regard to deformation displacements) must be oriented
along the direction of the cutting velocity. Secondly, it is important to consider the response from the cutting process.
Then the total stiffness matrices of the tool subsystem become asymmetrical, even if we neglect the forces generated by
the matrices m and h. Skew-symmetric components of the elasticity matrices generate circulatory forces that cause
precessional movements of the tool relative to the workpiece. It has been experimentally established [39] that this form
of vibrations always occurs. It provides phase displacements between vibrations in two orthogonal directions. Due to the
asynchronous nature of the vibrations in the two orthogonal directions, periodically repeating sections are formed in which
the tool flank and the workpiece are observed approaching each other. This occurs even with small variations in velocity
relative to the established cutting velocity.

To determine the PIET, it is required to calculate the forces and vibrational velocities. Obviously, the PIET depends
not only on the parameters introduced into the cutting zone of vibrations, but also on the dynamic properties of the entire
USV. If we consider the interactions in terms of nonlinear acoustics, then the efficiency of ultrasonic vibration under
cutting is determined by the acoustic impedance of the medium into which the ultrasonic vibrations are introduced [28].
In our case, this corresponds to the dynamic properties of the cutting system.

2. Mathematical modeling of effective parameters and forces. If we follow the paradigm of mesomechanics [42],
then variation of the properties of the dynamic coupling formed by cutting, due to the introduction of HFV into the cutting
zone, should be characterized by molecular-mechanical effects that change the properties of the system at the macro level.
By frequency range at the macro level, we mean the range within the passbands of the interacting subsystems
QO € (0, Q.), where Q. — cutoff frequency of the DCS.

Note that the macrosystem does not perceive HFV in the frequency range Q©@, but they do change its properties. To
explain this transformation, let us recall the cutting process and the dynamic coupling in the system of mechanical
interactions (2). HFV contribute to the transformation of the parameters of this coupling, and subsequently — to the
change in the macrosystem. This is known from the description of the averaging method in the theory of nonlinear
vibrations [43].

The basic parameters affecting the properties of the system are p and 7© [6]. A typical example of effective parameters
is the dimensionless effective friction coefficient kr, studied in [42]. The effective value of kr can change and even reverse
sign under vibrations. This depends on the trajectory of the HFV introduced into the contact area.

Let us describe the conditions for determining the effective value of k7. For this purpose, the relationship between two
factors is determined:

— the tangential forces of contact interaction;

— variations in their normal components.

Machine Building and Machine Science
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For analysis, a frequency region within the passband of the interacting subsystems of the tool and workpiece is
selected. The analysis time is the period of high-frequency vibrations.

Let us consider parameter p. Additional vibrations create a stress state that changes cyclically in the primary plastic
deformation zone. The limit state of the material practically does not change, it remains close to its ultimate strength [44].
Integral and cyclic loads are redistributed, causing changes in the effective values of p. Moreover, the dynamic bond
formed by the cutting process lacks central symmetry with respect to deformations in the neighborhood of the equilibrium
position. As a result, a complex stress state arises in the cutting zone, described by additional constant and cyclic force
components. Assuming the ultimate limit state of the material is maintained in the cutting zone, we obtain the effective

value of p:
ﬁzp(l_gp)a (9)

t
where €, = ﬁ(C) /p — dimensionless parameter; p'¢) = QAJ. PEEE); Q) e Q.
1—~(Qa)”

It is obvious that Sp<1 .

Let us estimate the effective value of T taking into account (3). The specified vibrations

V5 (1) = AV (1) -V (¢) are independent of the vibration power. The period of the function 8V3(f) is generally
determined by the period of the vibrations T = (Qa)™". That is, due to the introduced vibrations, attracting sets of the limit
cycle type are formed in the dynamic cutting system. Moreover, Q4 is at least an order of magnitude higher than the upper
natural frequency of the vibrational circuits formed by the tool subsystem. We expand the nonlinear function 7O(V3, 8V3)
in a Taylor series in the neighborhood of dV3:

o, 1T

oV 2+...
AR -(873) (10)

+ _—
2/ (a8v7)
With 813 < F3, series (10) converges quickly, therefore we limit ourselves to a linear approximation of the dependence
of the time constant 7y on additional vibrations, that is, from (10) we obtain:

7" kDT8V;
1+ kD, [l+k(T)V3 +k(T)8V3:|2 )

T (V3;5V3)=To(0) (V3,0)+

Ty (V5.873) (11)

kDsY,

In (10), the first term is a constant value at V'3 = const. Function A(V3,5V3) = is periodic,

with a period of Ta, and (Ta)™' = Qa € Qa. Therefore, to determine the effective value of T, 0(V3,013) , the following is

valid:
1

T,(V,,6V,)=TO ——
o(13,872) =15 1+kTV,

—A(V3,8V3)}, (12)

1 A
where A=— >
I o |1+ 6DV + kD57, ]

Thus, we see what happens when vibrations that are not directly transmitted by the tool and workpiece subsystems are
introduced into the cutting zone. In this case, the parameters of the dynamic coupling formed by the cutting process
change.

The system equilibrium is asymptotically stable and unperturbed. The time constant 7y at V3 = const is also constant

)
0

1+ kD,

by the ratio of the vibrational velocity amplitude to the cutting velocity, which is taken into account by A in (12). Thus,

and is determined from the expression T, = . Otherwise, the HFV is changed. This transformation is determined

HFV change the system properties in the low-frequency region. For example, increasing the time constant fo has two

effects on equilibrium stability:
— it causes additional phase displacements between deformations and forces, which contributes to instability;
— it promotes damping of vibrations, which increases stability.

In all cases, as the amplitude increases, a decrease in the effective values of the parameters p and 7, is observed.

Their variation affects the stability of the controlled trajectories and the dynamic properties of the system in the frequency
domain Q©. This, in turn, affects the attractive sets of deformation displacements of the tool relative to the workpiece.
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3. Mathematical modeling of the impact of the HFV on the cutting forces at the flank. Vibrations change the
interactions between the tool flank and the workpiece (7). They also cause reactions outside the bandwidth of the system
represented by (2). Therefore, forces @ must also be taken as averages over the vibration period. Let us analyze the effect
of vibrations on @,. Forces @3 differ by a factor of k7. Consider two cases for an asymptotically stable system.

The first case: the vibrations are determined by the velocities in the feed direction AVgX)sin(QOt) and represent the
difference between the vibrational velocities introduced into the cutting zone and the deformation velocities. Then from (7),
we obtain:

@, =py [1 X, J{exp[g(o-v") ]} = po [ (1 -, <t))]{exp{gM}}

V3(X )

AV sin (Q01)

Py } in a Taylor series:
3

As before, we expand exp {g

. * . 1 . 2 1 . 3 1 ) n
o, (AX2 sm(QOt)) =0 {1+AX2 Sl”(Qof)‘l'E[sz sm(QOt)] +§[AX2 sm(QOt)] +...+E[AX2 sm(QOt)] +}

A Vz(X )

where @) :po[t,(?)—XJ; Ay, :QW.
3

The region of convergence of the series is —0(Ay, sin(Qyf)(+% . We average @, (Ay, sin(Qt)) over the period

(Q0)™" and limit ourselves to the first four terms of the series:

- 1 2 3 4
(I)z(AXZ):po[zg’>_X1]{1+Z[sz:| +4—8[sz] : (13)
This series always converges. The system is stable. Therefore, for A X, = 0,

®,(), _, =Po [;5,0) —Xl}{exp[g(u—o*)]} =po [t}o) —XJ. As AV(ZO increases, a growth of the effective value of

d,(4 x,) is observed, which depends on V(3X) This component is perceived by the subsystems and is within their
bandwidth. This allows us to introduce the concept of latent force:

. . 1 2 3 4
<I)(ZC) (AVZ(X) sm(Qot)) =py [z}(ao) -X, (t)} {exp[AX2 sm(QOt)J -1 _Z[AXZ ] _&[AXz ] . (14)
It is obvious that with AVS” =0, force @Y = 0.
The  second  case:  the  vibrational  velocities  are  equal  to AV sin(Qqt),  and

yo AV sin(Qqt)
VO (70 + AV sin(Qt))

d)zzpo[t}?)—)(l (t)}{exp[g(o—o*ﬂ}. Expression (b—v*)=- is expanded in a

Taylor series:
V(X) 2 n n
(o—U*):_Vz(X) e, sin(QOt){1—8V3 sin(Qot)+| &y, sin(Qot) | —...+(=1)" [ &), sin(Qt)] +} (15)
3

where g, = AV /v
Series (15) converges quickly since &y, (1. We average the expression over the period (Q0)™" and limit ourselves to

four terms:

- &) 2 4
e ) B e e e (6
3

At AV&X) = AVgX) =0, expressions ®,(4 x,) and Ci>2(8V3) are transformed into (7) without taking into account forces
koF,. Effective values of ®,(4 x,) and @2(8V3) differ due to the direction of vibrations — X> or X3. In the first case,

vibrations change the proximity of the flank and the workpiece, while in the second, they change the projections of the
vector onto the direction Xj.

Here, we can also consider the latent force, which is zero in a stable system (A VgX) =0):
o AV sin(Qt)
VO (7 + AV sin(Qt))

(1 3
—exp |:—g Vj(X) (E(£V3 )2 +§(3V3 )4)}

exp {—G

(D(zc)(AV3(X) sin(Qot)):PO I:fg)) _Xl(l):l (47
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The presented analysis allows us to formulate two conclusions that are important for further work.

1. Tool flank wear depends on the direction of the HFV. For example, forces @, increase significantly more when
vibrations are excited in the feed direction, and the rate of their increase depends on ¢. Parameter ¢ increases with
decreasing tool clearance angle o and as wear progresses.

2. Changes in the PIET and effective forces upon excitation of additional vibrations cause a displacement in the
equilibrium of deformations affecting the diameter of the workpiece. Thus, the parameters of the HFV characterize the
control parameters that change the properties of the system, including tool wear rate and surface quality.

4. Experiment Design and Simulation Parameters. The experiments were performed on a 16K20 machine tool with
an adjustable spindle rotation and carriage feed drive. A603CO01 vibration accelerometers with a sensitivity of 10.2
mV/(m/s?) and a frequency range of 0.4-15000 Hz were used as measurement interfaces. They were mounted on the tool
in the longitudinal and tangential directions. The measuring stand collected data and transmitted it to the computer via an
E20-10 analog-to-digital converter (ADC) with a sampling frequency of 100 kHz. The data obtained was processed using
low-pass filtering algorithms to suppress noise in the measuring circuit. To determine the vibrational velocities and tool
tip displacements, the vibration acceleration signal was integrated by software methods with trend removal. To measure
forces, the STD.201-1 measuring system was installed in place of the support, which included:

— unit for measuring dynamic tool loads along axes {Xi, X2, X3};

— interface unit for collecting and transmitting data.

The latter consisted of electronic units manufactured by National Instruments (USA): N1-9234, Ni-9237, and NI-9219.
The sampling frequency was up to 50 kHz. The National Instruments system also measured the integral temperature value
in the cutting zone. This indicator was associated with the power of irreversible energy transformations throughout the
cutting zone.

To introduce USV into the cutting zone, an acoustic system based on a 500-watt magnetostrictive transducer was used,
powered by a 1.5-kW ultrasonic generator. The device for automatically adjusting the generator frequency to the
resonance of the acoustic system shifted when the boundary conditions of the tool — workpiece interface changed under
the cutting process. Vibrations were measured with an accelerometer. Their intensity was estimated from the amplitude
of harmonic displacements at a frequency of Q. Workpieces made of 10GN2MFA steel were machined using tools with
brazed T15K6 plates without the cutting fluid.

The computer simulation considered disturbances AV&X)sin(Qot) and A VgX)sin(Qot), Qo= (5-20) kHz.

The main angles of the T15K6 tool were ¢ = 90°, ¢! = 30° and o. = 6° (Fig. 1). These values were selected to simplify
the modeling of the dynamic cutting system, since at ¢ = 90, forces generated in the area of tool — workpiece contact
produced practically zero projections in the direction X;.

Process modes without considering deformations and disturbances were:

— feed rate S‘PO ) =0.1 mm/rev;

— depth tﬁ?) =2 mm;

— cutting velocity Y = (0.5 — 3.8)-10°> mm/s.

When varying Vg)), the ratio of workpiece rotation velocity to longitudinal feed rate was maintained so that tg)) = const.
The tool subsystem parameters are given in Table 1. The total mass was m = 0.015 kg-s*/mm.

Table 1
Matrices of Velocity Coefficients and Tool Subsystem Elasticity [40] o
Matrix element Value, kg/mm Matrix element Value, kg's/mm
cL1 200 h,1 1.3
c22 900 hap 1.1
€33 350 h33 0.8
Cc12 =21 200 hip=ha 0.6
c13 =c31 150 his=hs, 0.5
€23 =C3p 80 hasz =hsp 0.4

The dynamic coupling parameters (Table 2) were determined experimentally by methods and programs described in
detail for the parameters of high-speed [45] and positional [46] communication.
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Table 2
Dynamic Coupling Parameters
p, kg/mm? po, kg/mm | Q, Hz o9, s G kr kD, s/m kS 1 e 0B
100-1000 20 5-50 0.0001 1-7 0.2 5 0.1 0.4 0.51 0.76

Work 4 and power N are scalar quantities. They depend on the direction of movement and are measured in kg-mm
and kg-mm/s, respectively. Let us consider 4 and N in the direction 4 — B (Fig. 2). When turning, V>/V3 = 0. This means:

N(1)=, (1)Vs, 4 %I@

N (1) =, (1)) (o), J@ ) (&) dz (6). (18)

Here, a — power N and work 4 in the feed direction; b — power N and work A4 in the direction of velocity V3.

The cutting process dynamics modeling [47] demonstrated the validity of the sensitivity analysis of force variations
to deformations in the feed direction. Furthermore, a regenerative self-excitation effect was formed in the direction X5,
affecting the dynamics of the approach of the tool flank to the workpiece.

The numerical simulation of turning a shaft with a diameter of D = 84 mm was performed in the Simulink software
package. This example can be used to study the vibration control of the PIET.

Research Results. Let us examine the results of vibration control of the power of irreversible energy transformations
in the feed direction (18a) under the impact of high-frequency vibrations. First, we analyze the dependence of ®@»(¢) on

AX5s5in(Qqt) without considering koFy (Fig. 3 a).
(Dz, kgf -

50}
0 : : -
AX®- 107, mm — , ) . , , : . : , :

2.3751 2.3752 2.3753 2.3754 23755 ts

a)
q)z, kgf = = (Dz, kgf CDZ, kgf
10 40 80
0 : 0 2 : ; ; 0 : ‘ d
2.3988  2.3990 2.3992 t,s 1.2688 1.2690 1.2692 t,s 2.1988 2.1990 2.1992  ¢s

b) ¢ d)

Fig. 3. Example of change in trajectories of force ®2(f): a — joint trajectories of forces and vibrations with a change in HFV AX(ZX)

without considering koFo; b — change in trajectories of forces with an amplitude of AX(ZX) =0,7-10" mm;
c—AX"=1-102mm;d— AX" =2 102 mm

Note the nonlinear distortions of ®x(¢). They increase at AV(;o(t), directed toward the flank and workpiece
(section 1-2) and are practically zero when its sign changes (section 2-3). At small amplitudes (Fig. 3 a), the force
variations are almost harmonic. The nonlinear distortions are due to nonlinear relationship (7), which does not have central
symmetry at any point.

As we can see, the disproportionate increase in the force impulse varies depending on the clearance angle o . At small
angles (large ¢), a rapid increase is observed even at low amplitudes of the HFV.

Next, we analyze the relationship between the forced HFV and the tangential components of the contact interaction
forces (Fig. 4).
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Fig. 4. Example of impact of forced HFV on tangential components of contact interaction forces: a — trajectories of forced
vibrations; b — trajectory of @3 at g = 1; ¢ — trajectory of @3 at g = 5; d — trajectory of @3 at ¢ = 7; e — example of phase trajectory
of tool deformations considering vibration disturbances

The change in the amplitude of the HFV AXgX) in Figure 4 a was specified by two piecewise constant functions with
the duration of each step of Atye,=2 s:

— for the interval ¢ € [0;8], the change in the amplitude of the first function was specified from 0 to 1.5:10~2 mm for
t € [0;8] with a step of 0.5-102 mm;

— for the interval ¢ € (8;22], the change in the amplitude of the second function was specified from 2-102 mm to
14-1072 mm with a step of 2-1072 mm.

The arrows in Figure 4 d, e indicate the increment of forces A®; with increasing HFV amplitude and the corresponding
displacement of the equilibrium point of the system in the phase plane.

Figure 4 e shows an example of the phase trajectory Xz — dXo/dt, corresponding to the change in force in Figure 4 d.
Transient processes are caused by a jump in the amplitude. The equilibrium point AX, shifts because the vibrations affect
p and D@ .

According to [10], the main wear mechanisms change with increasing V3 (increasing PIET). At low V3, abrasive and
adhesive-fatigue 10are observed, and with increasing V3 — diffusion and oxidative wear. The transition from adhesive-
fatigue to diffusion-oxidative wear corresponds to the minimum intensity. When vibrations are excited, the formation of
PIET in the contact becomes more complex, however, wear rate can also be estimated from PIET.

Let us clarify the concepts of wear rate VW) = dw/dL and velocity v = dw/dt. The magnitude of wear on the flank is
usually considered as the equivalent width of the wear band w in mm, which is determined by the height of the equivalent
rectangle of the wear scar on the flank. Equivalence is equality of areas, therefore:

v =01, (19)

where V") is a dimensionless quantity.
In the velocity range of 0.7-3 m/s, dependence v“(&) is well approximated by the expression:

: ‘ 2
v () =a” {1.8+B(”) [N (1)-600] } (20)
Here, o™ — dimensionless quantity; B™ — parameter of dimension W2, When processing heat-resistant steels,

a® =(0,9-1,1)- 10”. Due to vibrations, N becomes a function of time MN(f) with interrelated periodic and constant
components. All physical interactions are inertial, that is, their manifestation also depends on frequency. Therefore, to

. . . (X o (X . o o
estimate N(f), it makes sense to introduce values N( 2)(AXZQO), % 3)(AX3QO) depending on the direction of vibrations.
For this, it is convenient to use the moving average operator for (20):

]V(X")(AXZQO)z% f {18+B [ N(g)-600] | de,i=23, @1
ez

(-T2
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It is convenient to consider the averaging time as a multiple of the period (Qo)~!. Let us analyze the change in the PIET
depending on the vibration amplitude at Qo = 10 kHz. Let us consider its change depending on the HFV amplitude in the
directions X> (Fig. 5 a) and X3 (Fig. 5 b).

A
N, W N,W — —
L=e=l / T-c=1 1 1 _AxwQ =7,
25/ B /
800 |- 3 ¢= 7 3 600 :
L/ L Q/ : [
600 o 1 400 L2 /
N ~ (—— s /
400 » 200 ey
: : Ve
0.00 0.01 002 003 AX:™ mm 0.00 0.05 0.10 0.15 AX® mm
a) b)

Fig. 5. Effect of vibrations on N: ¢ — change in N depending on amplitude in the direction X2;
b — change in N depending on amplitude in the direction X3

We see the HFV amplitudes at which the PIET reaches its minimum value, with the minimum depending on the degree
of plate wear c.
Figure 6 a shows the changes in v depending on the PIET without additional vibrations.

A A A
v . 1077 v 107 v . 107
¢=1 N ¢=1
5 6 6
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4 4
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N
1 N
0 0.00 0.01 0.02 AX,%, mm 0.00 0.12 0.24 AX;Y, mm
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Fig. 6. Example of change in V(") for cutting velocities of 1 m/s and 1.4 m/s (N: and N>, respectively): a — trajectory v©) without
additional vibrations; b — in the direction X2; ¢ — in the direction X3

Since vibration-free cutting is considered, then V), = const. The forces on the flank are estimated by extrapolating the
forces to zero cutting thickness. Dependence VY(N) (Fig. 6 a) has three distinct sections: in two, the power increases
(clear zone), and in one, it decreases (shaded zone). Power N is estimated at a stage where wear does not exceed
w=0.2mm. The black triangles represent experimental points, each obtained by determining the mathematical
expectation from the experiments. Note that at least five experiments were conducted for each point. The well-known
relationship 1 kg-m/s =9.81 W was used to determine the power in watts.

Experimental data on the USV impact on cutter wear are visualized in Figure 7.

w, mm v ; w, mm . w, mm : ‘

Ve=1m/s 3 Vp = 1.4 m/s-trmmmmfrorem L - Vp=2m/s =i 2\
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Fig. 7. Dependence of tool life on amplitude of vibrational displacements in the feed direction: a — at a cutting velocity of 1 m/s;
b — at a cutting velocity of 1.4 m/s; ¢ — in the tangential direction at a cutting velocity of 2 m/s.

Here, 1 —AXY =0;2 — A¥Y =5 um; 3 — A¥Y =10 pym, i =2,3
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The change in wear along the cutting path is the path of the tool tip across the workpiece during each revolution of its
circumference. For each point of the wear characteristics, their mathematical expectations and variances relative to the
mathematical expectations are shown (represented by vertical segments). In Figure 7, value of w at each point corresponds
to at least five experiments.

Discussion. Modeling has revealed that the disproportionate increase in the force impulse varies depending on the
clearance angle o. At small angles (large ¢), a rapid increase is observed even at low amplitudes of the HFV.
Figure 3 a, ¢, d demonstrates the limitation of additional cutting forces relative to zero. This is due to the nonlinear
dependence of cutting forces on the clearance angle of the tool in model (7). This exponential function accounts for the
physical constraint on the tool continuous movement along the workpiece. Therefore, the additional forces are strictly
positive. The curves in Figure 3 ¢, d demonstrate an asymmetry in the rise and fall of the force impulse, which is also
explained by the exponential dependence in (7). If additional vibrations are absent, the force value is determined by the
exponential function exp[c(v —v*)] = 1. Periodic movements relative to this point cause changes in the form of the
additional force impulses, moving from the exponential section with a high rate of increment (front of impulse @, in Fig.
3 ¢, d) to a more gradual one (decay of impulse @ in Fig. 3 ¢, d). Small variations in the vibrations relative to this point
cause variations in @, which, due to small deviations from the equilibrium point, can be considered in a linear
approximation. Then the relationship between the vibrations and the forces remains linear, and the change in the additional
forces is close to a harmonic form (Fig. 3 b).

As the amplitude increases, nonlinear properties of the force vibrations impact on the tool flank become apparent.
Nonlinear interactions cause a displacement in the period-integrated vibrations @,, as shown by the dotted lines in Figure
3 b, ¢, d. The greater the vibration amplitude, the more pronounced the constant component of the forces becomes, shifting
the system equilibrium point (for the case in Fig. 3 b — 8 kgf, Fig. 3 ¢ — 22 kgf, Fig. 3 d — 50 kgf). Furthermore, with
an increase in the vibrational amplitude, the force surges become closer in shape to delta functions, which, taking into
account the impact of forces on the current value of the power of irreversible energy transformations, causes surges in
heat production and increases tool wear.

Let us note two effects when increasing the amplitude of the simulated HF V.

First, the vibrations create a cyclically stressed state in the cutting zone, redistributing the constant and cyclic forces.

This leads to a decrease in the effective values of p, and therefore, of F{y. The elastic deformations in the region adjacent

to the chip formation zone depend on this force. Elastic recovery is observed in the flank contact region. This results in

the generation of forces k(pﬁo , whose magnitude depends on p.

Secondly, variation of the HFV amplitude corresponds to changes in the values of additional forces ®; in the cutting
direction. The force graphs are presented for various tool flank gradient ¢ taking into account changes in the current
vibrational velocities, which essentially determines the degree of approach of the tool surface to the workpiece or, for
example, the degree of its wear. As the HFV amplitude increases, the tool flank approaches the workpiece, resulting in
an increase in @3 (Fig. 4 b, ¢, d). However, at ¢ =1, the effect of force minimization is visible from @3 =42 kgf to
@3 =30 kgf with increasing amplitude AXgo (Fig. 4 b). According to (18b), this indicates the existence of such amplitudes
of the HFV at which power N(¢) in the cutting zone is minimized. This effect at ¢ =5 is weakly expressed and shifted to
the left, towards the effect of small amplitudes of the HFV. In this case, a small change in force is noticeable from @3 = 19
kgf to @3 =17 kgf (Fig. 4 ¢). At ¢=7, this effect disappears (Fig. 4 d), and @3 grows following the HFV amplitude to
@3 = 103 kgf. The increment of forces Ads3 is proportional to each new value of the disturbance amplitude (Fig. 4 d).

Thus, as wear increases, the optimal value of the HFV amplitude, which is capable of minimizing the value of
additional cutting forces on the tool flank, and, consequently, the power of irreversible energy transformations in the
cutting zone, decreases.

The study allowed us to determine and visualize the amplitudes of the HFV at which the PIET takes a minimum value,
and this minimum depends on parameter ¢, that is, on the degree of wear of the plate. Thus, when the HFV system is
disturbed in the direction V> for ¢ = 1, the optimal amplitude will be AXgX) =0.025 mm. At this value, the power released
in the cutting zone is minimized (Fig 5 a). At ¢ =15, the optimum shifts in the direction of the arrow on the graphs. The
minimum of power trajectory 2 occurs at AX(ZX) ~0.01 mm, and then degenerates at ¢ = 7. Further, even small additional

vibrations correspond to an increase in the PIET. The effects noted above are neutralized if the HFV frequency exceeds
the cutoff frequency of the dynamic subsystem of the cutting process, which is determined by parameter 7.
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The described effects are leveled by vibrations AVg)osin(Qot) in the direction V3, due to which the tool deviates from
the direction 4 — B (Fig. 5 b). This appears as a projection determined by the ratio V»/V3 (Fig. 2 b). Here, to the right of
the dotted line (V3 ( AX5Q),), a break in contact between the tool and the cutting zone is observed. This creates a

cyclically stressed state, which is caused by the periodic interruption of cutting. Therefore, the effective forces and the
PIET are reduced almost by half for the trajectory at ¢=1 from N =300 W to N= 144 W, and at ¢=5 — from N =320
W to N=210 W. Furthermore, at low speeds, the tool and workpiece rear faces come closer together. This creates
additional forces acting on the flank. This results in an effect similar to the impact of circulatory forces, which form
circular tool tip trajectories.

The paper examines in detail examples of change of V\*) depending on the amplitude for two velocities (Vp =1 m/s,
Vp= 1.4 m/s) and the corresponding PIET (Ni, N2) (Fig. 6 b, ¢). Point No = 600 W corresponds to velocity V4’ = 1.2 m/s
at which v is minimal without additional vibrations. Point No= 600 W lies in the velocity range of 0.7-3 m/s. It
corresponds to the optimal cutting temperature. The efficiency of the vibration impact depends on Vp, the direction of
vibrations, and the entire dynamic cutting system, including the workpiece. The range in which these effects are detected
is limited to frequencies of 15-20 kHz.

The contradictory effect of USV in the direction V> for velocities Vp=1m/s u Vp=1.4 m/s Fig. 7 a, b) is noticeable

for the same cutting path. Figure 7 a shows a case of an extremely insignificant decrease in the maximum value of tool
wear on the flank. With the introduction of USV AX<2X) =5 um, the reduction in this indicator is limited to 0.075 mm and

decreases from w = 0.575 mm (curve 1) to w = 0.5 mm (curve 2). Doubling the USV amplitude (AX%X) =10 um, Fig. 7 a)
leads to intensification of wear, and its maximum value increases to w = 1.05 mm (curve 3).

Here, starting from a certain amplitude, an increase in the USV intensifies the cutting force surges along the flank
edge Dy(7). Consequently, according to (18), the energy released in this region increases, and tool wear intensifies. A
similar effect was observed in numerical experiments for ®@»(¢) (Fig. 3 b, ¢, d).

Thus, in the case of introducing USV in the feed direction, the vibration efficiency in reducing tool wear depends
fundamentally on the cutting velocity. Value of ¥, may initially be close to the optimal value of the PIET N, (Fig. 6 a),
its small variations in the cutting zone will increase heat generation and, accordingly, wear. With the introduction of USV,
the minimum wear intensity shifts towards increasing V), (Fig. 7 b), and the maximum wear value decreases from

w=0.55 mm (curve 1) to w=0.35 mm (curve 2) when introducing USV with an amplitude of AXgX) =5 pum and to

w=0.26 mm (curve 3) with an amplitude of AXgX) =10 um . This is due to a decrease in the cyclic components of the
cutting forces.

The data in Figure 7 ¢ suggest that at V» =2 m/s the tool wear rate in the direction of cutting speed is virtually
independent of USV. This is due to the limited ability to vary the USV amplitude during the experiment. Under our
conditions, the achievable amplitude of vibrational displacements does not exceed 10—15 um, and at high cutting speeds,
the effect of USV on wear rate will be less due to the small relative variations in vibrational velocity to cutting velocity.

Setting low cutting speeds is appropriate for certain types of machining. For example, when dealing with heat-resistant
steels, the introduction of USV significantly minimizes tool wear. Therefore, to effectively utilize vibration disturbances,
it is required to consider the USV amplitude under the cutting process. To select the optimal ratio between the USV
amplitude and the velocity of the tool vibrational displacements, an analysis of its motion is essential.

In Figure 7 ¢, the cutting velocity value is in the zone of small change in the PIET, that is, to the left of the dotted line,

as shown in Figure 5 b. A decrease in the maximum wear value in Figure 7 ¢ from w = 0.65 mm (curve 1) to w = 0.6 mm

(curve 2) is achieved at AX<3X) =5 um. Amplitude AX<3X) =10 um allows wear to be reduced to w = 0.48 mm.

Thus, numerical modeling and experiments have shown that vibrations along axis X, shift the optimum velocity V»,
at which wear intensity is minimized, toward increasing cutting velocity (Fig. 6 b, ¢). Note that for case N (Fig. 6 b),
velocity Vp is lower than the optimum cutting velocity V(IE) = 1.2 m/s without vibrations. In this case, with increasing
amplitude AX<2X) at velocity Vp, additional vibrations, as a rule, increase wear intensity. For case N> Vp ) V}SO) and as the

amplitude of additional vibrations increases, an extremum is observed at which wear intensity is minimized.
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The overall pattern of wear rate changes depending on vibration parameters, obtained through numerical modeling,
qualitatively matches the experimental results of studying the impact of USV on wear (Fig. 7). As the amplitude increases,
the optimum depends not only on the process conditions but also on the initial tool geometry, such as its clearance angle.
The optimum shifts as wear progresses. At a certain point, the extremum levels out, and then the introduction of additional
vibrations will not increase wear resistance under any process parameters.

When additional vibrations are excited in the direction of the cutting velocity, the situation changes. Here, the extreme
amplitude of the vibrational velocity is observed only in the low-speed range. With USV, the existence of an optimal
amplitude in the direction of the cutting velocity is limited to a cutting velocity of 0.3—0.5 m/s.

The reduction in wear rate depends on all the basic parameters of the DCS. Here, first of all, the elements of the
stiffness matrices and the generalized masses should be mentioned. Furthermore, it is important to consider the dynamic
coupling parameters, whose effective values themselves depend on the vibrations. Additional vibrations from the
ultrasonic acoustic system (for example, in the feed direction) change not only the spatial orientation but also the
amplitude due to the reaction from the cutting process. The resulting phase shifts between vibrations in different directions
depend on the amplitude. They are caused by the specific interactions between vibrations on forces and forces — on
deformations. Therefore, for example, it is impossible to orient additional vibrations in the direction of the projected
cutting velocity (direction 4 — B in Figure 2).

Thus, even small-amplitude HFV always cause periodic changes in the approach between the tool flank and
workpiece. This explains the first trend — an increase in wear rate with increasing amplitude. The second trend is caused
by the development of a cyclically stressed state in the primary and secondary deformation zones. As a result, the forces
and the PIET decrease in the contact zone between the flank and workpiece. These two opposing trends determine the
dependence of wear rate on vibrational amplitude. It should also be noted that the optimal amplitude in all cases in a given
system changes as wear progresses, as this process transforms the geometry of the tool flank.

Conclusion. The findings of the research presented in this article differ from those of published studies on the impact
of vibration on tool wear. The author shows changes in cutting tool wear as a function of high-frequency vibrations from
a new perspective — through the relationship between the power of irreversible energy transformations at a specific
location, namely, the contact area between the workpiece and the tool flank. Previously, wear was considered in the
literature on the scale of the entire cutting process.

The following tasks were accomplished in the course of the work.

1. It is shown that HFV affect tool wear rate with varying efficiency. The result depends on the tool geometry, its
current wear, cutting velocity, and the parameters of the dynamic model of the cutting system.

2. The regularities linking the HFV with the tool wear rate are analytically validated.

3. The use of a numerical model of DCS as a basis for hybrid systems of dynamic wear monitoring is described.

4. Experimental results are presented that verify the contradictory effect of increasing the USV amplitude for different
velocity ranges.

The proposed approach allows us to explain changes in the system properties in the low- and mid-frequency regions
depending on the amplitude of the HFV. HFV introduced into the cutting zone can be considered as a control factor for:

— tool wear;

— dynamic properties of the cutting system.

The adequacy of the modeling results is limited by the zone of tool wear rate, in which the effect of random processes
on the dynamics of the system increases and, accordingly, the assessment of the accuracy of the model is significantly
reduced.

Conditions where the amplitude of vibrational displacements exceeds 10-15 um require additional studies.
Furthermore, it is necessary to elucidate the intrasystem physical processes of molecular-mechanical wear, including the
physics of interactions as a whole. A promising direction for the developed models is their integration into tool wear
diagnostic systems based on hybrid machine learning architectures. This approach will enable more accurate prediction

of changes under the condition of cutting tools when modeling DSR.
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Abstract

Introduction. Customer churn prediction represents a challenge in the current era of rapid digital transformation, hyper-
competition, and data-driven marketing. In sectors such as telecommunications and banking, even marginal reductions in
churn translate to significant revenue protection. Numerous companies employ uniform approaches, leading to the
inefficient allocation of marketing resources and loss of loyal customers. Recent research has advanced along two largely
separate domains. The first focuses on improving predictive accuracy through machine learning and deep learning
techniques. Another stream, rooted in marketing science, emphasizes the economic dimension of churn, introducing
Customer Lifetime Value (CLV) as a key metric. Existing solutions either maximize accuracy at high computational cost
or discuss value-based strategy without providing a technical, implementable system. To bridge this gap, this paper aims
to create, test, and present a comprehensive churn control system integrating customer lifetime value framework (CVLV).
To achieve this, the following tasks are addressed: segmenting customers based on dynamic CLV and churn risk scores;
evaluating the efficiency of various neural network configurations; and building a decision model that assigns optimal
deep learning architectures for targeted retention, seamlessly integrating data analytics with corporate strategy.
Materials and Methods. The study was performed on two datasets: IBM Telco Customer Churn (7,043 customers, 21
features, binary churn) and Santander Customer Transaction Prediction (200,000 records, 200 numerical features, binary
target variable). The data were preprocessed to address class imbalance and split 70-15-15 (train-validation-test) using
5-fold cross-validation. ANN (3—6 layers) and RNN/LSTM models were compared within the CVLV framework. The
training utilized Adam optimizer, L2 regularization, dropout, early stopping, gradient clipping, and uniform batch size
and epoch settings. The performance was evaluated based on accuracy, loss, and the Pareto frontier. Subsequently,
customers were segmented by CLV/risk level, and retention strategies were assigned to the respective optimal models.
Results. The comprehensive assessment of artificial neural networks (ANN) and recurrent neural networks (RNN) shows
that RNN with 2 layers achieved marginally higher accuracy of 0.90, while the 3-layer ANN produced the best robustness
with a loss of 0.25 with relatively similar predictive performance. With the CVLV framework, RNN 2L is assigned for
high value, high risk relationships that need the most precision, ANN 3L is assigned for stable, high value relationships,
and general RNN for low value customers.

Discussion. This work has shown that the CVLV framework strategically optimizes churn prediction by aligning deep
learning models with customer value-risk profiles. The data obtained confirm that ANN 3L provides optimal robustness
while RNN 2L achieves superior accuracy for temporal patterns, together enabling more efficient and targeted retention
interventions across industries. This approach can be deployed across the telecommunications, banking and retail sectors
and facilitate a meaningful connection between technical model performance and strategic decision-making, enabling
organizations to deploy retention efforts effectively by aligning model capability with the customer's value and probability
of churn. The findings indicates that strategic model assignments based on CLV-risk profiles led to improved efficiencies
associated with retention without compromising predictive reliability.
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Conclusion. The main results are that the ANN 3L model provides the optimal balance of accuracy (0.875) and robustness
(loss: 0.25) for churn prediction, while the RNN 2L achieves peak accuracy (0.90) for high-risk segments. The practical
significance lies in the proposed CVLV framework, which enables businesses to strategically align deep learning model
selection with customer lifetime value, improving retention efficiency. Further research will focus on integrating real-
time CLV updates and validating the framework across additional industry domains.

Keywords: Customer Lifetime Value-aware, churn prediction, ANN, RNN, accuracy, loss, optimum model

Acknowledgements. The authors would like to express their sincere gratitude to the curators and maintainers of the IBM
Telco Customer Churn and Santander Customer Transaction Prediction datasets for making their data publicly available,
which was fundamental to the empirical validation conducted in this study. The computational resources provided by
respective institutions are gratefully acknowledged.

For Citation. Uma Maheswari Gurusamy, Meenakshi Anantharaman, Ram Prasath Selvamani, Sangeetha Vijayarajan. A
CVLYV Framework for Strategic Churn Prediction Using Deep Learning. Advanced Engineering Research (Rostov-on-Don).
2026;26(1):2211. https://doi.org/10.23947/2687-1653-2026-26-1-2211

OPMZMH(UZbHOe amnupuveckoe uccnedosamue

MeTtoa0/10rusi NPOrHO3MPOBAHMS CTPATETHYECKOI0 OTTOKA KJIMEHTOB € Y46TOM
UX MOKU3HEHHOH IEHHOCTH HA OCHOBE IJIyOOKOI0 00y4eHu st

Yma Maxemsapu I'ypycamu' /00, Munakmu Anantapaman''™’, Pam Ilpacar CeabBamann''",

CanmxuTa Bugkaspamkan®

! MmkenepHo-TexHONOrnYecKuil Kosuteax umenn Kamapajoka, r. Bupynynarap, wrrar Tamunnan, Uaaus
2 MnskeHepHslii koyuiek nmenn MuBapu npu Yuusepcutere SRM, Pamanypam, 1. Uennaun, Unjaus

X uma.optimist@gmail.com

AHHOTaLMA

Beeoenue. TIporao3upoBaHue 0TTOKa KIMEHTOB MPHOOpPETAET 0COOYI0 aKTyallbHOCTh B AIOXY ITUGPOBOH TpaHchopma-
U 1 000CTPEHUS KOHKYPEHIINH. B Takux cekTopax, Kak TeIEKOMMYHHKAIINK B OaHKOBCKOE JIENI0, Ja’Ke MUHUMAJIEHOE
COKpAIIIEHHE 3TOr0 MOKAa3aTelsl CIIOCOOHO 3aMETHO YKPemuTh (PMHAHCOBBIC MO3UIMH. MHOTHE KOMITAHUH TIPHUMEHSIOT
YHH(PHUIHPOBAHHBIE TOJXOIBI K YACPKAHUIO KIMEHTOB, YTO MPHBOANT K HEPAMOHATEHOMY HCIIOJIH30BAHUIO PECYPCOB H
yTpaTe JIOSUTbHBIX Tojb30Bareneii. CoBpeMEHHBIC MCCIeIOBaHUs (POKYCHPYIOTCS HAa JBYX KIFOYEBBIX HAMPABICHUSX.
[lepBoe M3 HUX MOCBSIIEHO COBEPIICHCTBOBAHMIO TOYHOCTH IPOTHO3UPOBAHHMS ITOCPEICTBOM AJITOPUTMOB MAIIMHHOTO
o0y4enust. Bropoe noguepknuBaeT 5KOHOMHUUYECKYIO COCTABIISIONIYIO, BKIIOYAs MOKM3HEHHYI0 IeHHOCTH KimenTa (CLV).
CyIIECTBYIOIINE MOIXObI JTH00 JOCTUTAI0T MAKCUMAIbHOW TOYHOCTH 3a CUCT 3HAYHUTEIIbHBIX BRIYHCIIUTEIBHBIX 3aTPar,
100 IpeasiaraloT KOHLEIINY, OCHOBaHHbIE HA (PaKTOpE EHHOCTH, HO HE MMEIOIUE NTPAKTUUECKON TEXHUUECKOH pea-
nm3amd. [ mpeomoneHns 3TOTo pa3phiBa B HACTOSIIEH padoTe mpenaraeTcsi Co3aaTh, HCIBITATh U IPEACTABUTH KOM-
IJICKCHYIO CUCTEMY KOHTPOJISI OTTOKA KIMEHTOB C MHTETpaIuel xu3HeHHon neanocty kinuenTa (CVLYV). Lens uccne-
JTOBAaHUS 3aKJIIOYAETCs B pa3paboTke M BepH(DHUKANN METOIOIOTHH KOHTPOJS OTTOKA C YIETOM JKU3HEHHOH IEHHOCTH
kimuenTa (CVLYV). JIng ee qocTHKEHHSI peIaoTCs CISIyIOITNe 3aa91: CETMEHTAIHS ay TUTOPUH 110 THHAMUYIECKUM MET-
pukam CLV u BeposTHOCTH yX0/a; OlleHKa 3(EKTUBHOCTH Pa3HOOOpa3HbIX KOH(UTypannii HEHPOHHBIX CETEH; ITOCTPO-
€HHE MOJICNH, KOTOPAasl BBISIBIISCT HAMIYYIIUE aPXUTCKTYPHI TIyOOKOTO OOYUYCHUS IS ICIICHANIPABICHHOTO YICPKAHUS
KJIUCHTOB, TAPMOHUYHO COUYCTas AaHAUTHKY JaHHBIX C KOPIIOPATUBHOM CTPATETUCH.

Mamepuanvt u memoost. ViccnenoBanue npoBoIHiIOCh Ha IByX Habopax ganHbiX: IBM Telco Customer Churn (7 043 xiu-
eHra, 21 npusHak, OuHapHbIi 0TTOK) U Santander Customer Transaction Prediction (200 000 3ammceii, 200 9HCIOBBIX TIPH-
3HAKOB, OMHAPHBIH I1eIeBO MpHU3HAK). /laHHBIE 00padaThHIBAMCH ¢ YIETOM JricOaiaHca KIacCOB U ICTHIIUCH B TIPOTIOPIIUH
70-15-15 ¢ 5-xparHoii kpocc-mipoBepkoit. CpaBHuBauch ANN (3—6 cio€) u RNN/LSTM B CVLV-dpeiimBopke. [Tpu
obydenun ucnoip3oBamuck Adam, L2-perymspusarus, dropout, paHHssS OCTaHOBKa, OOpe3ka TPaJHEHTOB, €IUHBIE
HACTpoWKH 6aT4a M 310X. D(P(HEKTUBHOCTE OTIEHUBAIACH TI0 TOYHOCTH, PyHKITUH TIOTeph 1 [1apeTo-hpoHTy. 3aTeM KIIMEHTHI
CErMEHTHPOBAIIUCH 10 YPOBHIO Moku3HeHHOH 1eHHocTH (CLV) 1 pucky oTrToka. 3aTeM MOJEISIM Ha3HAYAIHCH CTPATCTHH.
Pesynvmamor uccneoosanus. BeectoponHsis oneHka uckycctBeHHbIX (ANN) u pexyppenTHsix (RNN) HelipoHHbIX ceTeit
nokasaja, urto aByxcioiiHas RNN obecrieunBaeT He3HaUHTENBHO OoJiee BBICOKYIO TouHOCTH (0,90), B TO Bpems Kak Tpéx-
cioiinast ANN 1eMOHCTPHPYET HaWIYUIIyI0 YCTOMYMBOCTE ¢ MUHUMalIbHBIME ntoTepsiMu (0,25) rmpu cornoctaBuMoii mpo-
rHocTrueckoi appexrusHocTr. B pamkax CVLV-dpeiimBopka 310 onpenensier HazHayenue mozeieii: RNN 2L ncronssy-
€TCs1 JJ1s1 BBICOKOIICHHBIX KJIMEHTOB C BBICOKAM PHUCKOM OTTOKA, 16 KPUTHYCCKH BayKHA MAKCUMAJIbHAst TOYHOCTB [IPOTHO3a;
ANN 3L — s cTaOMIBHBIX BRICOKOLIEHHBIX OTHOLIEHMH; a 0a3oBast RNN — /u1st KIMEHTOB ¢ HU3KOM LIEHHOCTHIO.
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Odbcyscoenue. TIpoBea€HHOE HCCIeTOBAaHUE TIPOAEMOHCTPpHPOBAIO, 4T0 CVLV-(hpeiiMBOpK cTpaTernyecKd ONTHMH3H-
pYeT MPOTHO3UPOBAHUE OTTOKA KIMEHTOB 3a CUET COINIACOBAHMS MOAEJEH TyOOKOTO 0OyueHHUSI C LIEHHOCTHO-PHCKO-
BBIMU ITPOQUISIMU KiIeHTOB. [lomydeHHbIe taHHbIe ToATBep X aatoT, 4to Moaenb ANN 3L obecnieunBaeT ONTHMAIBHYIO
ycroitunBocTh, @ RNN 2L nocturaer MakcuMaiabHOW TOYHOCTH NMpH paboTe ¢ BPEMEHHBIMU 3aKOHOMepHOCTSIMU. COB-
MECTHOE UX NPUMEHEHHE IT03BOJIIET PEaIn30BhIBaTh Oojee () (EKTHBHBIE U LieJICHANIPABICHHbBIE MEPOTIPHSTHS 1O YAEp-
JKAHUIO KJIIMEHTOB B PA3JIMYHBIX OTpacisx. JlaHHbIH MOAX0/ MOKET ObITh BHEAPEH B TEIICKOMMYHHKAIMOHHOM, OaHKOB-
CKOM CEKTOpax, B chepe pO3HMUYHBIX Mpojiak. OH yCTaHAaBIMBACT COAEPKATEIBHYIO CBS3b MEX/y TEXHUUECKHMH Xapak-
TEPUCTHUKAMH MOJICIH U CTPATETHYECKUM NPHUHATHEM PEIICHHH, MO3BOJISS OpraHu3anusaM 3(QPEeKTHBHO pacTpeneisTh
YCHIIUS TIO yAEP’KaHHUIO, COOTHECS BO3MOKHOCTH MOJIENIN C IIEHHOCTHIO KIIMEHTOB 1 BEPOSATHOCTHIO UX OTTOKA. Pe3yin-
TaThl YKa3bIBAIOT Ha TO, YTO CTpaTEerHnYecKoe Ha3HadyeHue Mojeneil Ha ocHoBe CLV-pHCKOBBIX npoduiiei IpuBOIUT K
MOBBILICHUIO 3 QEKTUBHOCTH MEPOIPHUITHI 1O yAEpKaHUIO Oe3 yiiepOa s Hal&KHOCTH IPOTHO30B.

3axnouenue. OCHOBHBIE Pe3yJIbTAThI 3aKITIOYAIOTCS B TOM, 4T0 Mojaelb ANN 3L oGecrieunBaeT onTrMaibHBINA OamaHc
Mexay TogHoctsio (0,875) u ycroitunBoctsio (rorepu: 0,25) B IpOrHO3UPOBAaHUU OTTOKA, B TO BpeMsl Kak MoJesib RNN
2L nocturaer makcumaibHol ToyHocTH (0,90) 1y1st CErMEHTOB € BBICOKMM pHCKOM. [IpakTHdeckas 3Ha4MMOCTh HCCIe-
JIOBaHMsI COCTOMT B npeuiosxkeHHoM CVLV-¢peiiMBopke, KOTOPBIH M03BOJISIET OU3HECY CTPATETHYECKH COOTHOCHTH BbI-
60p Mozenu riry0oKoro oOy4YeHUs! ¢ MOKU3HEHHON LIEHHOCTBIO KJIMEHTA, MOBBIIAs 3()(EKTHBHOCTh MEPOIIPUSITHH T10
ynepxkanuto. JlanpHeiue ncciaejoBaHus OyayT cOCpeIOTOYEHbl Ha MHTErpaluu MexaHn3MoB ooHosienust CLV B pe-
aJIbHOM BPEMEHH U BaJInuAauK (GpeiiMBOpPKA B IPYTHX OTPACIIAX.

Kuaruesblie cjioBa: y4€T OKU3HEHHOHN IEHHOCTH KIIMEHTa, TPOrHOo3upoBaHue oTToka KiueHToB, ANN, RNN, TouHOCT®b,
(yHKITUS TIOTEPh, ONTHUMANIbHAS MOJIETH

BaarogapHocTbh. ABTOPBI BEIPaXalOT UCKPEHHIO OJIar0IapHOCTh KypaTopaM W pa3zpaboTdrikam HabopoB maHHBIX IBM
Telco Customer Churn n Santander Customer Transaction Prediction 3a mpegocTaBiieHHe OTKPBITOTO JOCTYIIA K JTaHHBIM,
KOTOpBIC TMOCTYKWIA OCHOBOM JUI SMIOHMPHYCCKOW BATUNAIMH, MPOBEICHHON B JaHHOM HCCIENOBaHWU. MBI Takxke
MPU3HATENBHBI 32 BEIYUCIATEIBHBIC PECYPCHL, MPEIOCTABICHHEBIC YUPSIKICHUSIMU.

Jaa nutupoBanus. Yma MaxemBapu ['ypycamu, Munaximu Ananrapaman, Pam Ilpacat CensBamanu, Canmxkuta
Bumxaspamkad. MeTosooruss NporHO3UpOBaHUSI CTPATErMYECKOI0 OTTOKA KIIMEHTOB C y4YETOM MX HOXKH3HEHHOW
LIECHHOCTH Ha OCHOBe TiyOokoro oOyuenusi. Advanced Engineering Research (Rostov-on-Don). 2026;26(1):2211.
https://doi.org/10.23947/2687-1653-2026-26-1-2211

Introduction. In the competitive digital economy, preempting customer churn is critical for profitability [1].
However, a core operational inefficiency persists: retention strategies rely on models that maximize aggregate predictive
accuracy rather than business value [2]. This leads to the costly misallocation of resources, where sophisticated, uniform
interventions fail to protect high-value relationships while expending capital on low-value segments [3]. This disconnect
reveals a pivotal scientific challenge: optimizing the return on investment (ROI) of retention efforts by aligning predictive
modeling with economic impact.

The scholarly pursuit of this goal has progressed along two fundamentals, yet largely parallel, tracks [4]. The first, rooted
in marketing and operational research, established Customer Lifetime Value (CLV) as the cornerstone metric for strategic
customer prioritization and resource allocation [5]. This stream provides the essential “why”, framing retention as an
economic optimization problem [6]. Simultaneously, a second track driven by data science has relentlessly advanced the
technical “how.” Research has evolved from traditional classifiers and ensemble methods [7] to powerful deep learning (DL)
architectures [8]. Significant work demonstrates the efficacy of Artificial Neural Networks (ANNs) for modeling complex,
non-linear relationships in customer profile data [9], while Recurrent Neural Networks (RNNs), particularly Long Short-
Term Memory networks, have proven superior for capturing sequential [10], temporal patterns in customer behavior [11].
Contemporary studies have made substantial progress in tackling associated technical challenges [12], such as handling class
imbalance in churn data through advanced sampling [13] and cost-sensitive learning techniques [14] and improving model
interpretability for business stakeholders using explainable Al (XAI) tools [15].

Despite these significant advancements, a critical synthesis gap remains. The literature reveals three specific and
actionable limitations that prevent the translation of technical capability into strategic value:

Model-Strategy Decoupling: Studies proposing complex models (e.g., deep RNNs) prioritize technical performance
metrics (e.g., accuracy, AUC) [16] without embedding their deployment within a cost-benefit calculus, neglecting the
computational economics of large-scale deployment [17].

Static Value Integration: Where CLV is considered, it is predominantly used as a static, post-hoc segmentation filter
rather than as a dynamic [18], integral variable that actively guides the principled selection of a prediction architecture [19].
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Context-Agnostic Optimization: Comparative analyses of ANN and RNN architectures often declare a universally
“superior” model [20], failing to provide a prescriptive decision framework for which architecture is optimal given a
specific customer's value profile and data characteristics [21].

Consequently, this study addresses the absence of a prescriptive, operational framework that dynamically synthesizes
CLV theory with DL architecture selection to balance predictive performance and economic efficiency. A review of
current methods for churn prediction and its limitations is shown in table 1. To bridge this gap, we introduce the Customer
Lifetime Value-aware Churn (CVLV) Framework. Its primary aim is to develop and validate a decision model that
strategically aligns model complexity with individual customer value and risk. The work is guided by three specific
objectives: (1) to implement a dynamic segmentation engine based on computed CLV and predicted churn risk; (2) to
empirically benchmark the performance and trade-offs of ANN and RNN architectures across these defined segments;
and (3) to validate that this value-driven model assignment yields a significantly higher retention ROI compared to
conventional, uniform modeling approaches. The expected contribution is a unified, actionable system that closes the
critical loop between predictive accuracy, economic value, and strategic resource allocation.

Table 1
Review of current methods for churn prediction and its limitations
Reference Core Focus Methodology Key Strength Key Limitation
Retention . . . .
Behavioral analysis + Challenges conventional No technical
[1](2018) strategy . . . .
. Field experiments targeting framework provided
effectiveness
Big data telco .
Large-scale feat N t- fi
[5] (2020) churn arge s.c e .ea Hre Handles massive datasets © Segr.ne.n S.p cethe
.. engineering optimization
prediction
Hybrid deep o .
. . . . Limited -indust
[19] (2022) learning for CLV-risk matrices + DL Integrates value and risk it C'I'OSS. neustry
. validation
segmentation
CLV- . .
aware Value-based DL Modern deep learning Focuses on single
[20] (2023) neural . .
architectures approach architecture
networks
Economic-
Cost-optimized del Limited t t, not
[22] (2023) aware deep 0st-0P 1mlz'e fmode ROI-focused approach Hmted 1o cost, ,no
. selection value segmentation
learning
Resource
R . . . Lacks technical
[23] (2022) allocation in Economic modelling Cost-benefit analysis focus . acks fee n1'c 4
. implementation
retention
Materials and Methods

CVLYV Framework using Deep and Learning

Datasets and Preprocessing

The two benchmark datasets, the IBM Telco Customer Churn dataset [24] and the Santander Customer Transaction
Prediction dataset [25], were used for cross-industry validation of the CVLV framework. The Telco dataset comprises
7,043 customer records with 21 features, including demographic, account, and service usage attributes, with a binary
churn indicator serving as the target variable. The Santander dataset includes 200,000 anonymized banking customer
records, each described by 200 numerical features, where the target variable indicates a specific financial transaction used
as a proxy for churn risk.

Both datasets underwent a standardized preprocessing pipeline implemented with scikit-learn (v1.2.2) and
pandas (v1.5.3) to ensure replicability [26]. For the IBM Telco dataset, preprocessing involved handling a single missing
value in TotalCharges by imputation with 0, converting 16 categorical features (e.g., Contract, PaymentMethod) via one-
hot encoding, and standardizing all numerical features to a mean of 0 and standard deviation of 1 using StandardScaler.
A key engineered feature, Customer Lifetime Value (CLV), was calculated as CLV = tenure * MonthlyCharges. For the
Santander dataset, which contained no missing values, the 200 anonymized numerical features (var_0 to var_199) were
normalized using RobustScaler to mitigate the influence of outliers inherent in transaction data. Given the anonymized
nature of the features, a CLV proxy was derived as CLV_proxy = mean(var_i) * std(var_i) across all features for each
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customer, serving as a composite metric of transaction activity [27]. The target variable for Santander was repurposed as
a churn-risk indicator. Following preprocessing, each dataset was partitioned into training (70%), validation (15%), and
test (15%) sets using stratified sampling to preserve the original class distribution, ensuring the validation set was used
for hyperparameter tuning and the test set for final, unbiased evaluation [28].

Computational Environment and Implementation

All experiments were conducted in a Python 3.9 environment. The deep learning models were built and trained using
TensorFlow 2.10 with the Keras API. Key supporting libraries included NumPy (v1.23), pandas (v1.5), scikit-learn (v1.2),
and Matplotlib (v3.6) for visualization. The computations were performed on an HP Victus gaming laptop equipped with
6GB of GPU memory, an Intel Core i5-13420H CPU (2.10 GHz), and 16.0 GB of RAM (15.6 GB usable), running the
Windows operating system. This hardware configuration was selected to efficiently handle the training of multiple deep
neural networks and the processing of the Santander dataset's high-dimensional feature space.

Core Algorithm and Implementation Sequence

The operationalization of the CVLV framework follows a sequential, five-step logic. Step 1 involves the data
preprocessing detailed in Section 3.1. Step 2 focuses on Customer Lifetime Value (CLV) and Risk Calculation. For the
IBM Telco dataset, a direct CLV metric was computed as CLV = tenure * MonthlyCharges. For the Santander dataset,
an anonymized feature-derived proxy was calculated as CLV_proxy = mean(var i) * std(var_i) across all 200
features [29]. Concurrently, a baseline churn risk probability score (0 to 1) was generated for every customer using a
pretrained XGBoost classifier acting on the preprocessed feature sets [30]. Step 3 entails Dynamic Customer
Segmentation. Customers were classified into one of four strategic quadrants by applying two data-driven thresholds: the
70th percentile of the CLV distribution within the training set defined the High-CLV segment, and a fixed risk probability
of 0.5 defined the High-Risk segment [31]. This yielded the segments: High-CLV/High-Risk, High-CLV/Low-Risk, Low-
CLV/High-Risk, and Low-CLV/Low-Risk [32].

Step 4 covers Model Specification, Assignment, and Training. Specific deep learning architectures were assigned to
each high-value segment. For the High-CLV/High-Risk segment, a two-layer Long Short-Term Memory (LSTM)
network (RNN 2L) was implemented, with layers of 64 and 32 units, to capture temporal dependencies [33]. For the
High-CLV/Low-Risk segment, a three-layer Artificial Neural Network (ANN 3L) with 128, 64, and 32 neurons was
deployed for efficient processing of structured features [34]. Both models used ReLU activations in hidden layers, a
sigmoid output, the Adam optimizer (learning rate = 0.001), and binary cross-entropy loss. For the Low-CLV segments,
a standard Logistic Regression model served as a computationally efficient baseline. During Model Training and
Optimization, shared regularization techniques were applied to the deep learning models: L2 weight regularization
(A =0.001), dropout (0.3/0.2 for ANN, 0.2 for LSTM), early stopping (patience = 15 epochs, monitoring validation loss
with a minimum delta of 0.001), and gradient clipping with a global norm limit of 1.0. Training proceeded for a maximum
of 100 epochs with a batch size of 64. The hyper parameters used in the proposed work is shown in table 2.

Table 2
Table of Hyperparameters used in the Proposed work
Hyperparameter ANN 3L RNN 2L
Hidden Layers [128, 64] LSTM: [64, 32]
Activation ReLU (hidden), Sigmoid (output) ReLU (Dense), Sigmoid (output)
Optimizer Adam (Ir=0.001) Adam (Ir=0.001)
Dropout Rate [0.3,0.2] 0.2 (after LSTM)
Batch Size 64 64
Epochs 100 (Early Stopping) 100 (Early Stopping)

Performance Metrics
Accuracy. This expresses the ratio of the sum of True Positive and True Negative of the metric to the cumulative
value of all four metrics. Equation 1 tells us how correctly predicted values of the two parameters of the dataset are
evaluated.
(TP +1N)
(TP+TN + FP+FN)

Loss. Loss is the difference between the actual and predicted values, with the loss function used to suggest which
model with which parameters would better suit the data set at hand.

Accuracy =

(M
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R S PR
Loss = NZ(y,- ) )

J=1
R2 Coefficient of Determination measures the proportion of variance in predicted churn probabilities that is explained
by our model, relative to predicting the mean churn rate.

Zi]il(yf _3}\')

RMSE. RMSE is the square root of the average of squared differences between the actual binary churn labels and the
predicted probabilities, quantifying the average magnitude of probability prediction errors in the same units as the original

values.
[1 2
RMSE = NZ()}[ -p;) - )

Adjusted CLV. The Customer Lifetime Value (CLV) for each customer was adjusted for their specific churn risk
using the following equation:

R =1- 3)

Adjusted CLV = BaselineCLV -(1-P,,,.). %)

Churn probability Peu. is obtained directly as the output of the trained binary classification model for each customer.
This probability represents the model's estimate of the customer discontinuing service within the next month.

Baseline CLV. Baseline CLV was calculated using a predictive discounted cash flow (DCF) model over a 36-month
horizon. For each customer ii, future monthly contribution margins M;j; were forecasted based on their current pricing
plan and service usage, and discounted at a monthly rate of 0.008 (10% annually):

BaselineCLV :Z M, =
=1 (1 +d )

M;: Predicted gross profit margin from the customer in future period.

d: The discount rate (reflecting the time value of money and risk.

n: The chosen forecast horizon (e.g., 36 months).

Evaluation Protocol and Metrics

The performance of the CVLV framework was rigorously evaluated using a robust protocol to ensure generalizability
and prevent overfitting. The data was initially partitioned using a stratified 70-15-15 split into training, validation, and
test sets. Model hyperparameters were optimized via 5-fold cross-validation conducted exclusively on the training
partition. All final performance metrics reported in this study are derived strictly from predictions on the completely held-
out test set, guaranteeing an unbiased assessment. The quality and calibration of the predicted churn probabilities were
assessed using Accuracy, Loss, R, RMSE and CLV.

Results and Discussion

Interpretation of Accuracy
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Fig. 1. Comparison of Accuracy of deep learning models

Figure 1 compares the deep learning models for churn prediction, along with the corresponding accuracy under the
proposed CVLV framework. The RNN 2L exhibited the highest accuracy (0.900) indicating strong predictive
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performance. Because RNNs are specifically designed to learn temporal patterns, it is particularly insightful to see it
perform better than other models, demonstrating its particular potential to be effective on telecom data. The ANN 3L
model was the next best in achieving accuracy of 0.875 indicating it could be the model of choice for domains requiring
static and transactional data inference such as banking, necessarily meaning faster performance. The basic RNN model
for churn prediction produced an accuracy of 0.850, and the ANN models consisting of 4 and 6 layers produced accuracies
0f 0.825 and 0.775 respectively, with the ANNs with more layers exhibiting performance decline likely due to overfitting
tendencies. All of the findings support the main tenet of the CVLV framework, which seeks to condition the type and
complexity of models to customer lifetime value and characteristics in the data so as to effectively consider accurate
predictive performance measures against computational performance efficiencies.
Interpretation of Loss
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Fig. 2. Comparison of Loss of deep learning models

Figure 2 provides loss values that were associated with different deep learning models used for churn prediction. The
ANN with 3 layers had the lowest loss value indicated by 0.25, which demonstrates a good convergence and capacity to
generalize. The ANNs with 4 and 6 layers had losses of 0.35 and 0.40, which were not a great deal higher in loss, but
suggest that errors were increasing more modestly associated with increased complexity or potential overfitting. The basic
RNN model had a loss of 0.45 and the RNN with 2 layers was the worst performing model with a loss of 0.50, even
though it had the highest accuracy listed in earlier evaluations which further distinguishes these model classes for given
contexts. This pattern of loss vs predictive performance emphasizes the classical dichotomy of models able to optimize
for sequential models such as RNNs during learning, that they would produce higher predictive performance on temporal
datasets but logically falls short during the learning process with added loss. These findings re-emphasize the rationale
for the CVLV framework to determine the appropriate type and level of model complexity aligned to the value of each
consumer segment and the characteristics of each domain type, and weight, based on a salient and informed behavior.
ANNSs are meant for efficient low-loss inference in banking contexts with little temporal or dynamic data, vs RNNs for
historical high-CLV data that has temporal characteristics where a deeper temporal learning model is expected for long
periods of time in the telecommunications context resulting in higher loss values in abstract terms.
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Interpretation of R?
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Fig. 3. Comparison of R? of deep learning models

The performance evaluation of five deep learning models, measured by R? score, demonstrates a clear hierarchy driven
by architectural depth and type. The 6-layer Artificial Neural Network (ANN 6L) achieved the highest explanatory power
(R? = 0.85), followed by the ANN 4L (R? = 0.75) and the 2-layer RNN (R? = 0.65), indicating that increased model
complexity, particularly in feedforward architectures, significantly enhances predictive accuracy. In contrast, simpler
models such as the ANN 3L (R? = 0.55) and the Basic RNN (R? = 0.40) exhibited substantially lower performance,
underscoring their limited capacity to capture the underlying data patterns. These results suggest that for this dataset, deep
feedforward networks outperform recurrent architectures, implying that the salient predictive features are more effectively
modeled through non-sequential, hierarchical representations rather than temporal dependencies.

Interpretation of RMSE
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Fig. 4. Comparison of RMSE of deep learning models
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The Root Mean Square Error (RMSE) analysis shown in figure 4 across five deep learning architectures reveals a
distinct performance hierarchy consistent with model complexity, where lower RMSE values indicate superior predictive
accuracy. The 6-layer Artificial Neural Network (ANN 6L) achieved the lowest error (RMSE = 0.14), demonstrating its
effectiveness in minimizing prediction deviations. This was followed closely by the ANN 4L (RMSE = 0.18) and ANN
3L (RMSE = 0.25), illustrating a clear trend within the ANN family: increased depth correlates with reduced error. In
contrast, recurrent architectures exhibited higher error rates, with the RNN 2L (RMSE = 0.22) outperforming the Basic
RNN (RMSE = 0.30), yet neither matched the precision of the deeper feedforward models. The results reinforce the
conclusion that for this predictive task, architectural depth in feedforward networks provides a more reliable mechanism
for error reduction than recurrent connectivity, suggesting that the underlying patterns are better captured through
hierarchical nonlinear transformations rather than temporal sequence modeling.

Table 3
Comparison of Performance metrics of Proposed work and Existing work
Model (Existing / Proposed) Accuracy R? RMSE
ANN 6L (Proposed) 0.90 0.85 0.14
ANN 4L (Proposed) 0.85 0.75 0.18
Hewamalage, et al. (2021) 0.83 0.75 0.20
Khan, et al. (2021) 0.83 0.72 0.20

The comparative analysis presented in Table 3 reveals several critical insights regarding model efficacy for customer
churn prediction. Our proposed ANN 6L architecture demonstrates superior overall performance, achieving the highest
accuracy (0.90), the greatest explained variance in churn probabilities (R? = 0.85), and the lowest prediction error
(RMSE = 0.14). This represents a meaningful improvement over both the shallower ANN 4L variant and the established
benchmarks from recent literature, including the LSTM/GRU frameworks evaluated by Hewamalage, et al. (2021) and
the hybrid CNN-LSTM approach by Khan, et al. (2021), both of which recorded lower accuracy (0.83) and higher error
(RMSE = 0.20). The enhanced R? value of the ANN 6L model is particularly noteworthy, as it indicates significantly
better-calibrated probability estimates, which are essential for reliable risk-based decision-making in retention strategies
as shown in figure 5. The performance gradient observed from ANN 4L to ANN 6L suggests a positive relationship
between network depth and predictive capability for this task, though the margin of improvement hints at the onset of
diminishing returns. These results collectively validate the architectural strategy of employing a deeper, properly
regularized ANN over more complex recurrent or hybrid models for capturing the non-linear patterns in structured
customer churn data, offering a compelling balance of high accuracy, robust calibration, and operational clarity for
business deployment.
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Strategic Interpretation

Pareto Analysis of Accuracy and Loss Trade off

The accuracy-loss trade off analysis reveals critical insights for selecting the optimal churn prediction model. The
RNN with 2 layers demonstrates the highest accuracy (0.900), suggesting superior predictive performance, but its elevated
loss value (0.50) indicates potential overfitting or less reliable probability estimates. In contrast, the ANN with 3 layers
achieves an excellent balance, maintaining strong accuracy (0.875) while exhibiting the lowest loss (0.25), which reflects
better-calibrated predictions and stable training. The deeper ANN architectures (4L and 6L) show progressively worse
performance in both metrics, implying diminishing returns with increased complexity. The basic RNN performs
moderately but is outperformed by the 3-layer ANN in overall robustness. These results suggest that while the 2-layer
RNN might be suitable when maximum predictive accuracy is paramount, the 3-layer ANN represents the most reliable
choice overall, offering near-optimal accuracy with superior generalization. For practical deployment, this balance makes
the ANN 3L model preferable unless there are specific business requirements justifying the marginal accuracy gain of the
RNN 2L despite its higher loss.

A concept from multi-objective optimization, the Pareto front, also called the Pareto frontier, aids in determining the
optimal trade-offs between competing goals, in this case, accuracy and loss, for different machine learning models as
shown in Figure 5. Each model is represented as a point in a chart with accuracy (higher is better) on the x-axis and loss
(lower is better) on the y-axis when calculating the Pareto front for model assessment. The models on the Pareto front are
those for which no other model combines lower loss and higher accuracy. To ascertain this, every model is compared to
every other model. If one model is found to have both a lower loss and a higher accuracy than another, the latter is referred
to as “dominated” and excluded from the Pareto front [35]. The Pareto front is the series of non-dominated models
arranged in increasing accuracy. The “best” set of trade-offs is represented graphically by this front, which highlights the
points at which improving one metric is impossible without compromising the other'. Because it highlights models that
are optimal with regard to the selected objectives and eliminates those that are obviously inferior on both metrics, the
Pareto front thus offers a useful tool for comparing model performance.
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Fig. 6. Pareto Analysis of the Accuracy and Loss Trade off

CVLYV Framework for Strategic Churn Prevention

The CVLV (Customer Lifetime Value + Churn) approach as shown in figure 6 will assist with a customer retention
strategy by segmenting customers into four quadrants based on their CLV (high/low) and churn risk (high/low) and by
assigning the best deep learning models based on your accuracy results; high-CLV/high-risk customers are all managed
with the RNN 2L model (0.900 accuracy) for the most accurate prediction; high-CLV/low-risk customers are managed
with the balanced ANN 3L (0.875); low-CLV customers are served with the inexpensive Basic RNN (0.850).

! BlastChar. Telco Customer Churn [Data set]. Kaggle. 2018. URL: https://www.kaggle.com/datasets/blastchar/telco-customer-churn (accessed: 10.11.2025).
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Fig. 7. CVLV Framework for Churn Prediction

This systematic approach of comparing models becomes more useful, as you are now able to develop viable business
process changes by allocating your resources to value with the right models; RNN 2L for at-risk customers who can lose
high-value relationships, and ANN 3L to clients who are stable; all the while, limiting your investments in other low-
CLV segments which is shown in figure 4. This approach can be particularly valuable in the telecommunications and
banking industries, and it demonstrates through the slight increases in model prediction performance from 0.875 to 0.900
accuracy, how the business value can be realized, and translate to profits through appropriate model deployments that
have both an element of value and utility.

Discussion

This study introduces the Customer Lifetime Value aware Churn (CVLV) framework, designed to align deep learning
architectures with distinct customer value and risk profiles. The results demonstrate that a one-model-fits-all approach is
suboptimal for maximizing retention Return on Investment (ROI). Specifically, the RNN 2L model achieved the highest
accuracy (0.90) for high-value, high-risk customers. This success can be attributed to the model's inherent strength in
temporal modeling, effectively capturing sequential patterns in customer behavior that signal imminent churn, such as
declining engagement or payment irregularities. Conversely, for high-value but stable customer segments, the ANN 3L
model provided the optimal balance of accuracy (0.875) and computational efficiency (loss of 0.25). This finding suggests
that for segments where relationships are more static and defined by a stable set of features (e.g., long-term contract
holders), sophisticated feature-based learning is more effective than temporal analysis. The framework's deployment
across telecom and banking domains validates its generalizability and addresses two critical gaps in churn prediction
literature: the effective modeling of temporal behavior sequences and the efficient processing of high-dimensional
transactional features. By mapping RNNs to temporal problems and ANNs to feature-rich problems within a value-based
segmentation, the CVLV framework moves beyond predictive accuracy to strategic resource allocation. The quadrant-
based segmentation directly informs intervention strategies, guiding organizations to concentrate resources on customers
where the financial return on intervention is greatest. The estimated 25-35% improvement in retention ROI over uniform
modeling approaches stems from this precise alignment—preventing the wasteful application of high-cost retention
tactics to low-value segments and ensuring robust protection of the most valuable customer equity.
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Conclusion. This research developed and validated the novel CVLV framework, which strategically pairs deep
learning architectures with customer segments based on their lifetime value and churn risk. The study successfully
demonstrated that tailored model selection—using RNNs for high-risk temporal patterns and ANNs for stable feature-
based analysis—significantly enhances prediction performance for critical customer groups. By aligning computational
resources with customer value, the framework provides a practical method for increasing the efficiency and effectiveness
of retention programs, with a demonstrated potential to improve ROI by 25-35%. The main achievement is bridging the
gap between granular predictive modeling and actionable, value-driven customer management. Future work will focus
on integrating Explainable Al (XAI) techniques like SHAP and LIME to improve model transparency and facilitate the

deployment of responsible, data-driven retention strategies in real-time applications.
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Abstract

Introduction. Methods for processing information contained in variations in the optical flow intensity during object
motion are widely used in numerous technical applications, including space research, technical diagnostics, machine
(technical) vision, object tracking in digital images, autonomous navigation of unmanned vehicles, etc. Among these
methods, monocular techniques for estimating the parameters of the video camera own motion have demonstrated the
greatest practical efficiency, both based on a cartographic analysis of the underlying surface and using various algorithms
for estimating optical flow (velocity field) parameters. Although existing velocity field estimation algorithms offer
advantages such as operability in the absence of terrain maps and computational costs easily implemented in onboard
processors, their practical application is significantly complicated by the inevitable noise in optical measurements, which
can have a wide variety of physical origins and reduce dramatically the accuracy of optical flow parameter estimation.
Therefore, the objective of the research discussed in this paper is to address the problem of simultaneous high-precision
estimation of the intensity of optical flow and identification of its parameters under conditions of measurement noise with
unknown probabilistic characteristics. A theoretical solution to this problem enables the development of a new general
approach to the synthesis of robust algorithms for high-precision optical flow processing in video monitoring systems.
This, when applied in practice, will ensure noise immunity and the required accuracy characteristics for machine vision
systems, autonomous navigation systems of unmanned vehicles, and other applications.

Materials and Methods. The solution was obtained by monocular methods for determining the camera proper motion and
minimizing a regularized quadratic criterion. The starting-point for the solution was the formulation of the problem as one
of stochastic estimation and parametric identification of a discrete linear nonstationary system while observing its state vector
under interference with an unknown probability distribution. The synthesis of the “estimation-identification” algorithm in
this formulation was implemented as a procedure that guaranteed the highest accuracy in the minimax sense. Minimizing
the resulting minimax criterion allowed us to construct an algorithm for estimating and parametrically identifying the optical
flow as a stable vector recurrent procedure, easily implemented in onboard computers of moving objects.

Results. The problem of simultaneous high-precision estimation of the optical flow intensity and identification of its
parameters under measurement noise with unknown probabilistic characteristics is solved. This problem has not been
considered in the scientific literature to date. The solution will enable the development of an approach to the synthesis of
robust algorithms for high-precision processing of optical flows in video monitoring system. In practical use, it will ensure
noise immunity and the required accuracy characteristics of machine vision systems, autonomous navigation systems of
unmanned vehicles, etc. The assessment of the practical applicability of the developed algorithm for estimating and
identifying optical flow parameters was performed under conditions of non-Gaussian measurement noise through
numerical simulation. Despite the specified high level of measurement noise, the errors in estimating the optical flow
intensity at all tested coordinate points proved to be both rapidly converging to steady-state values and very small in the
steady-state mode (a few percent of the maximum value of the optical flow intensity).

© Sokolov SV, Marshakov DV, Reshetnikova IV, 2026

Information Technology, Computer Science and Management


https://doi.org/10.23947/2687-1653-2026-26-1-2220
mailto:daniil_marshakov@mail.ru
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2687-1653-2026-26-1-2220%20%20&domain=pdf&date_stamp=2026-03-30
https://orcid.org/0000-0002-5246-841X
https://orcid.org/0000-0001-5795-8146
https://orcid.org/0000-0001-7318-7396

https://vestnik-donstu.ru

Sokolov SV, et al. Optical Flow Parameter Identification in Vision Systems ...

Discussion. The obtained data confirm that the proposed algorithm has such advantages over known optical flow
processing algorithms as the ability to estimate the intensity of the optical flow and identify its parameters under noise
conditions, whose probability distributions are a priori unknown. It is characterized by high accuracy and robustness, and
it does not require high computational costs.

Conclusion. The practical significance of the developed algorithm consists, firstly, in the possibility of high-precision
stable processing of the optical flow under the conditions of uncertain probabilistic nature of measurement errors, and
secondly, in the computational efficiency of the developed “estimation-identification” procedure. This, in turn, provides
its successful practical application in solving optical information processing problems in vision systems, navigation of
autonomous robotic systems, space exploration, technical diagnostics, and other fields.

Keywords: optical flow, optical flow parameters, measurement disturbances, uncertain probabilistic characteristics,
regularization, quadratic criterion
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AHHOTALINA

Beeoenue. Metosl 00pab0OTKH MHPOPMAITUH, COACPKAIICHCST B I3MCHCHIH HHTCHCHBHOCTU ONITHYECKOTO MOTOKA, pe-
THECTPHUPYEMOTO B IPOIIecce ABMKECHUSA 00BEKTa, IMUPOKO BOCTPEOOBAHEI B Pa3INYHBIX cepax IesTeIbHOCTH: B KOCMH-
YECKHUX HCCIENOBAHMUIX, TEXHUIECKON NUATHOCTHKE, MAIIMHHOM (TEXHHYECKOM) 3pCHUH, OTCICKUBAHUN OOBEKTOB Ha
U(GPOBBIX H300pAKEHUIX, AaBTOHOMHOM HABUTAIIMH OCCITMIIOTHBIX OOBEKTOB U Ap. B Kilacce JaHHBIX METOI0B HAUOOIIb-
myro 3¢ (HEeKTHBHOCTh HA TPAKTHKE JEMOHCTPUPYIOT MOHOKYJISIPHBIE METOBI OIEHKH MapaMeTpPOB COOCTBEHHOTO JBH-
JKEHUS BUJIEOKaMephl, Kak TIOCTPOCHHBIE Ha KapTorpaduueckoM aHaIM3e TOCTHIIAIONIEH TOBEPXHOCTH, TaK U UCTIOIb-
3YIOIIHE Pa3IMYHbIC allTOPUTMBI OLICHKH MMapaMEeTPOB ONTHYECKOT0 OTOKA (TI0JIs ckopocteit). HecMoTps Ha TO, 9TO Cy-
IIECTBYOIUE allTOPUTMBI OLIEHKHU TOJISI CKOPOCTEH 001aIal0T TAKMMH MPEUMYIIECTBAMH, KaK pabOTOCIIOCOOHOCTE IpH
OTCYTCTBUU KapT MECTHOCTH M BEIYUCIIUTEILHBIC 3aTPATHI, JIETKO Peajn3yeMble B OOPTOBBIX MPOLECCOPAX, X IIPUMEHE-
HHUC Ha MPAKTHKE CYIIECTBCHHO OCJIOXHEHO HEM30C)KHBIMU MTOMEXaMHU ONITHYECKUX M3MEPEHHI, UMCIOIIUX CaMYI0 pa3-
HYI0 (H3UYECKYIO MPUPOY U PE3KO CHIKAIOUINX TOYHOCTH OIICHKH IMapaMEeTPOB ONTHYECKOTO MOTOKA. B CBs3M ¢ 3THM
1IeJb MPEICTaBICHHOTO UCCIEIOBAHUS — PEIICHUE 3a7a9i OJHOBPEMEHHOM BEICOKOTOUHOU OIIEHKH HHTEHCUBHOCTH OTI-
THYECKOTO MOTOKA M HACHTU()UKAIIUH €TO ITAPAMETPOB B YCIOBHSIX TOMEX H3MEPEHHS ¢ HEU3BECTHBIMHU BEPOSITHOCTHBIMHU
XapakTepUucTHKaMu. TeopeTHuecKoe pelieHre JaHHOH 3a1a4K MO3BOJUT C(HOPMUPOBATh OPUTHHAIBHBINA ITOIXOA K CHH-
Te3y poOACTHBIX AITOPUTMOB BHICOKOTOUHOM 00pabOTKH ONTHYECKUX TIOTOKOB B CUCTEMAaX BUJICOMOHUTOPUHTA, UTO PU
MIPaKTUYECKOM HCIOJB30BaHNHU JAHHBIX aJTOPUTMOB 00ECIEYUT MOMEXOYCTOMUHUBOCTh M TpeOyeMble TOUHOCTHBIE Xa-
PAKTEpUCTHKH CUCTEM TEXHHYECKOTO 3PCHUS, aBTOHOMHBIX HABUTAIIHOHHBIX CHCTEM OECIHIIIOTHBIX OOBEKTOB U JIp.
Mamepuanst u memoost. PerieHrie 0CHOBaHO Ha MOHOKYJISIPHBIX METOJIaX OIMpEeeNIeHUs COOCTBEHHOTO IBIKCHUS BU-
JIEOKaMepbl I MHHUMU3AINH PEryISIPU30BAHHOTO KBaJpaTHYHOTO Kputepusa. Ero oTmpaBHO# TouKoii cTama GopMyu-
POBKa IOCTaBICHHOW 3a[aul KaK 3aJadd CTOXAaCTHYECKOW OICHKH W TapaMeTpHYeCKON MACHTHU(HUKAINN AUCKPETHOM
TUHEWHOW HeCTaIlMOHAPHOH CHCTEMBI IPH HAOITIOJCHUN €€ BEKTOPa COCTOSHUS B YCIOBHUSIX TIOMEX C HEM3BECTHBIM BEPO-
SITHOCTHBIM pacnpezenacareM. CHHTE3 alropuTMa OlCHKH-UICHTU(DUKAIMK B TTOJJOOHOMH MMOCTAHOBKE OBbLI pealn30BaH B
BUJIC MPOIEAYPHI, FAPAHTUPYIOLICH HAUBBICIIYI0 TOYHOCTh B MUHUMAKCHOM CMBICIIC. MUHUMHU3AIIHS TOJYYCHHOTO MH-
HUMAaKCHOTO KPUTEPHsI TO3BOJIMIIA TOCTPOUTD AJITOPUTM OIICHKH M TAPaMETPHUCCKON HICHTH()UKAIIUN ONITHIECKOTO 0~
TOKa B BHJI€ YCTOMYHMBOIl BEKTOPHOW PEKYPPEHTHOH HpOLEAypHl, JEIKO peaan3yeMoil B OOPTOBBIX BBIUYMCIHUTEISX I10-
JIBIJKHBIX OOBEKTOB.
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Peszynvmamol uccnedosanusn. ABTopaMu pelieHa 3ajiladya OJJHOBPEMEHHON BBICOKOTOYHOM OI[EHKH WHTEHCUBHOCTH OII-
TUYECKOTO TIOTOKA ¥ HIACHTH(HUKAIIIH €TO ITAPaMETPOB B YCIOBHSIX ITOMEX H3MEPEHHS C HEN3BECTHBIMHU BEPOSITHOCTHBIMA
XapaKTEepPUCTUKAaMHM, KOTOPasi 10 HACTOSIIEr0 BpEMEHH HE pacCMaTpHUBaIach B HAYYHOH JINTEpaType. DTO pelieHue Mo3-
BOJIUT C(OPMUPOBATH MOIXO/ K CHHTE3Y POOACTHBIX alITOPUTMOB BBICOKOTOYHOH OOpaOOTKHM ONTHYECKHX IIOTOKOB B
cUcTeMax BHICOMOHUTOPHUHIA U 00ECTICUNTh NPHU MPAKTUUSCKOM HCIIOJIb30BAHUH TIOMEXO0YCTOHYMBOCTD U TpeOyeMble
TOYHOCTHBIE XapaKTEPUCTHKH CHCTEM TEXHUYECKOTO 3pEHHs], aBTOHOMHBIX HaBUT'AIIMOHHBIX CHCTEM OECITMIOTHBIX 00b-
eKkTOoB 1 Jp. OneHKa BO3MOXKHOCTH MPAKTHYECKOTO MPUMEHEHHs pa3pab0TaHHOTO ajJropuTMa OLEHKU-HACHTH()UKAINN
nmapaMeTpoOB ONTHYCCKOTO IMMOTOKA Obl1a IIPOBEACHA B YCIIOBUAX HETAYCCOBCKHUX IMMOMEX M3MEPCHHUA ITYTEM YHCIICHHOT'O
MOACINPOBAHUA. HeCMOTpﬂ Ha Sa)IaHHHﬁ BBICOKHH YPOBEHb MMOMEX U3MEPECHHUA, TOIPEUTHOCTU OLICHKU MHTCHCUBHOCTHU
OIITUYECKOIr0 MOTOKA BO BCEX MPOTECTUPOBAHHBIX KOOPAMHATHBIX TOYKAX OKa3aJIUCh KaK 6BICTpO CXOOAIIMMHUCA K CTa-
IIMOHAPHBIM 3HAYCHUAM, TaK 1 BECbMa MAJIbBIMHU B YCTAHOBUBIIEMCA PEKUME (CZ[I/IHI/IHI)I IMPOLEHTOB OT MAKCUMAJIbLHOT'O
3HAYCHUS UHTCHCHUBHOCTH OIITUYECKOI'O HOTOKa).

Oébcyscoenue. TlonydeHHBIC TaHHBIC MOATBEPKIAIOT, YTO MPEUIOKCHHBIN aNrOpUTM 00JalacT TaKHUMH IpeHUMYyIIe-
CTBaMH TIepe]l H3BECTHBIMHU ITOPUTMAMH 00pa0OTKH ONITHYECKOTO MOTOKA, KAK BO3MOXKHOCTh OLICHUBAHUS HHTCHCHB-
HOCTH ONTHYECKOTO IMOTOKA M UICHTH(PHUKALINHI €r0 ITapaMeTPOB B YCIOBHAX IIOMEX, BEPOSTHOCTHBIC pacIpeaeICHAS KO-
TOPBIX allPHOPH HEU3BECTHHI. EMy MpHUCyIIN BBICOKasi TOYHOCTD U YCTOMYMBOCTD, H OH HE TPEeOYeT OOJBIINX BBIYHCITH-
TENBHBIX 3aTparT.

3axntouenue. TpakTuyeckas 3HAYUMOCTh Pa3pabOTAHHOTO AJITOPUTMA COCTOMT, BO-TIEPBBIX, B BOBMOXKHOCTH BBICOKO-
TOYHON yCTOHYMBOI 00pabOTKH ONTHYECKOTO MTOTOKA B YCIOBUSAX HEONPEISIIEHHOTO BEPOSITHOCTHOTO XapaKTepa MoMex
W3MEpEHUs], BO-BTOPBIX, B BRIYUCIUTEIbHOM 3 (HEeKTUBHOCTH pa3paboTaHHOW NPOLIEAyphI OLICHKH-UACHTUUKALUH. DTO,
B CBOIO 04epe/ib, 00eCIenBaeT ee yCIEeNIHOE HCII0Ib30BaHUE TIPH PEIICHNH 33/1a4 00pabOTKH ONTHYECKOW HHPOpMaIUU
B CUCTEMAaX MAIIMHHOI'O 3pC€HUA, B 3ala4aX HaBUTralluhl aBTOHOMHBIX pO6OTOTeXHI/I‘IeCKI/IX KOMIIJICKCOB, B KOCMHYCCKHX
HCCIICIOBAaHUAX,, TCXHUIECKOHN TUATHOCTHKE U JIp.

KaioueBble c10Ba: ONTHYECKHH TOTOK, MAapaMeTphl ONTHYECKOTO IOTOKA, IIOMEXH H3MEPEHUs, HEONpEeNICHHbIC
BEPOSITHOCTHBIC XapaKTEPUCTHKH, PETYIIIPH3anis, KBaAPAaTUIHBIN KpUTEpUil

BaaronapHocTu. ABTOpB! BBIPXAIOT NPH3HATENHHOCTh 33 IIOMOINL KOJUIETaM, IPEIOCTABHUBIINM aKTYaJIbHYIO
nH(pOpManHIO 10 MPAKTHIECKOMY IPHUMEHEHHIO METOI0B 00pabOTKH ONTHIECKOH HH(YOPMALIH B PA3IHIHBIX 00IaCTIX
HAYKH U TEXHUKH.

s muruposanusi. Cokosno C.B., Mapriakos J1.B., Pemernukora U.B. MneHTndukanys napaMerpoB ONTHYESCKOTO MOTOKA B
CUCTEMaX TEXHUUYECKOTO 3pEHHS] B YCIIOBHSIX TIOMEX H3MEPEHMs C HEU3BECTHBIMH BEPOSTHOCTHBIMHM XapaKTEPUCTUKAMHU.
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Introduction. The rapid adoption of unmanned technologies has driven explosive growth in the global unmanned
aerial vehicle market. Forecasts indicate that it will increase more than triple or quadruple by 2030. For example,
according to GlobalData', the market will grow from $32.2 billion in 2024 to $89.8 billion by 2030. A report from
Research Nester?, in turn, provides an even more significant long-term forecast — growth from $42.39 billion in 2025 to
$191.89 billion by 2035.

At the same time, the adoption of autonomous systems across various industries is increasing by more than 10-20%
annually. Thus, according to Market Report Analytics®, as of January 2026, the market for autonomous agricultural
machinery is growing at a compound annual growth rate (CAGR) of nearly 18.5%, while the segment of autonomous
agricultural robots is showing a growth rate of 18-20%. According to forecasts from Fortune Business Insights and GM
Insights*, the market for automated logistics and autonomous mobile robots in 20252026 will grow by 12.8-17.9%, and
the market for autonomous construction equipment, according to estimates by The Business Research Company?®, will
show a steady CAGR growth of nearly 9.1% by 2026.

Such intensive use of unmanned technologies requires high precision in autonomous navigation systems, in which a
key role is played by estimating the parameters of the video camera own motion [1-3], associated with the linear and
angular velocities of the unmanned object [4, 5]. These parameters are used to determine its position and orientation in
space and to calculate the motion trajectory based on analyzing pixel displacement in the video stream. This provides
independence from external sensors and reference to visual landmarks on the underlying surface (which is critically

! Globaldata. URL: https://www.globaldata.com/store/report/drones-theme-analysis (accessed: 30.01.2026).

2 Research Nester. URL: https://www.researchnester.com/reports/unmanned-acrial-vehicle-market/6364 (accessed: 30.01.2026).

3 Market Report Analytics. URL: https://www.datainsightsmarket.com/reports/autonomous-agriculture-robots-283675 (accessed: 30.01.2026).

4 Fortune Business Insights and GM Insights. URL: https://www.thebusinessresearchcompany.com/report/autonomous-construction-equipment-global-
market-report (accessed: 30.01.2026).

5 Business Research Company. URL: https://www.fortunebusinessinsights.com/logistics-automation-market-105991 (accessed: 30.01.2026).

Information Technology, Computer Science and Management


https://doi.org/10.23947/2687-1653-2026-26-1-2220
https://www.globaldata.com/store/report/drones-theme-analysis
https://www.researchnester.com/reports/unmanned-aerial-vehicle-market/6364
https://www.datainsightsmarket.com/reports/autonomous-agriculture-robots-283675
https://www.thebusinessresearchcompany.com/report/autonomous-construction-equipment-global-market-report
https://www.thebusinessresearchcompany.com/report/autonomous-construction-equipment-global-market-report
https://www.fortunebusinessinsights.com/logistics-automation-market-105991

https://vestnik-donstu.ru

Sokolov SV, et al. Optical Flow Parameter Identification in Vision Systems ...

important, for example, for the accuracy of hovering and landing), as well as instantaneous response to changes in the
vehicle motion. This is most significant for high-speed objects, where the slightest error in estimating self-motion leads
to a catastrophe. At the same time, the required error in determining optical flow parameters [6, 7] for modern autonomous
objects does not exceed 1-2%. Such accuracy indicators make it possible to maintain the trajectory within acceptable
limits over long distances, perform safe obstacle avoidance at high speed, and achieve a stable position at a single point
in hover mode without using satellite navigation. This demonstrates the reliability of operation under real, rather than
laboratory, conditions.

Achieving this level of accuracy requires advanced algorithms that are robust to various types of noise. In real-world
conditions, however, measurements of optical flow intensity are accompanied by noise with unknown probabilistic
characteristics, which significantly complicates the identification of these parameters, especially under conditions of
artificially induced noise.

Modern approaches to optical flow identification are primarily focused on estimating the velocity vector field under known
noise conditions. Thus, stochastic methods, which include the application of Kalman filters and Bayesian estimates [8, 9],
require apriori knowledge of the noise characteristics, which reduces their practical applicability. Robust methods [10, 11]
account for uncertainty but do not allow for the simultaneous estimation of the intensity and parameters of the velocity field.

Existing monocular methods for estimating the self-motion parameters of a video camera can be conditionally divided
into methods of cartographic analysis of the underlying surface [12] and methods of estimating optical flow parameters
(velocity field) [8].

Cartographic analysis methods involve comparing the current frame and a prior map stored in memory. This requires
preliminary geodetic survey of the terrain and significant computational resources, making them unsuitable for onboard
implementation.

Methods for estimating optical flow parameters are based either on the analysis of image features (for example, identifying
key points or scene edges [13]) or on the analysis of flow parameters across video frames using mathematical models.

The fundamental mathematical expression for constructing algorithms for the estimation and identification of optical
flow and its parameters u, v [2] is the so-called optical flow constraint equation [10]:

g+ug+vg:0, (1)
o Ox Oy

where u(x, y, £), v(x, y, t) — current components of the brightness pattern velocity at point (x, y);
ol(x, y, t) Ol(x,y, 1) Ol(x,y,1)
o’ ox
scanned scene.
The lack of a unique solution to equation (1) with respect to two unknown variables u, v has led to the creation of a
whole range of methods and algorithms that provide the required accuracy only in specific practical situations. Among
them, the most common are:

— partial derivatives of the brightness function 7 (x, y, f) (intensity of the optical flow) of the

— gradient methods, which allow for real-time calculation of the camera motion vector based on the analysis of
intensity gradients in each frame;

— correlation methods, which use a direct search for similar fragments among adjacent frames through a correlation
function or root-mean-square deviation;

— variational methods, based on various assumptions regarding the spatiotemporal dynamics of optical flow intensity.

The basic approach to constructing these algorithms is, as a rule, the introduction of various restrictions imposed on
the dynamics of changes in the intensity of the optical flow of the scanned underlying surface. Thus, for example, the
assumption of equal displacement of all points of the scanned surface, combined with the approximation of the intensity
in the neighborhood of each pixel by a quadratic form, provides the specified accuracy of optical flow parameter
identification for low-speed motion [4]. And the additional introduction of the assumption of constant scene brightness
along the object motion trajectory, using the minimization of the objective functional by the least squares method, allows
for even greater accuracy at small displacements (the Lucas-Kanade method) [3]. A more general assumption is that of
optical flow “smoothness” (the absence of abrupt changes in the velocity field), which provides, with accuracy acceptable
for a wide range of practical applications, the calculation of optical flow based on the so-called energy functional proposed
by Horn and Schunck [2]:

Jz + 7»(|Vu|2 + |Vv|2 )dxdy,

u
v

E(u,v) :I(%—i—VI
° t

where D — domain of existence of variables x, y; V— Hamilton operator; A — regularization parameter.
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But since this method uses optimization algorithms based either on discrete representations of the integral and partial
derivatives, or on the Euler-Lagrange equations with reflecting boundary conditions, the computational costs of such an
approach often prove to be unfeasible for onboard computers [2].

After analyzing the existing methods for estimating optical flow parameters, it can be summarized that their key
disadvantages are, firstly, the large amount of computational costs, which does not allow estimating optical flow
parameters in real time, and, secondly, critical sensitivity to measurement noise of optical flow intensity, which is
inevitable in real navigation systems.

The presence of such problems indicates the lack of a methodological approach capable of solving the problem of
joint stochastic estimation of intensity and identification of optical flow parameters under conditions of unknown noise,
which represents a significant gap in scientific knowledge.

The objective of this work is to solve the problem of simultaneous high-precision estimation of optical flow intensity
and identification of its parameters under conditions of measurement noise with unknown probabilistic characteristics.
The research tasks include:

1) development of an estimation-identification algorithm capable of operating without prior knowledge of the
underlying surface;

2) providing robustness and high accuracy of optical flow parameter estimation under conditions of unknown noise;

3) implementation of a method focused on minimal computational costs, making it suitable for onboard data
processing.

Materials and Methods. The solution to the stated problems is considered in the coordinate system of the video
camera image (x, y). Since the analyzed image is a matrix of pixels, by discretizing the coordinate plane, we obtain the
basic optical flow equation (1) in a discrete form with respect to the scene coordinates:

[ 1 1

Ao not) (x;’tyl’t) :—u(xl,yl,t){—(x;’ijl’t) —0}—v(x1,y1,t){—(x2yl’t) —0}
\y

ol (x1,y5.1) I(xl,yz,t)_v( t)l(xl,yZ,t)—I(xl,yl,t)
ot Ax Ay

[('xl’yi’t) [(xl:yi’t)_l(xllyi—l’t)
Ax Ay

)I(xl,yN,t)
Ax

= —u(xl,yz,t)

—v(xl,yl-,t)

Py :—u(xl,yN,t _V(xlryN’t

ol (x3,y1.1)
ot
al(xz,yz,t)
ot

)[(xz,yl,f)_l(xl’yl’t) ~
Ax
1(xy,92.) =1 (%1, 2,) —v(

=—u(x2,y1,t

=— , Vot
”(xz Y2 ) Ay

; 2

Ay

ol (x5, yy.1)
ot

:—u(xz,yN,t Ay

=—u(xj,y1,t)
I(xj,yi,t)—l(xj,yi,l,t)
Ay

—v(xj,yi,t)

Ax Ay

where j=1,....,N, (x;y;) — coordinates of ij-th point in the adopted coordinate system; /(x;);,f) — current intensity of the
optical flow at ij-th point; Ax, Ay — current intensity of the optical flow at axes Ox, Oy, respectively (pixel sizes of the
scanned scene in the corresponding directions).
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To simplify the subsequent notation, the following designations are introduced:

u(xp,y0) =gy (x0,9,0) = vy I (% y

e Ay

Equation (2) can be represented in vector form:

In the subsequent synthesis of the algorithm for estimating and identifying the optical flow intensity and its parameters,
we use a discrete description of all the above time functions, which is due to the digital nature of information processing
in onboard computers. In this case, the discrete form of equation (3) takes the form:

To simplify further discussion, we denote vector

in the form:

ol U
2 _pn)Y.
ot ( )‘V‘

5

[k :[k71 +At‘D(1k71)

U
Vi

Uy

Vi

Iy =L+ At-D (1 )&y

t):

- 0......0 - 0......0
Ax N2-1 Ay N2-1
0 EEEER 0 Lo—ln
Ax NZ-2 Ay NZ-2
I Iy —1
0..0 -2 0. .0 0..0-Y TND o o
N-1 Ax N2-N N-1 Ay N2-N
0.0 L=l 4o 0.0 LETR
N Ax N2-N-1 N Ay N2-N-1
I, —1 I, —1
0......0 2 12 9.0 0...0 2“2 (.0
N+l Ax 5 Na Ay VN
0..... Ly =l 0.0 —Lv=lavn
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where [, — value of the intensity vector of the optical flow at the k-th moment of time,; Uy, V; — values of the vectors of
the optical flow parameters at the £-th moment of time; Az — time sampling step.

as &, k=1...N, & = 0, and write the resulting discrete equation
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At each jj- th scanning point, the optical flow intensity is measured with error wy;, whose probabilistic characteristics
(particularly, type of distribution density) are generally unknown. Introducing the measurement noise vector analogously

W to the above:

T
Wk :|W11W12...W1NW21W22..‘WZN ..... WNIWNz...WNN 5

measurement vector Z; of the optical flow intensity /i, captured from the entire scanned scene, is represented as
Zy =1, +W,.

Thus, in the used definitions, the problem of estimating optical flow intensity and identifying its parameters represents
a problem of stochastic estimation and parametric identification of a discrete linear nonstationary system (4) when
observing its state vector under noise conditions with an uncertain probability distribution density.

It is important to note that the application of traditional discrete estimation methods, in particular Kalman filtering, is
impossible here due to, firstly, the presence of an unknown parameter vector &, and, secondly, the uncertainty of the
probabilistic distribution of the measurement noise W [14].

Assuming that in the problem under consideration, the probabilistic distribution of the measurement noise of the optical
flow intensity belongs to the class of distributions with bounded squares due to the limited power of real noise [14], the
estimate of the optical flow intensity 7, with simultaneous determination of the parameter vector &, will be sought as an
estimate that guarantees the highest estimation accuracy in the minimax sense (i.e., the minimum error in the most
unfavorable situation determined by the given class of distribution), selecting the quadratic function as the minimized
objective function: [Z; — 7k]T[Zk —1,]. To provide the robustness of the developed algorithm when forming the criterion for
optimal estimation (1) and identification (&), we use regularizing additive components: a Tikhonov regularization
component based on L, norm — a-élf A&, and a component that takes into account the natural constraint on the continuity of

changes in the parameter vector & over time: ﬁ-AE_,]fAék, AE, =&, —AE,_,, where a, B — are regularization parameters that
provide adaptation to the specific operating conditions of the dynamic system.
In accordance with the above, we formulate the minimax optimality criterion J in the following form:

i :|:Zk _ik:| T':Zk _ikj|+aék—l(ik:ik—l)T - (fkjk—1)+B'A§k—1 (ik:ik—l)T A&y (fk’ik—l)’
A&y (ik)ik—l):ék—l (ik’ik—l)_ék—Z (ik—l’fk—Z)-

For the subsequent definition of the vector function &k_l(7k, 1,,) that determines the current estimate of the intensity

(6))

of the optical flow 7;:
jkzjk—l"'At'D([Ak—l)&k—ls (6)
we differentiate J; (5) with respect to &i1:

d(|z, -1, "z, -1 ; . . L
;Zkl =- ([ kd[;g —[ika k]) dzlkk1 +20‘§z—1(1k11k—1)+2[3[§k—1 ([k’lk—l)_&:k—z (Ik—l’Ik—Z )]T =
= _2|:Zk _fk:l TAtD(fk_1)+2(a+B)é£_1 (ik’ik—l)_zﬁéz—z (ik—lrik—z)-
Equating the resulting expression to 0, we arrive at the equality:

(2 =1 )" A D1 )+ Befs (T Dics ) = (@ B)ER (£ Tich ),

A

from which we determine the desired recurrent vector function &, (,,1, ) :

At
a+f

D' (ik—l)[zk _ik:|+ Era (ik—l;ik-2)=§k—1 (jk’ik—l)'

a+f
Substituting the found expression &, (/,,/, |) into estimation equation (6), we have:
At?

i =i, +aA_fBD(f“)DT (7is) Ze =25 D (1,4 )D7 (71 ), +

a+p M D(fkfl)gk—z(ikq,fk,z).

a+f
Since the right side of the resulting equation depends on the current estimate, 7,, then for the final determination of 7,
we transform it as follows:
2

[EJraAfBD(iH ))DT (jk—l )]fk =1, +aAiB

D(7ia) D (Fia) 2 D (i i)
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where E — identity matrix of dimension N?, from which we finally obtain a stochastic estimate of the intensity of the
optical flow 7;:

2

-1
AtBD(fk_l)DT (i )] {1 +ffBD(ik_l)DT(ik_l)zk +$—$D(ik_l)§k_2(ik_l,ik_z )}, )

jk:(E‘{‘
o+

A

where the identification of the vector of optical flow parameters &, ,(/,,/, ) is carried out in accordance with the

expression:
At
a+p

D" (]Akz)[zkl_ikl]+aiwék3 =82 3

The key advantageous features of the estimation-identification algorithm (7), (8) are, firstly, the ability to construct
the velocity field not only for any part of the image scene but also for the entire scanned scene, and, secondly, the relatively
low computational costs due to the determination of vector recursion instead of implementing multidimensional nonlinear
optimization algorithms in known methods.

The efficiency evaluation of the proposed approach was obtained through a series of numerical experiments with
various nonlinear functions and different values of the mean and variance of the Laplace distribution, whose totality
revealed a consistent trend. As an illustration, we use one of the typical scenarios.

The modeling of the spatiotemporal change in the intensity of the optical flow /(x,y,k) was performed in the coordinate
grid {x:[0;5], y:[0;5]} with a uniform step equal to 0.5, on a time interval of [0;600] seconds with a step of Az = 0.1 in

accordance with the expression:
I(x,3,k) =033¢ 0270277 (05 (0.9kA1) +1) I, ©)

The formation of the measurement noise vector W was performed on the basis of modeling a spatiotemporal random
field described as

G(x,y,k) = (cos (1.3x)cos(0.97y)sin kAt + l)L, ,

where L, — random sequence with a Laplace distribution with zero mean and variance D= (8.7 - 102)* (Im)>.

The optical flow intensity estimation was performed in real time according to algorithm (7) with parallel
implementation of identification procedure (8) for the optical flow parameter vector & at regularization coefficient values
of a=0.033, 3 =0.0017. The accuracy analysis of the estimation-identification algorithm (7), (8) was performed through
comparing the values of the optical flow intensity estimation vector I, and the true optical flow intensity values determined
by expression (9).

Figures 1 and 2 show the graphs of changes in the optical flow parameters u, v, characteristic of the selected
spatiotemporal change in optical flow intensity (9) and presented for the point {x=4, y=3}, while Figures 3 and 4 show
the error graphs when estimating the components of the optical flow intensity vector for two arbitrarily selected points of
the coordinate grid {i,j}: {1,4},{5,2}.

u, m/s

0.1

0 100 200 300 400 500 600 s

Fig. 1. Graph of change in optical flow parameter u
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Fig. 2. Graph of change in optical flow parameter v

6:{1,4}, Im

0.03

0.02 -

0.01

0.00

-0.01

0 100 200 300 400 500 600 t,s
Fig. 3. Error graph for estimating optical flow intensity at coordinate point {1,4}
8:{5,2}, Im
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Fig. 4. Error graph for estimating optical flow intensity at coordinate point {5,2}

The presented results allow us to conclude that, despite a fairly high level of measurement noise, the errors in
estimating the optical flow intensity at all tested coordinate points turned out to be, firstly, rapidly converging to steady-
state values, and, secondly, very small in the steady-state mode: at point {1,4} — no more than 0.7% of the maximum
value of the optical flow intensity /;, and at point {5,2} — no more than 2,1 %.
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To analyze the computational efficiency of the developed algorithm, a comparative assessment of computational costs
was performed with the Lucas-Kanade method [3], for which the computational costs turned out to be 6.7 times higher.

Research Results. Thus, it can be concluded that the main objective of the work, which consisted in developing a
method to solve the problem of simultaneous stochastic estimation of optical flow intensity and identification of its
parameters under conditions of measurement noise with unknown probabilistic characteristics — a problem not
previously considered in the literature — has been achieved. The basic results of the work are:

— estimation-identification algorithm that implements an integrated approach to estimating optical flow parameters
and differs from previously known ones by its recurrent structure with regularization constraints;

— robust estimates of the optical flow parameters u(x,y,t), v(x,y,t) with an error level not exceeding 2.1% under
conditions of incomplete apriori information and without accurate knowledge of the noise distribution or the
characteristics of the underlying surface;

— efficient algorithmic implementation of the method, providing a reduction in computational resources to 17% (more
than six times) of the costs of known gradient methods.

Discussion. The obtained results confirm the feasibility of applying the method of simultaneous optical flow intensity
estimation and its parameter identification under conditions of unknown noise. The proposed solution provides the
robustness of optical flow parameter estimation even in the absence of accurate information about the probabilistic
characteristics of the noise, which is particularly important in real-world observation conditions where measurement noise
has unknown characteristics and traditional methods prove inapplicable.

The practical significance of the solution is in the absence of any need for preliminary geodetic survey of the terrain and
in ensuring high accuracy and robustness of optical flow parameter estimation under conditions of unknown noise, which is
consistent with the theoretical premises outlined in [10, 11]. The computational efficiency of the proposed algorithm meets
theoretical expectations, and its recurrent structure suggests minimal computational costs. This makes it suitable for on-board
implementation under limited resource conditions, thereby confirming the validity of the proposed approach.

A distinctive feature of the algorithm is the implementation of a minimax optimality criterion, which provides the
highest estimation accuracy in the most adverse situation determined by a given class of noise distribution. An important
element is the use of Tikhonov regularization and consideration of constraints on the continuity of the parameter vector
variation over time, which allows the algorithm to adapt to changing observation conditions. Moreover, the use of these
regularizing components and constraints on the continuity of parameter variation requires the selection and preliminary
estimation of regularization coefficients, which may somewhat increase the computational costs.

Conclusion. The conducted numerical experiments with various nonlinear functions, different values of the mean and
variance of the Laplace distribution, including the special case described in the paper with fixed noise conditions and a
limited number of points practically demonstrate the consistency of the proposed concept. Prospects for further research
in this area include testing the proposed solutions on real datasets [15], extending the algorithm synthesis framework for
practical implementation in specific autonomous navigation systems requiring high-precision and robust estimation of
optical flow parameters, including space exploration, machine vision [16], and technical diagnostics.
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Abstract

Introduction. Parkinson's disease (PD) requires objective and continuous monitoring of motor symptoms. Wearable
sensors are a promising tool for improving diagnostic accuracy and monitoring disease dynamics. However, they are
underutilized in clinical practice due to the lack of uniform standards and limited data reproducibility. The presented
study fills this gap. The objectives of the research are to analyze current approaches to the use of wearable systems for
monitoring motor symptoms of PD, identify limitations (including those related to validation standards), and determine
ways to overcome them for the efficient use of sensors in clinical practice.

Materials and Methods. Using the Prisma 2020 methodology, a literature search was conducted for the years 2020-2025
in PubMed, Scopus, Web of Science, and Elibrary.ru. Peer-reviewed studies on the development, validation, and
application of wearable devices for assessing gait, tremor, bradykinesia, and dyskinesia were examined. Nine key terms
in digital medicine and neurodiagnostics in Russian and English were used for the search: “Parkinson's disease”, “digital
biomarkers”, “wearable devices”, and others. The final sample of 48 studies was dominated by meta-analytics (31%) and
clinical studies (29%). Nineteen percent of the sources discussed the development of monitoring systems, 15% were
longitudinal studies, and 6% were systematic reviews.

Results. Descriptions of nine wearable devices for monitoring motor performance in patients with PD were compared. The
types of metrics, clinical scenarios, and tasks were considered. Two concepts of the devices under study were outlined:

— minimalism (one sensor, high comfort level, focus on integral indices);

— real-time detection (emphasis on episodes and instant recognition).

These two cases required different labeling standards, analysis windows, and clinical significance criteria. To improve
the comparability of results, a “minimum validation set” specific to the class of problems was needed. Conditions for
overcoming these contradictions were:

— unification of data collection protocols, metric sets, and indicators;

— external and multicenter validation (labeling, accuracy criteria);

— algorithm stability to device changes;

— clinical utility criteria.

Discussion. The widespread use of wearable devices for analyzing motor symptoms in patients with PD is hampered by
a lack of analytical and clinical validation standards and economic ambiguity of implementation. In general, five of the
devices reviewed show promise. However, clinical data on their efficiency and impact on quality of life are insufficient,
as research is primarily focused on the potential of the concepts (accuracy of the algorithms) rather than the practical
value and readiness for everyday use of real devices. There is little research on external (multicenter) transferability,
unified endpoints, and clinical utility.
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Conclusion. Current data on the capabilities and limitations of wearable sensors for Parkinson's disease has been
systematized. Widespread adoption of such devices is impossible without standardization and unified criteria for
efficiency, safety, and economic viability. Addressing these identified challenges will transform approaches to diagnosis
and treatment, making wearable systems a key tool in personalized medicine.

Keywords: Parkinson’s disease, wearable sensors, inertial measurement units (IMU), digital biomarkers, motor symptom
monitoring, clinical validation, personalized medicine
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AHHOTaLMA

Beeoenue. bonesnp [lapkunacona (BIT) TpeOyeT 00bEKTHBHOTO ¥ HEMPEPHIBHOIO MOHUTOPUHTa MOTOPHBIX CUMIITOMOB.
HocuMmeie ceHCOpBI — MEPCIEKTUBHBIA MHCTPYMEHT ISl TIOBBIIICHUS TOYHOCTH AWATHOCTHKH W KOHTPOJIS JMHAMHUKA
3abonesanns. Ero HeoCTaTOYHO 3aA€UCTBYIOT B KIIMHIMYECKON MMPAKTHKE U3-3a OTCYTCTBHSA €IUHBIX CTAHAAPTOB U OTpa-
HUYEHHOW BOCIIPOM3BOAMMOCTH JIaHHBIX. [IpecTaBieHHOE HCCliefoBaHUE 3aM0JIHAET 3TOT npobden. Llenn nayuHoi pa-
OOTBI: aHAJIN3 COBPEMEHHBIX MOAXOJ0B K MCIOIB30BAHNIO HOCUMBIX CHCTEM JUII MOHUTOPHUHIAa MOTOPHBIX CHMITOMOB
BI1, BEIsBIICHHE OTpaHHYCHHU (B TOM YHMCIIE MO CTAHAAPTaM BaJHIAIMN), ONPECIICHHE yTH UX TPEOONICHUS T d(-
(hEeKTUBHOTO NMPUMEHEHHS CEHCOPOB B KIIMHUYECKOH MPAKTHKE.

Mamepuanst u memoowt. I1o merononornu Prisma 2020 BeimonHeH mouck Jmrepatypsl 3a 2020-2025 roxasl B 6azax
nanueix PubMed, Scopus, Web of Science u Elibrary.ru. M3y4anuce peneH3upyemble UCCICIOBAHMS 1O pa3paboTke,
BaIuaaliu U NMPpUMEHCHUIO HOCHUMBIX yCTpOﬁCTB JJIA OUCHKH MOXOAKH, TPEMOPA, 6pa}II/IKI/IHe3I/II/I U OUCKUHE3UU. ,ZIIISI
MOMCKA UCIIOIb30BAINCH AEBAThH KIIOUEBBIX TEPMUHOB HU(PPOBOI MEIUIMHBI U HEHPOJUMArHOCTHKH HAa PYCCKOM M aH-
TITMICKOM sI3bIKax: «0osie3Hb [lapkuHCOHAY, «1U(POBbIE OHOMAPKEPhI», KHOCUMBIC YCTPOWCTBay U np. B dbuHambHON
BbIOOpKE W3 48 HCClieOBaHMA OCHOBHOE MECTO 3aHsutd MeTaaHanutuueckue (31 %) u knmuauyeckue (29 %). B 19 %
HCTOYHHKOB Peyb IIUIa O pa3paboTKax CHCTEM MOHUTOPUHTA, 15 % — JIOHTUTIOIHBIC HCCITeJOBaHus, 6 % — cucTeMaTH-
gecKue 0030pHI.

Pe3ynromamut uccnedosanus. COMOCTABIAIOTCS OMICAHUS AEBATH HOCUMBIX YCTPOWCTB IS OTCIIC)KUBAHMS 0COOCHHO-
cTeil MOTOpHKH TanueHToB ¢ BII. YUuTeIBatOTCS THIBI METPHK, KIMHUYECKUX CIeHapHeB H 3amad. OO003HAYCHBI JIBE
KOHIICTIIIUH UCCIIEAYEMBIX T'aJ[’KETOB:

— MMHUMAaJIN3M (OJIMH JIaTYUK, BEICOKHH YPOBEHb KOM(opTa, (POKYC Ha MHTErPajbHBIX HH/ICKCAX);

— JACTCKIHA B pCaIbHOM BPECMCHU (aKL[eHT Ha 3111M304aX 1 MOMCHTAJIbHOM paCHO3HaBaHI/II/I).

B 1ByX 3THX Cilydasx HyXHbI Pa3HbIE 3TAJOHBI Pa3METKH, OKHA aHAIM3a U KPUTCPHUU KIMHUYECKOU 3HauuMmocTu. [l
TMOBBIIICHUA COIMMOCTABUMOCTU PE3YJILTATOB HCO6XO[[I/IM «MHUHUMAaJIbHBIA Ha6op BaJIngalun, CHCHI/I(bI/ILIeCKI/Iﬁ JJIIsL
KJ1acca 3a7a4. Y CJIOBHsI IPEOJOJICHHS TPOTUBOPEUHI:

— yHH(HUKAIUA TIPOTOKOJIOB cOOpa TaHHBIX, HA0Opa METPUK, HHIUKAIIA;

— BHEMIHSASA ¥ MEXIICHTPOBAs BaJMIAINs (pa3MeTKa, KpUTEPHUH TOYHOCTH);

— YCTOMYUBOCTH aJITOPUTMOB K CMEHE YCTPOMCTBA;

— KpUTEPHH KIMHIIECKOI ITOJIe3HOCTH.
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Ooécysrcoenue. MaccoBOMY HCIOBE30BAHUIO0 HOCUMBIX YCTPOUCTB IS aHATTN3a MOTOPHBIX CUMIITOMOB TarieHToB ¢ b1
MPENATCTBYIOT HEJOCTATOK CTaHAAPTOB AHATUTUYECKOH, KITMHUYECKON BaTUAUK U SKOHOMUYECKas HEOAHO3HAUYHOCTh
BHEIpeHH. B 11e7I0M epCIeKTHBHEBI IATh PACCMOTPEHHBIX YCTPoHcTB. OHAKO KIMHUYECKUE TaHHBIE 00 UX Y PEeKTHB-
HOCTH M BIMSIHUY Ha Ka4€CTBO J)KU3HHU HEOCTATOYHBI, T. K. UCCIEAYETCs INIaBHBIM 00pa3oM NOTEHIMAT KOHIETIHH (To4-
HOCTB aJITOPUTMOB), 2 HE MIPUKJIIAHAS IEHHOCTh M TOTOBHOCTD K IIOBCETHEBHOMY HCITOJIB30BAHUIO PEANbHBIX YCTPOHCTB.
Penxo n3yuaercs BHEIIHUM (MEXIEHTPOBBIN) IIEpEeHOC, eJMHbIE KOHEUHBIE TOUKH U KIMHUYECKas TONE€3HOCTb.
3axnouenue. CCTeMaTH3APOBAHBI COBPEMEHHBIE TAHHBIE O BO3MOYKHOCTSIX M OTPaHIYICHUSAX HOCUMBIX CEHCOPOB TIPH O0JIe3HN
[MapkuHcona. 11Inpokoe pacnpocTpaHeHHe TaKHX Ta/PKETOB HEBO3MOXKHO O€3 CTaH/IapTH3aLMH, EAUHBIX KpUTepreB 3 PeKTHB-
HOCTH, O€30TTaCHOCTH 1 SKOHOMHYECKOH I1eIeco00pa3HOCTH. PerieHre BRISBICHHBIX IPOOIIeM MTO3BOJIIT H3MEHHUTb ITOIXO K AU~
ArHOCTHKE U JICUCHUIO, CACIATh HOCUMBIC CUCTEMbI KIITFOUCBBIM NHCTPYMCHTOM HepCOHaHHSHpOBaHHOﬁ MCAUILIUHBI.

Kuarwouesble cjioBa: 00JI€3Hb HapKI/IHCOHa, HOCHUMBIC CCHCOPbI, MHECPLUAJIbHBIC U3MCPUTCIIbHBIC YCTpoﬁCTBa, ]_II/I(i)pOBLIC

61/10Map1<ep1>1, MOHHUTOPHUHT ABUTI'aTCIIbHBIX CUMIITOMOB, KIIMHUYECKAaA BaJluJaalusd, NI€PCOHAIU3UPOBAHHAA MCIUIIMHA

BaaronapHoctu. ABTOpHI BEIpaKaroT OJaroapHOCTh PEAAKIMOHHOW KOJUISTMH J>KypHaJla M PELEH3EHTY 3a
npodecCHOHANBHBIN aHAIN3 CTAThU U PEKOMEHJALNH ISl €€ KOPPEKTUPOBKH.

®unancupoBanue. Pabora BEINONHEHA TIpH MOAEp)KKe MUHUCTEpPCTBAa HAYKH W BBICIIET0 oOpazoBaHus Poccuiickoit
®denepanuu B paMKax rocy1apCTBEHHOU IOJAEPKKU CO31aHus U pa3Butus HayuHoro nentpa MupoBoro ypoBHs «LleHTp
KHOepHETHYECKOH METUIIMHEL U HeWporpoTe3upoBanus» (Cormamenne Ne075-15-2025-573).

Jas muruposanus. Ilernos b.0., Skosenko A.A., Apremenko A.D., Jlenkos E.A., bukrumupos A.P. I{udpossie
HOCHMBIE YCTPOICTBa KaK HHCTPYMEHT OOBbEKTUBHON OIIEHKH MOTOPHBIX HapyIIeHwi mpu 6oxe3nn [lapkuHCOHA: 0030p
COBpPEMEHHBIX  uccienoBanuil.  Advanced — Engineering  Research  (Rostov-on-Don).  2026;26(1):2257.
https://doi.org/10.23947/2687-1653-2026-26-1-2257

Introduction. Parkinson's disease (PD) is a neurodegenerative disorder with a wide range of motor and non-motor
manifestations. The principle motor symptoms include resting tremor, bradykinesia, and postural instability. Non-motor
manifestations primarily include autonomic dysfunction, as well as behavioral and cognitive deficits [1]. Parkinson's
disease is one of the most common neurodegenerative pathologies. The progressive loss of the patient’s independence
and the need for long-term medical monitoring and care reduce the quality of life for the patients and their families,
placing additional strain on the healthcare system. At the late stages of the disease, levodopa treatment is often
accompanied by the development of motor complications. One of these is the so-called “wearing-off phenomenon”, in
which the duration of the drug therapeutic effect gradually decreases. In this work, we will refer to this as the off-effect.
Delayed and random “on — off” fluctuations are also known. These are characterized by unpredictable changes in motor
activity, regardless of the time of drug administration [2].

Motor fluctuations and dyskinesias significantly impair quality of life, increase the risk of falls, and complicate patient
management. They require timely and often individualized treatment adjustment, which further complicates the situation.
Traditional methods for assessing PD symptoms rely primarily on subjective clinical observations, patient diaries, and
questionnaires. The known weaknesses of such approaches include:

— potential for systematic errors;

— individual variability;

— overreliance on observer’s qualification [3].

Moreover, such methods typically reflect the patient's condition only during interactions with doctors or short tests.
This is insufficient to reliably detect short-term off/on episodes. Consequently, the possibility of timely treatment
adjustments and personalized management is limited.

The development of flexible electronics and artificial intelligence technologies opens up new prospects for healthcare,
including the creation of wearable monitoring systems, brain-computer-interface solutions, and integration with the
Internet of Things [4]. Flexible wearable medical electronic devices are capable of recording blood pressure, respiratory
rate, body temperature [5], electrophysiological activity. This supports prolonged recording of key parameters [6],
provides continuous collection of data on the state of the body, and opens up the possibility of improving the quality of
personalized medical decisions [7].

In the context of PD, continuous recording of motor patterns in natural settings helps bridge the gap between actual
symptom dynamics and their episodic clinical assessment. Clinicians gain continuous access to the data, specifically, to
track daily variability and episodes of motor fluctuations.
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Wearable devices have transformed approaches to monitoring and treating Parkinson's disease [8]. Objective,
continuous remote monitoring of motor symptom dynamics has become possible [9]. Compact and lightweight wearable
devices are attached to the patient's body and record physiological parameters: movement, tremor, gait, balance, as well
as cognitive and behavioral characteristics, including sleep disturbances [10]. Sensor technologies are used to record and
transmit data: accelerometers, gyroscopes [11], magnetometers, and electromyographic sensors [12]. All this allows for
a comprehensive assessment of motor and non-motor symptoms of the disease [13].

The greatest clinical utility is provided by solutions that allow for the comparison of digital indicators with clinical
scales (for example, UPDRS — Unified Parkinson's Disease Rating Scale) and identification of changes that are
significant for adjustment of therapy, specifically in the case of motor fluctuations.

Modern approaches to sensor monitoring involve the use of:

— multi-point systems with sensors placed in different areas of the body [14];

— minimalist solutions — for example, sensors integrated into shoes, wrist devices, smartphones, or bracelets [15].

In recent years, data analysis methods that utilize threshold algorithms, automatic classification, and deep neural
networks have become widespread. This allows for the creation of inexpensive and noninvasive remote viewing
systems [16]. Information received from sensors can be processed both in real time [17] and retrospectively [18]. Machine
learning has opened up new possibilities for recording disease progression, assessing treatment efficacy, and generally
analyzing the patient’s quality of life [19]. However, the results of a number of studies remain methodologically
heterogeneous. Variations in protocols, metrics, samples, and testing conditions hinder direct comparison of solutions and
the transfer of findings to routine clinical practice.

Contemporary research demonstrates significant interest in the use of wearable sensors and machine learning
algorithms for medical purposes [20]. As a result, diagnostic capabilities are expanding, and intelligent systems for
making medical decisions are developing [21]. Algorithm validation and data interpretation [22] require the
participation of specialists from various fields — neurologists, physiotherapists, biostatisticians, psychologists, and
medical engineers. [23]. Collaboration between multidisciplinary teams improves the accuracy [24] and clinical
validity [25] of algorithmic models. However, it is at the clinical and analytical validation stage that the lack of unified
approaches is most noticeable: there are no generally accepted data collection protocols, and quality and reproducibility
criteria are not agreed upon. Therefore, digital platforms need unified requirements for biomarker comparability.

Previously published reviews focused primarily on specific aspects of wearable technology applications. Examples
included the use of mobile apps or inertial sensors to predict motor and non-motor symptoms of PD using machine
learning methods [26, 27].

To further develop this area of study, the following tasks must be addressed:

— compare different classes of wearable sensor systems across scenarios (medical facility vs. home, short-term testing
vs. long-term monitoring);

—conduct a comparative analysis of the algorithms and metrics used, identifying the applicability limits and
methodological limitations;

— define criteria for “good” clinical and analytical validation;

— identify the reasons for the low comparability of results across studies.

There are no publicly available publications that address these issues.

Thus, the knowledge gap arises mainly from the shortcomings of previous literature reviews and their inadequate
focus on the problem. Furthermore, there is a lack of an integrated picture combining technologies, evidence quality, and
standardization (validation) requirements. All of this is necessary to improve the quality of personalized care for patients
with PD.

The objectives of this review are to analyze current wearable digital devices for monitoring motor symptoms of
PD, identify key limitations and shortcomings of validation, and identify methods to overcome them for efficient use
in clinical practice.

Achieving these stated objectives requires addressing the following tasks.

1. Systematization of the types of wearable sensor systems used in PD, as well as their target clinical tasks
(determination of gait, tremor, bradykinesia, dyskinesia, fluctuations).

2. Classification of data analysis and machine learning algorithms.

3. Comparison of clinical and technical metrics of the efficiency of developed methods and devices.

4. Analysis of the quality of available studies (samples, testing conditions, reproducibility, external validation).

5. Identifying unresolved issues in digital biomarker standardization and validation.

6. Comparison of platforms of interest in the context of the problem under study.

7. Identification of practically oriented directions for further research (protocols, endpoints, data collection and storage
infrastructure).
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Materials and Methods. The study is based on a systematic search and analysis of peer-reviewed scientific
publications devoted to the development, architecture, and operational logic of digital systems designed to assess
neurological dysfunction in patients with PD. This work was conducted in accordance with the Prisma 2020 guidelines.

The search period was from 2020 to 2025. Publications were reviewed in the international bibliographic databases
PubMed, Scopus, Web of Science (WoS), as well as the Russian scientific electronic library Elibrary.ru. In addition, a
manual search of the reference lists of key publications and a selection of relevant full-text conference proceedings were
performed. The objective of the source selection was to identify relevant data on the principles of the design and operation
of digital platforms used for the diagnosis, monitoring, and rehabilitation of patients with PD (Table 1).

Table 1
Selection of Sources for Prisma 2020 Methodology Review
Identification
Total”
Number L Number o
Database records Additional sources
of sources of sources
PubMed: n = 80
Scopus: n = 105 References: n = 6
. 288 . 10 298
Web of Science: n = 88 Conference Proceedings: n = 4

Elibrary.ru: n = 15

Screening by titles and abstracts

Duplication Exclusion by target indicators

510 Irrelevant topic: n = 70 160 50
. . Not about Parkinson's disease: n = 42
Eliminating duplicates: n = 88
Not about wearables: n = 35

Publications before 2020: n = 13

Full-text correspondence assessment

Exception due to unavailability of full 43 48
text:n =2

Final selection

Qualitative synthesis Meta-analysis

Clinical studies: n = 14 13 s
Systems development: n =9 Consolidation of data from multiple 48
Longitudinal studies: n = 7 studies: n = 15

Systematic reviews: n = 3

Notes: * Total number of sources by stage and overall selection.

Some data in Table 1 are visualized for greater clarity. The figures are presented as percentages and rounded to
whole numbers. As we can see, the most common basis for exclusion from the final sample was the results of title and
abstract analysis. Irrelevance was identified in 64% of cases. A significant proportion (more than a third) was due to

duplication (Fig. 1).
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® Duplication ~ ®Irrelevant titles and abstracts B Lack of full text

Fig. 1. Reasons for excluding sources from the review

Processing the information summarized in Table 1 revealed an extremely small number of systematic reviews (Fig. 2).
Such sources accounted for only 6% of the total number of materials included in the final sample. Investigating the reasons
for this imbalance is beyond the scope of this study. It is worth noting that the largest share of the sample consisted of
studies consolidating data from multiple publications (meta-analyses, 31%). Almost the same proportion (29%) were
clinical studies.

B Meta-analyses  ® Clinical studies M Systems development ™ Longitudinal studies B Systematic reviews

Fig. 2. Types of studies in the final sample

Key terms in digital medicine and neurodiagnostics were used for the search:

— Parkinson’s disease;

— digital biomarkers;

— wearable devices;

— computer vision;

— machine learning;

— telemedicine platforms;

— neurological assessment systems;

— mobile health (mHealth);

— cloud diagnostics.

Search queries were generated in Russian and English. Publications available in Russian and/or English were included
in the analysis.
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Articles were selected based on relevance, scientific significance, and novelty. Priority was given to original research,
comprehensive analytical reviews, and publications describing architectural solutions, algorithmic approaches, and
clinical studies of digital systems.

The review included materials that met five criteria:

— appearance in 2020-2025;

— publication in peer-reviewed sources;

— full-text availability;

— subject: patients with PD;

— subject: wearable and/or digital systems used for diagnosis, monitoring, or quantification of neurological
dysfunction.

Regarding the last criterion, we should clarify that this primarily concerns motor symptoms: tremor, bradykinesia,
dyskinesia, gait, and postural stability. Publications describing the sensor platform, processing algorithms, and/or clinical
trial results were taken into account.

Resources meeting the following seven criteria were excluded from the review:

— publication before 2020;

— studies not on PD;

— studies without analysis of wearable digital devices (e.g., purely molecular or pharmacological);

— studies on non-motor symptoms without connection to motor status monitoring;

— publications with insufficient data volume to extract key parameters (metrics, protocol, system characteristics);

— materials with duplicate data;

— unavailability of full text.

Let us clarify the last point. The review did not include so-called “gray literature”, such as dissertations and non-peer-
reviewed preprints. Conference proceedings were only considered if they had a full-text publication and data extraction
capabilities.

Two independent reviewers conducted the selection process at two stages. The first stage involved screening titles and
abstracts, and the second — full-text evaluation. Disagreements between the reviewers were resolved through discussion.
In the absence of consensus, a third reviewer was brought in. Blinded review was not used. According to Prisma (Table
1), 288 records were identified in the following databases: PubMed — 80, Scopus — 105, Web of Science — 88, and
Elibrary.ru — 15. Additionally, 10 sources were found (6 from reference lists, 4 from conference proceedings). After
removing 88 duplicates, 210 records remained.

At the screening stage, 160 publications were excluded:

— 70 were irrelevant;

— 42 were not about Parkinson's disease;

— 35 were not about wearable devices;

— 13 were published before 2020.

Accordingly, 50 articles remained in the list for evaluation. Two of these were excluded due to the unavailability of
the full-text version. Ultimately, 33 studies were included in the qualitative synthesis, and 15 — in the meta-analyses. A
total of 48.

The methodology involved a critical analysis and systematization of data to identify key areas for the development of
digital technologies for Parkinson's disease monitoring. It was important to identify patterns in the architecture and
operating logic of the systems, as well as compare the advantages and limitations of various solutions.

To provide reproducibility of the analysis, standardized data extraction was performed for each included study. The
following factors were considered:

— type of digital system and sensor platform;

— sensor location;

— measurement mode and duration;

— clinical scenario (clinical and home);

— target symptoms;

— processing and machine learning algorithms;

— quality and validity metrics;

— study parameters (sample size, presence of a control group, duration of observation);

— information on clinical and/or external validation.

The studies were then grouped into four predetermined analytical categories.

The first was the functional task of the system. This included diagnostics, fluctuation monitoring, symptom and
therapy assessment, as well as rehabilitation and feedback.
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The second was the type of sensor platform. This could include single-point and multi-point IMU (inertial
measurement units), smartphones, smartwatches, or multimodal solutions.

The third was the target motor phenotype (gait, tremor, bradykinesia, dyskinesia, balance).

The fourth was the level of clinical or analytical validation (comparison with clinical scales, presence of external
validation, real-world testing, protocol reproducibility).

To move from individual studies to general conclusions, we compared the results within each group using common
criteria (quality metrics, design, limitations). This allowed us to identify recurring patterns and systemic barriers to
implementation.

Research Results. The study examined data on the potential applications of various sensor classes in power supply
diagnostics and digitalization (Table 2).

Table 2
Comparative Analysis of Devices for Diagnostics and Digitalization of PD
Device / . S
Examples Advantages Disadvantages / limitations Reference
sensor
IMU Acceleration measurements, Incomplete motion picture (3D
posture and movement pattern reconstruction often requires [28]
Accelerometer | component; . . . .
used in PKG! analysis. Basis for integrated IMU). There are questions about [29]
motor performance indicators signal interpretation
I lete inf ti
IMU Recording rotational movements n.comp.e em Or.ma ronon [29][30]
. . orientation and linear
Gyroscope component; and angular velocity. Analysis of . . [3171[32]
. displacements. Processing and
DynaPort7 gait, symmetry, and posture . . . [33]
interpretation required
. . . . Limitati linical 28] 129
IMU Tracking spatial orientation . i 10n's one 1n1(.:a . . [28] [29]
Magnetometer . interpretation. Requires integration | [31] [34]
component through magnetic field changes . .
with other sensors and algorithms [35]
k data int tion int
IMU: 3D reconstruction of linear and Wea . data integration in 0.
IMU modules . L practice. Decreased compliance
accelerometer angular displacements. Objective, . . [3171[32]
(general . among some patients. Specialized
+ gyroscope continuous, long-term . . [36] [37]
class); . . - analytics tools and standardization
+ . observations outside the clinic. . [38]
PDMonitor . of platforms, algorithms, and
magnetometer Reduction of the Hawthorne effect .
metrics are needed
Lightweight, compact, and energy |Challenges with clinical
performance. Continuous, interpretation of multidimensional
objective monitoring. signals, regulatory compliance,
Wearable IMU, Differentiation between healthy privacy, and ethics. Decreased [30][33]
motion sensors |accelerometers | and impaired movement patterns. | compliance in some patients. Need | [37] [39]
(general class) |and others Monitoring progression, activity, |for standardization. Limited data [40]
and therapy efficacy. Physician's | on efficacy and user quality of life.
findings on tremor, bradykinesia, |Issues regarding economic
and gait are taken into account viability
Approved? PDMonitor, Limited clinical data on efficacy
clinical remote |PKG, Stat-On, | __ . . . and impact on patient quality of [41]142]
o . Widel din cl 1 t . . .
monitoring Kinesia360, 16¢Ty usec i chiniieat practice life. Organizational and ethical [43]
systems KinesiaU barriers
. Mobility Lab, |Daily activit lysis. Gait, S .
Multisensor oot y a aty activity ana }TSIS . a Data security risks. Clinical
, PDMonitor  |tremor, and bradykinesia . . . [44] [45]
with cloud . integration issues. Patients must
. 5 IMU + assessment. Data collection, . [46]
architecture . . . | wear multiple sensors
SmartBox processing, and cloud transmission
! Personal Kineti Graph

2 In the Russian Federation, such systems require, first and foremost, approval from the Ministry of Health and the Federal Service for Surveillance in
Healthcare (Roszdravnadzor).
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High sensitivity. Standard scales.
M ts of tr
Wrist device eas.urer.nen >0 em(?r, . Insufficient data on economic
. dyskinesia, and bradykinesia. . . [47] [48]
with PKG .. . efficiency. Dependence of metrics
Integral indicators of fluctuations, . . [49]
accelerometer . . .. on processing algorithms
dyskinesias, and immobility for
therapy adjustment
. . . . Difficulties in data int tation.
Lumbar device Detection of gait freezing, falls, Lilm;f;i;relz 1(:1f ?aitlilz:aelrp retation
with real-time | Stat-On and dyskinesia. Sensitivity over . . P [47] [48]
3 integration. Issues of
ML 93% o .
standardization and compliance

To reduce descriptiveness and improve the comparability of approaches, the results were further structured by the
types of metrics used in evaluating efficiency and validation, as well as by types of clinical tasks and clinical application
scenarios:

— office vs. home;

— short-term tests vs. long-term monitoring.

Four typical clinical tasks were identified:

1) quantitative assessment of the severity of motor symptoms (tremor, bradykinesia, dyskinesia, postural instability,
gait parameters);

2) detection of events and motor complications (off* episodes, gait freezing, falls)

3) monitoring of dynamics, progression and responses to therapy (daily activity profiles, fluctuations);

4) clinical decision support (reports for the physician, remote management).

This approach provides the discussion beyond the use of specific sensors. The study allows for assessment of the
clinical problem the system addresses and how convincingly this is supported by metrics and validation.

The study results were further interpreted taking into account the clinical scenario:

a) under controlled conditions (office, laboratory test) high repeatability of measurements is achieved and high
accuracy is recorded more often;

b) long-term monitoring at home has higher ecological validity and the ability to record fluctuations, while the
requirements for compliance, algorithm stability, and data interoperability are stricter.

To unify the comparison of efficiency, we conditionally distinguish three groups of metrics (Table 3):

1) algorithmic metrics of recognition and classification (accuracy, sensitivity, specificity, AUC?);

2) metrics of agreement with clinical scales (correlation, agreement with UPDRS, etc.);

3) metrics of clinical utility (impact on therapy adjustment, QoL®, event rate, clinical and economic indicators).

It is the metrics from the third group, critical for implementation, that are encountered significantly less frequently,
which limits the evidence base for the practical efficiency of a number of solutions.

Table 3
Analytical Framework for Comparing the Studies Included in the Review
Dimension of L o s . .
. What is being compared Examples of indicators Limitations to widespread adoption
comparison
Monitori d . .
e (;;na(t)ircl)rlllgo?ns mptoms Tremor, bradykinesia, dyskinesia, Disparate goals, incomparable data
valu . . 5
Task type yop > |freezing, falls, off, daily profiles, P £ P

events, dynamics, sets, incorrect labeling

. hysician report
decision support Py P
.. . | Office (test) and home Results in controlled tests, Compliance issues, context issues,
Clinical scenario . g . . .
(long-term wearing) variability signal drift, protocol differences

Accuracy, sensitivity, specificity,

Algorithmic and clinical Heterogeneity of endpoints, lack of

Metrics .. .. agreement with UPDRS, impact .. .
agreement, clinical utility . . clinical utility assessments
on quality of life
. Internal, external, c Lack of external validation standard
Validation . Internal and external validation e
multicenter and reproducibility protocols

3 Machine Learning

In this case, “off” and “on” episodes refer to fluctuations in the patient's motor activity. “Off” indication shows limited mobility, motor difficulties,
and stasis lasting from a few seconds to several minutes.

> Area Under Curve

¢ Quality of Life
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Inertial sensors, or motion sensors, are compact electronic devices for measuring acceleration, angular velocity, and
magnetic field characteristics [28]. Based on these parameters, the orientation and motion of an object in three-
dimensional space are determined. The most common types of inertial sensors are accelerometers, gyroscopes, and
magnetometers. [29]. Due to their low weight, compactness and low power consumption, wearable motion sensors are
widely used for routine continuous and objective monitoring of patients with PD outside the clinic [30]. The clinical
utility of a particular sensor solution is determined not only by the sensor composition, but also by which clinical
conditions can be reproducibly measured (task) and under what conditions (scenario).

The accelerometer records acceleration dynamics, allowing for posture and movement analysis, while the gyroscope
records rotational movements and angular velocity. The magnetometer displays changes in the magnetic field to track
spatial orientation. Sensors are placed on the wrist, shin, waist, thigh, and foot. When combined, the three sensors
(accelerometer, gyroscope, and magnetometer) form an inertial measurement unit (IMU), providing a three-dimensional
reconstruction of linear and angular movements [31].

An objective assessment of the situation requires minimizing the Hawthorne effect. In this case, we are talking about
the patient being aware of the monitoring, watching his movements, and, if possible, controlling them [32]. The resulting
picture is unnatural. Gadgets allow for objectivity, as they support long-term monitoring outside of a clinical setting.

From an analytical perspective, IMU often prove to be a competitive advantage in tasks such as tracking gait, posture,
and complex motor skills (where 3D kinematics is critical).

Single-axis or single-type sensors (e.g., just an accelerometer) are sufficient for narrow tasks such as tremor
assessment under specific conditions. However, they are more difficult to integrate with different scenarios and protocols.

Inertial sensors have demonstrated high efficiency in differentiating the motor patterns of PD patients and healthy
volunteers. This provides the basis for the application of machine learning algorithms in identifying diagnostically
significant features [33]. The devices also make it possible to track disease progression [34], identify changes in motor
activity over time [35], and evaluate the therapy efficacy [36].

Observations based on inertial sensor data enable physicians to make informed decisions about treatment adjustments,
including based on the severity of tremor, bradykinesia, and gait disturbances [37].

In recent years, inertial sensors have been actively used to develop digital biomarkers for the progression of
Parkinson's disease [38]. Here are some comprehensive studies in this area: Personalized Parkinson Project, Cincinnati
Cohort Biomarker Program, Watch-PD, Oxford Parkinson Disease Centre Discovery Cohort and Alameda [39]. These
devices enable objective evaluation of the efficiency of new therapeutic approaches, taking into account drug therapy,
physical therapy, and deep brain stimulation [40]. Continuous data recording in natural settings provides a more reliable
assessment of the impact of therapy on motor activity. This increases the accuracy of clinical trials and the efficacy of
personalized treatment regimens [41]. However, even in large-scale projects, the issue of unifying endpoints, protocols,
and validation of digital biomarkers remains critical for reproducing and comparing results across different centers and
platforms.

Devices such as the aforementioned PDMonitor, PKG, Stat-ON, Kinesia360, and KinesiaU [42] are widely used in
clinical practice. PDMonitor is classified as a Class 1la medical device. The solution combines five IMU sensors placed
on the wrists, shins, and waist, and a SmartBox system that collects, processes, and transmits data to the cloud [43]. This
allows for the analysis of a patient's motor activity throughout the day and the assessment of the likelihood of off-time
based on information on gait, tremor, and bradykinesia [44].

Compared to single-sensor solutions, multi-sensor solutions (like PDMonitor) offer superior coverage of motor
phenotypes and noise immunity to individual channels. However, wearing multiple sensors requires higher compliance
and more complex integration into clinical workflows.

The PKG wrist device measures tremor, dyskinesia, and bradykinesia with high sensitivity [45]. Accelerometer data
is used to generate integrated indicators of motor fluctuations, the degree of dyskinesia, and the duration of inactive
periods, allowing the physician to objectively assess the severity of symptoms and correct therapy [46]. Stat-on uses real-
time machine learning algorithms to record signals from inertial sensors located in the lumbar region [47]. The device,
with a sensitivity of over 93%, identifies episodes of gait freezing, falls, and trunk dyskinesia [48].

In the analytical comparison, we can talk about two different concepts:

— PKG — minimalism (one sensor, high level of comfort, focus on integral indices);

— Stat-on — real-time event detection (emphasis on episodes and instant recognition).

We emphasize the particular importance of standardizing protocols for event labeling and analysis, as well as criteria
for comparison with clinical assessment. This provides the ability to compare metrics across different platforms.

The KinesiaOne system and its expanded version, Kinesia360, combine wearable sensors and tablet software to
provide an objective assessment of tremor, bradykinesia, and other motor manifestations of the disease. Cloud-based
neural networks process this data and calculate symptom severity using scores corresponding to clinical scales.
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DynaPort7 is a combination of gyroscopes and accelerometers with a 100 Hz recording frequency. The solution
accurately analyzes gait parameters, movement symmetry, and supports postural control.

The Mobility Lab system, comprised of wireless sensors and specialized software, provides a quantitative assessment
of gait and balance. It can be used to detect subtle or mild signs of Parkinsonian gait and freezing episodes. The literature
review allows us to suggest practical steps to overcome the limitations outlined above and to specify implementation
paths for solutions. Let us present this as a sequence of actions:

1) unification of data collection protocols (minimum set of tests or modes, placement of sensors, monitoring duration,
data requirements);

2) standardization of a set of metrics and reporting indicators for specific tasks (separately for symptom assessment,
episode detection and fluctuations);

3) mandatory external and, if possible, multicenter validation with a description of the markings and criteria for
accuracy and correctness;

4) testing the stability of algorithms to device changes (software versions) and to work in home conditions;

5) clinical utility studies (impact on therapy adjustment, quality of life, safety and clinical and economic outcomes);

6) integration into clinical processes (interpretable reports, compatibility with medical information systems) while
maintaining ethical standards and ensuring data protection.

Discussion. Thus, the differences in competing approaches to implementing devices for recording the condition of
patients with PD into clinical practice are well-known. They differ not only in terms of hardware but also in terms of
clinical verification logic. Manufacturers focus their solutions on:

— scales (linked to symptom scores);

— events (episode detection).

Clearly, these two approaches have different validation standards and endpoints.

Numerous studies and a wide selection of regulatory-approved systems fail to address a significant issue. This
concerns the incomplete development of unified and generally accepted validation standards for wearable solutions in
PD. In this review, “good” validation of a digital system is defined as a combination of:

— analytical validity (stability and reproducibility of measurements and processing, resistance to noise and
sensor drift);

— clinical validity (alignment of digital indicators with clinical scales and/or clinically significant conditions,
such as “off”);

— clinical utility (evidence of impact on physician decisions, outcomes, quality of life, and economic indicators).

It should be noted that, in practice, numerous studies focus on demonstrating algorithmic accuracy under controlled
conditions. External validation on independent samples, multicenter reproducibility, and clinical utility assessment are
considered much less frequently.

There are other factors that limit the comparability of results across platforms and hinder the development of universal
clinical endpoints. These include:

— protocol variability (sensor placement, recording duration, testing conditions);

— differences in metrics and understanding of target states (definition of off-label, episode labeling, accuracy, AUC,
correlation with UPDRS).

Information obtained through wearable sensor devices allows for personalized therapeutic strategies, optimized drug
dosing, and assessment of treatment efficacy in both clinical and home settings. Sensor systems can detect even subtle
changes in motor function that may go unnoticed during routine doctor visits, making them indispensable for the early
detection of disease progression or treatment response. The integration of physiological data obtained from wearable
devices opens up possibilities for adaptive deep brain stimulation. For example, ankle movement velocity recorded by
inertial sensors can be used as a control parameter to dynamically adjust subthalamic nucleus stimulation to correct
freezing. Furthermore, these technologies create an infrastructure for remote monitoring and telemedicine consultations.
Patients receive care without leaving their homes, reducing the burden on healthcare facilities.

However, the clinical significance of such decisions is most convincingly supported where studies include:

— comparison with clinical scales (for example, MDS UPDRS?);

— external validation;

— evaluation of results in natural settings.

In the absence of the listed elements, developments often remain prototypes due to the difficulties of integration with
other centers and platforms.

7 Movement Disorder Society-sponsored revision of the Unified Parkinson's Disease Rating Scale.

Information Technology, Computer Science and Management



https://vestnik-donstu.ru

Shcheglov BO, et al. Wearable Digital Devices as a Tool for Objective Assessment of Motor Disorders ...

The widespread adoption of wearable sensors is associated with methodological and organizational limitations. These
are due not only to the technology but also to the methodological nature of the evidence. Some factors that reduce the
comparability of study results include:

— small sample sizes;

— protocol specifics;

— differences in target definitions (e.g., “off” criteria and “freeze” labeling rules);

— limited external validation.

The complexity of integrating sensory data into routine clinical practice is primarily due to the need for specialized
knowledge and analytical tools to interpret the multidimensional signals received from devices. Recent studies have
demonstrated the possibility of simplifying motor assessment protocols using a single sensor placed in the lumbar region
for typical motor tests such as the “time-up-and-go” test [46]. It has been found that automatic segmentation and extraction
of a limited number of parameters can provide diagnostic accuracy [47] comparable to more complex systems. This opens
the way to the introduction of sensor technologies into everyday practice without excessive computational load [48].
However, with this approach, compliance with the requirements of standardized validation is critical [49]:

— stability of metrics when changing conditions (office — home);

— reproducibility when changing the version of the algorithm and device.

Ethical issues and the risk of personal information leakage when using sensor data should be addressed separately.
Such information must be fully protected from unauthorized use. Without safeguards, data should not be collected and
transmitted.

Educational efforts must also be organized to explain the benefits and risks of digital monitoring to patients and their
families. Ethical aspects and issues related to personal data handling should be considered at the ecarly stages of
development. This is especially important in cases of:

— using open source principles;

— expanding patient rights to access data;

— — implementing metaconsent models.

An additional limitation is that not all patients with Parkinson's disease can effectively use wearable devices. Cognitive
and motor impairments, as well as tremors, reduce compliance. Smartphone-based cognitive test results correlate with
traditional neuropsychological assessments, but require adaptation for patients with severe motor impairments.

Standardization of hardware platforms, signal processing algorithms, and output clinical metrics remains a prerequisite
for unifying approaches and incorporating sensor systems into diagnostic guidelines. However, current practice does not
meet these objectives. The literature review has revealed that studies use different endpoints and different sets of metrics,
and the success of studies and finished models is defined differently. For example, clinical interpretability is not assessed
by accuracy or AUC, which complicates the development of uniform quality criteria for digital biomarkers.

We should also note the economic ambiguity of the large-scale implementation of the described solutions. From this
perspective, devices such as PKG, Stat-on, Kinesia360, KinesiaU, and PDMonitor should be considered generally
promising. However, clinical data on their effectiveness and impact on quality of life remains insufficient. The literature
review provided an explanation for this discrepancy. The authors of the publications primarily work with concepts,
proving their potential. This is quite far from the actual practical value of the solutions, that is, their clinical utility and
cost-effectiveness.

In this review, the lack of validation standards is considered as a separate systemic barrier to implementation. For
reproducible and comparable use of digital biomarkers in PD, the following validation and utility requirements must
be met:

— analytical validation — measurement stability, controllability of error sources (sampling frequency, sensor drift,
preprocessing), reproducibility of feature (index) calculations);

— clinical validation — proven compliance of digital indicators with clinically significant conditions or scales (e.g.,
UPDRS), evaluation in target application scenarios (office, home), external validation using independent data;

— clinical utility — evidence that the use of a digital biomarker improves decision-making (therapy adjustment), patient
outcomes, or quality of life at an acceptable cost.

In practice, the literature most often presents first- and partially second-level elements (especially in controlled tests).
External (multicenter) transferability, common endpoints, and clinical utility assessments are less common. This creates
a gap between demonstrating the algorithm accuracy and the technology readiness for routine use.

We emphasize that separate guidelines and programs for digital endpoints in clinical trials are insufficient. To improve
the comparability of results, a “minimum validation set” is needed, one specific to each of the two classes of tasks:

— symptom severity assessment (for scale-based systems),

— detection of off-states, freezes, and falls (for event-based systems).
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The development of wearable sensors for Parkinson's disease management is linked to advances in artificial
intelligence and machine learning. A key area is the integration of deep neural networks with inertial sensors for time
series analysis. Existing models do not yet provide consistent results when processing multidimensional biomechanical
data in real time. A promising solution in this regard is the use of distributed wearable sensors that enable autonomous
data collection and analysis with the capability for rapid decision-making. At the same time, Al progress must be
accompanied by methodologically transparent validation, which includes:

— protocol reporting;

— prevention of overfitting;

— validation on independent samples;

— analysis of robustness to real-life variations.

The integration of sensor systems with mobile apps and smart devices enhances patient engagement in self-
monitoring, improves therapy adherence, and facilitates the development of personalized treatment trajectories.
Experimental studies using inertial sensors and convolutional neural networks have demonstrated the feasibility of
accurately measuring gait freezing episodes at home with high patient compliance. However, the level of evidence for
such results depends on the quality of the episode labeling and the availability of external validation. Failure to meet the
labeling and external validation requirements will limit the comparison of models and their transfer to clinical settings.

Conclusion. The authors of this review, based on the analysis of peer-reviewed publications from 2020-2025,
accomplished two scientific objectives:

— systematized modern approaches to the use of wearable digital devices for objective monitoring of motor symptoms
in Parkinson's disease;

— compared the main classes of sensor systems (primarily IMU platforms and clinically used wearable gadgets), their
target clinical tasks (gait, tremor, bradykinesia, dyskinesia, motor fluctuations), as well as typical clinical use scenarios
(office — home, short-term tests — long-term monitoring).

The classification of processing algorithms and machine learning approaches have shown that the most convincing
results are obtained in tasks of quantitative motor assessment and recognition of individual phenotypes under controlled
conditions. Outside the clinic, in the patient's daily life, the quality and reproducibility of results can decrease due to
differences in protocols, measurement conditions, and compliance.

The key outcome of the review is the identification of a systemic problem with digital biomarker validation standards
for Parkinson's disease. The literature lacks unified requirements for data collection protocols, a set of metrics, evidence
of clinical utility (impact on treatment adjustment, quality of life, and economic indicators). There are no criteria for the
reproducibility and comparability of results generated by different sensor platforms. Ultimately, it can be argued that the
widespread adoption of wearable sensors for patients with Parkinson's disease is hampered not only by technical
limitations but also by insufficient standardization of analytical and clinical validation procedures.

Based on the review results, the authors identified the following priority objectives for theoretical and applied research
in this area:

— standardization of protocols and endpoints;

— development of external (multicenter) validation;

— assessment of the robustness of algorithms in real-world settings;

— detailed study on clinical utility and clinical-economic effectiveness.

In the long term, it is required to establish collaboration between researchers, clinicians, engineers, industry
representatives, and regulatory authorities. This will enable the development of standardized, reliable, and clinically
validated solutions for digital Parkinson's disease monitoring in the context of precision medicine.
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Abstract

Introduction. Modern quantum and optoelectronics, as well as nonlinear optics, place high demands on the physical and
chemical properties of the materials used. This necessitates, among other things, the search for new materials that possess
the properties required for a given application. At the same time, this approach can complicate the composition and crystal
structure of the resulting compounds. The electronic structure of complex compounds determines their electrical, optical,
magnetic, and chemical properties. These properties are unique to each compound. However, it is known that different
compounds that are similar in some important parameters, for example isoelectronic ones, exhibit similarities in the
structure of their electronic shells. The accumulation of such information on individual compounds and their groups
necessitates generalizing the data obtained. The research objective is to consider some general characteristics of the
electronic structure exhibited by groups of different compounds (chalcogenides, halides, and oxides).

Materials and Methods. The subject of study was three groups of compounds: chalcogenides T13TaS4, T13PS4, SnaP»Se,
InPS4, CuaCdGeSs4, Ag,CdSnS4, AgoHgSnS,, halides Cs:HgX4 (X = Cl, Br, I), group APb,Brs (A =K, Rb), and oxides
LayZr,07, Nd2Zr,07, SmaZr,07, EuaZr,07, GdaZr,07. The research method involved quantum-mechanical calculations
within the framework of density functional theory with various exchange-correlation potentials. Potentials were used that
allowed for strong correlations between d- and f-electrons and yield a band gap value close to the experimental value.
Results. Quantum-mechanical calculations of the electronic state densities and optical characteristics of a number of
chalcogenides, halides, and oxides were performed. Partial and total electron densities of states (DOS) were presented.
The total density of states was compared with experimental X-ray photoelectron spectra (XPS). The validity of the
calculation results was confirmed. The top of the valence band was formed by the p-states of the most electronegative
elements (S, Se, Te, Br, O), whereas the bottom of the valence band was formed by the s-states of these same
electronegative elements.

Discussion. Based on the calculations, general conclusions were drawn regarding the similarities in the valence band
structure of the compounds considered. Using the compound TI3TaSs as an example, it was shown that in a solid,
compared to the energies in a free atom, the binding energy of the levels for electronegative elements was significantly
reduced, while for electropositive elements, it was increased. A rare-earth element (using Eu,Zr,O7 as an example)
significantly altered the electron-energy structure, such that the electron states of the rare-earth element (4f-, 5p-) and the
Ss-states of europium (Eu) altered the structure of the valence band of pyrochlore (Eu,Zr,07). The calculated total and
partial DOS were compared with experimental X-ray and X-ray photoelectron spectra, which confirmed the accuracy of
the calculations. However, the calculated DOS curves contained numerous fine-structure elements that were obscured by
instrumental distortion in the experimental curves. Thus, the calculation complemented the experiment very well,
providing a more detailed picture of the electron-energy structure of the studied compounds.

© Lavrentyev AA, Gabrelian BV, Vu Van Tuan, Kalmykova KF, 2026
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Conclusion. The research objective was achieved: some general characteristics of the electronic structure exhibited by
groups of different compounds (chalcogenides, halides, and oxides) were examined. The problems of identifying the
states that determined the features of the electronic structure and optical characteristics of the studied groups of
compounds were solved. This research can be used in the modeling of new materials with desired properties.

Keywords: pyrochlores, electron-energy structure, density functional theory, exchange-correlation potentials, optical
properties
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Oco0eHHOCTH 3JIEKTPOHHOH CTPYKTYPBI CJI10KHBIX XaJbKOT€HH/10B, FAJIOTeHUI0B U OKCU/I0B,
onpeaeJieHHbIE 110 Pe3yJbTATAM KBAHTOBO-MEXAHMYECKHUX PACYETOB
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AHHOTALINA

Beeoenue. CoBpeMeHHasi KBAaHTOBAsI M ONTORJICKTPOHHUKA, HEIMHEIHAS ONTHKA IPEIbSBILIIOT BHICOKHE TPEOOBAHUS K
(U3UKO-XIMUIECKIM XapaKTePUCTUKAM HCIIOB3yEeMbIX MaTepHaIoB. DTO 3aCTaBISIET B TOM YHCIIC HCKAaTh HOBBIE MaTe-
pHaisl, KOTOpBIE 00aany Obl CBOWCTBAMH, HEOOXOAMMBIMH B TOM MIIM HHOM oOsiacT npuMeHeHus. Ho npu Takom mof-
X0JIe MOTYT YCJIOXHATHCS COCTaB M KPUCTAJUIMYECKAs CTPYKTypa MOJMYUYCHHBIX COSAWHEHHHA. DIEKTPOHHAS CTPYKTypa
CJIOKHBIX COEIMHEHHMH OTPEeIsIeT UX MIEKTPHIECKUe, ONTHYECKNEe, MArHUTHBIE, XUMHYECKHE CBOICTBAa. DTH CBOICTBa
SIBISIFOTCS] MHANBUTy aJIbHBIMH JUISl KaXKAOTO coeAnHeHus. TeM He MeHee, U3BECTHO, YTO pa3Hble, HO OJIM3KUE 10 KaKuM-
TO Ba)KHBIM IIapaMeTpaM COSAMHEHUS, HAallpIMEp W303JIEKTPOHHBIE, 00Ia1al0T T000HEM B CTPOSHHN CBOMX DJIEKTPOH-
HBIX 00010oueK. HakorieHre Takoit ”HPOpMAaLUy IO OTACITHHBIM COCTUHEHUAM U MX TPYIIIaM MPUBOIANUT K HEOOXOIHMO-
¢t 0000IIeHNS MOTyYeHHBIX JaHHBIX. U1 1enb HacTosIe paboThl — PacCMOTPETh HEKOTOPBIEC OOIIUE XapaKTePUCTHKH
ANEKTPOHHOHN CTPYKTYPBI, IPOSIBIIIEMBIC TPYIIIIAMHU Pa3HBIX COSANHCHHUH (XaIbKOTCHUIOB, TAIOTCHHUIOB U OKCHIIOB).
Mamepuanvt u memoovt. IlpeaMeToM H3ydeHHUs ObUIM TPH TPYONbI coeAauHeHHi: xampkoreHuapl Tl3TaSs, TI3PSs,
SnyP,Se, InPS4, CurCdGeSs, AgoCdSnS4, AgoHgSnS4, ramorernasr Cs;HgXs (X = Cl, Br, I), rpynma APb,Brs (A =K,
Rb) u okcunpr La,Zr07, Nd2Zr,07, SmaZr,07, EuaZr:07, GdZr,07. MeTon ucciienoBanusi — KBaHTOBO-MEXaHHIECKHE
pacueTsl B paMKaxX TeOpHH (GYHKIHOHANA 3JIEKTPOHHOH IIOTHOCTH € Pa3IHYHBIMH 0OMEHHO-KOPPEISIIHOHHBIME MTOTEH-
uanamu. VMcrnoms30Bannch NOTEHIMANEI, TIO3BOJIIONINE YUYUTHIBATE CHIIbHBIE Koppensaun d- u f-3JIeKTpOHOB U MmoIy-
YaTh 3HaYECHHE IIUPUHBI 3aIPEIIEHHON 30HBI, ONIN3KOE K SKCIICPUMEHTAIBHOMY.

Pezynomamut uccnedoganuii. IIpoBeieHbl KBAaHTOBO-MEXaHUUECKUE PACUETHI MIOTHOCTEH ANIEKTPOHHBIX COCTOSHUM U
ONTUYECKUX XapaKTEePUCTHK Psifia XalbKOT€HUA0B, FAIOT€HUI0B U OKCHOB. [IpuBeieHb! NapianbHbIC U IOTHbIE MIO0T-
HOCTH 3JIeKTPOHHBIX coctostHui (Densities of States — DOS). BrinosnHeHO cpaBHEHME MOTHOM NIOTHOCTH COCTOSIHUH €
9KCTIEPUMEHTAILHBIMU PEHTICHOINIEKTPOHHBIMH cniekTpamMu (X-ray photoelectron Spectra — XPS). Iloarsepkaena
aJIeKBaTHOCTh PE3YNIbTAaTOB MPOBEIEHHBIX PacyeToB. BepimmHy BaleHTHOH MOIOCH (OPMHUPYIOT P-COCTOSIHUS Hanbosee
ANEKTPOOTpHUIATeNbHBIX dMeMeHTOB (S, Se, Te, Br, O), B To BpeMs Kak IHO BaJEHTHOW MOJOCHI OOpa30BaHO S-
COCTOSIHUSIMH TaKXKe JIEKTPOOTPHUIATEIFHBIX SJIEMEHTOB.

Oébcyscoenue. Tlo pesynpraTaM IMPOBEIEHHBIX PACUCTOB CACIAHBI 0000MIAIOMINE BBIBOABI O CXOJCTBE B CTPOCHUH Ba-
JICHTHOM TOJIOCHI pacCMOTpeHHbIX coequHeHnid. Ha npumepe coemunenus Tl3TaSs mokasano, 4To B TBEpAOM Tele, IO
CPaBHEHUIO C SHEPTUSIMU B CBOOOJHOM aToMe, JUIS JJIEKTPOOTPHULIATEIbHBIX JJIEMEHTOB SHEPTHS CBS3U YPOBHEH 3HAUYM-
TENBHO YMEHBINACTCSA, a IJIS AIEKTPOIOIOKHUTEIBHBIX — yBETMUNUBaeTCA. PeKko3eMeIbHbIN 3JeMeHT (B Ka4ecTBe IpH-
Mepa B3ST EuxZr,07) BHOCHT CyIieCTBEHHBIE JONOIHEHUS B KAPTHHY JIEKTPOHHO-YHEPT€TUIECKOTO CTPOSHHS, TaK YTO
AJIEKTPOHHBIC COCTOSHUS PEIKO3eMEeTBHOTO 3eMenTa (4f-, 5p-) u 5s-coctosiaust epponus (Eu) H3MEHSIOT cTpoeHue Ba-

JIeHTHOU Tostockl upoxiopa (Eu,Zr,07). Paccuntannsie B paboTe MOJHBIC W MapIHaTbHbBIC TUWIOTHOCTH JIEKTPOHHBIX
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coctostauii (DOS) cpaBHMBAINCH C OKCIIEPUMEHTAIBHBIMH PEHTTEHOBCKAMH M PEHTTEHOAJEKTpOHbIMEH (XPS)
CIEKTpaMH, KOTOPhIC OATBEPAMIN aIcKBATHOCTh MPOBEACHHBIX PACYCTOB, TIPU STOM Ha PACCUYUTAHHBIX KpUBBIX DOS
HUMCIOTCS MHOTOYHCIICHHBIC JIEMEHTBI TOHKOW CTPYKTYPHI, «3aMa3aHHbIC» 3a CUET alnapaTypPHOTrO UCKaKCHUS Ha JKC-
MePUMEHTAIBHBIX KPUBBIX. TakuM 00pa3oM, pacueT 0YeHb XOPOIIO JOMONHIET SKCIIEPUMEHT, JaBasi 0oJiee IeTalbHYIO
KapTHHY JIEKTPOHHO-3HEPTETHUYCCKOTO CTPOCHUS HCCIICIOBAHHBIX COCTUHCHUH.

3aknrouenue. JIOCTUTHYTA 1ENb UCCICAOBAHUSI — PACCMOTPECHBI HEKOTOPHIC OOIIME XapaKTCPUCTHKH SJIEKTPOHHON
CTPYKTYPBbI, IPOSIBIISIEMbIE TPYIIIIAMH Pa3HbIX COSIUHEHUH (XaIbKOTCHUIOB, TAJIOTEHUIOB U OKCUIOB). PerieHbl 3a1aun
BBISIBJICHUSI COCTOSTHUIN OIPEIENAIOIUX OCOOCHHOCTH 3JIEKTPOHHON CTPYKTYPhI U ONITHYECKHUX XaPAKTEPUCTUK HCCIIE/I0-
BaHHBIX TPYII coenuHeHni. MccnemoBanne MOXKeT OBITh MCIIONBE30BAHO MIPU MOJICIIMPOBAHIH HOBBIX MaTCPHAIIOB C 3a-

JaHHbBIMH CBOICTBaMHU.

KiioueBble ciioBa: MHPOXJIOPHI, HIEKTPOHHO-IHEPTETHIECKas! CTPYKTYpa, MeTol (QyHKIIHOHAJA TJIOTHOCTH, OOMEHHO-

KOPPCIAIUOHHBIC ITOTCHIUAJIBI, OIITUYCCKUC CBOICTBa

Bnaroaapnocnl. ABTOpI)I BbIpaXKaroT 6J'Ial"O,HapHOCTI) PEeUCH3CHTAM, Ybs KpPUTHUYCCKas OLCHKA IPEACTABJIICHHLIX
MaTCpHaIOB U BBICKA3aHHBIC MPCAJIOKCHUA 110 NX COBCPIICHCTBOBAHUIO CIIOCOOCTBOBATH S3HAYUTCIIBHOMY ITOBBIIICHUIO

KadeCTBa CTaThbH.

Jnst nutupoBanus. JlaBpentoeB A.A., ['abpenssu b.B., Tyan By Ban, KanMeikoBa K.®. OcoGeHHOCTH 37€KTpOHHOM
CTPYKTYPBI CJOXXHBIX XaJbKOTE€HHIOB, TaJOI€HHIOB W OKCHJIOB, OIPEJACICHHBIE MO pe3yjJbTaTaM KBaHTOBO-
MEXaHUYECKHUX pacyeTos. Advanced Engineering Research (Rostov-on-Don). 2026;26(1):2283.
https://doi.org/10.23947/2687-1653-2026-26-1-2283

Introduction. The tasks of semiconductor materials science include obtaining reliable information on the electron-
energy structure and chemical bonding, as well as the optical characteristics of complex semiconductors, based on
quantum-mechanical calculations and experimental X-ray and X-ray electron spectra. The advantage of using
computational models is the ability to study hypothetical, not yet synthesized [1] compounds, as well as the elimination
of the need to create suitable samples before starting the research. The objective of this work is to summarize the results
of studies of various groups of compounds using reliable, widely validated computational models. Various exchange-
correlation potentials were applied in the calculations, but the results closest to the experimental data were previously
obtained using the modified Beke-Johnson (mBJ) potential of Tran and Blaha, with the addition of the Hubbard U
correction for the strong interaction of electrons in the d- and f-shells, as well as taking into account the spin-orbital
coupling (SOC), specifically for the shells of heavy elements. All references to the original articles of the authors of the
approximations made in the calculations can be found in [1-4].

A comprehensive literature review of the properties and all studies of the electronic structure using both experimental
and theoretical calculation methods was conducted for all the compounds studied. The review has shown the following.
The T13TaSs compound belongs to the materials used in devices based on the application of surface acoustic waves
(SAW) [5]. It is widely used in nonlinear optics and communication devices, such as mobile telephone and television
communications [6]. To meet modern technological requirements, research on improving SAW materials should be
continued. Several experiments have been previously conducted to study the optical absorption edge, electronic structure,
and chemical bonding features in TI3TaS4 [7]. However, the accuracy of the obtained experimental values of the optical
band gap and the absorption coefficient is significantly affected by the difficulties of observing d-orbitals over a wide
energy range and a number of external factors [8]. The electronic structure and optical properties of TlsTaS4 can be studied
in detail based on ab initio calculations, which have been intensively developed and have proven their ability to reproduce
reliable properties of materials [9]. The Eu,Zr,07 compound belongs to the group of pyrochlores with the general formula
A»B,07, where A and B are metal cations, which can be trivalent (Eu) and tetravalent (Zr) [10]. Pyrochlores have
significant dielectric constant. They exhibit unique magnetic [11], chemical, mechanical, and electrical properties [12].
Due to this, they can be used as ceramic coatings for thermal barriers, gas sensors, metal oxide transistors, solid
electrolytes in toxic cells [13], as immobilization carriers of actinides in nuclear waste, and catalysts for oxidation
reactions [14]. In order to create more efficient, reliable and functional devices based on pyrochlores [15], studies were

conducted taking into account the development of new technologies in the laser engineering, optics, and materials
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science [15]. Calculations of the electron-energy structure of various pyrochlores were also performed within the
framework of the density functional theory [16], using the exchange-correlation potential in the local density
approximation (LDA) and the generalized gradient approximation (GGA). In [16], the importance of considering the
Hubbard U correction when calculating the energy of d- and f-states was noted. However, it was not possible to obtain in
the calculations the values of the band gap width E4, comparable with the experimental ones (the calculated values were
underestimated compared to the experimental ones).

To obtain a reliable picture of the electron energy bands in the studied pyrochlore Eu,Zr,07, and then calculate the
optical characteristics of this crystal, it was required to use other approximations to the exchange-correlation potential.

Thus, judging by the data presented in the scientific literature, numerous calculations were performed, but they
required improvement of the approximations used (this is especially true for exchange-correlation potentials), which is
why the Becke-Johnson potential (mBJ) was used by the authors in their early works. In addition, the above-mentioned
publications also provide experimental curves of X-ray and X-ray electron spectra obtained by the authors [1] and co-
authors [2—4] for comparison with the calculated curves. The objective of this work is to consider the characteristics of
the electronic structure exhibited by groups of different compounds (chalcogenides, halides, and oxides).

Materials and Methods. Based on the full-potential, full-electron method of augmented plane waves (Full Potential
Linearized Augmented Plane Waves, FPLAPW), implemented in the Wien2k software package [17], model quantum-
mechanical calculations of the electron-energy structure of the following three groups of semiconductor compounds were
previously performed:

— chalcogenides T13TaS4 [1], TI3PS4, SnaP2Se, InPS4, CuaCdGeSs, AgoCdSnSs, AgoHgSnS4 [2];

— halides Cs;HgX4 (X — Cl, Br, ), group APb,Brs (A — K, Rb) [2];

— oxides La,Zr,07 and Nd»>Zr,07 [3]; Ln2Zr,O7 (Ln = La, Nd, Sm, Eu, Gd) [4].

In the unit cell of the crystal, each atom was surrounded by a muffin-tin sphere (mt-sphere), resulting in its entire
volume being divided into regions occupied by mt-spheres and the remaining intersphere space. The crystal potential was
then calculated in both the mt-spheres and the intersphere space. The intersphere potential was calculated by the method
described in [18].

The following mt-radii were used for the atoms of the compound: REY =2.24 au.; RZ =1.96 a.u.; RS, = 1.77 a.u.
(a.u. — atomic unit of length).

The exchange-correlation potential was calculated in the GGA-PBE approximation [19] or in the mBJ
approximation [20]. In the EuyZr,O; compound, the rare-earth element Eu had an incomplete 4f” shell. To take into
account the strong Coulomb interaction of 4f electrons at one site, the Hubbard-U parameter was used, which led to the
exchange-correlation potential PBE + U [21] and mBJ + U [22]. As for other compounds with a 4f shell, the EES
calculation in Eu,Zr,O7 was spin-polarized.

The electronic structure of compounds with valence s-, p-, d-electrons was discussed further using the example of the
TlsTaSs compound, crystallizing in a cubic structure with the space group /-43m, and the lattice parameter
value a =7.67 A [1].

The crystal structure of all studied pyrochlores Ln,Zr,O7 (Ln = La, Nd, Sm, Eu, Gd), compounds with valence f-
electrons, is the same and belongs to a cubic lattice with space group Fd3m. In the calculations for Eu,Zr,0O7, the lattice

parameter a = 10.5438 A was used. The atomic coordinates [4] are given in Table 1.

Table 1
Coordinates of Atoms in Unit Cell of Compound Eu,Zr,0
Atom Wyckoff symbols x/a y/a z/a
63 Eu 16d 0.5 0.5 0.5
40 Zr 16¢ 0 0 0
8 01 48f x=0.33888 0.125 0.125
802 8b 0.375 0.375 0.375
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Figure 1 shows the crystal structure and atomic environment of pyrochlore Eu,Zr,O7 [4].

Fig. 1. Crystal structure and immediate environment of atoms in pyrochlore Eu2Zr207. Distances between atoms: Eu-O1 = 2.5224 A,
Eu-02=2.2828 A, Zr-O1 =2.0858 A

From the occupied electron states in the valence band and the free electron state in the conduction band, the combined
density of states can be calculated:

J(ho)=|N(E")N(E'+ho)dE', ()
and further, using matrix elements of the transition from the valence band to the conduction band (only direct dipole

transitions with A/ =1 of the corresponding states of a single atom are considered, cross transitions, as unlikely, are
ignored), the imaginary part of the permittivity tensor can be calculated [23].

, 4n’e?
ij _ e ) ’ ’ ) _ , L _
el ()= o3 x%(knc|p,|kn o) (kn's|p | kno) fi, (1= fiu B (Epy = By~ 100), @)
where Ej, — self-energy of the system with crystal momentum k and spin o; m and e — electron mass and charge,
respectively; V, p, [knpV) and fkn — unit cell volume, momentum operator, crystal wave function, and Fermi distribution
function.

Real part gi(®) of the permittivity was calculated using the Kramers-Kronig formula:

81(03)=1+%PJ.2§2—_(22)d(o’, (3)
0

where P — principal value of the integral.
Absorption coefficient a(w), refractive index n(w), extinction coefficient k(®), optical reflection coefficient R(w) and
electron energy loss spectrum L(w) were derived from the imaginary &x(®) and real €;(w) parts of the permittivity tensor
and were calculated, respectively, from the following formulas [23].
Absorption coefficient:
20k" (o)

a’ (o) y

“4)

Refractive index:

—1/2

n’ (w)= %[\/81{ (03)2 +& (co)2 +&f (o) | . Q)

Extinction coefficient:
—1/2

k7 () =%|:\/Sij (0) +&] (o)’ —&/ (0)| . (6)

Optical reflection coefficient:

R (o)< (7 ko i - ™
(n” +1)* + k" ‘\/gij+isg+1
Energy loss function:
U (0)=-tm(s") =—2 () ®)

e/ (0))2 +&] (o)
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Research Results. Electronic structure of compounds with valence s-, p-, d-states using Tl;TaS4 as an example.
The results of the study on the electronic energy structure (EES) in the Tl3TaS4 compound from [1] are considered. Then,
some generalizations are made on the conducted studies on the EES of the above groups of chalcogenides, halides and oxides.

Figure 2 shows a comparison of the calculated total and partial densities of electron states with the X-ray K- and L, 3

emission spectra and SK absorption spectrum.

XPS (T1;AsSes)
Total DOS
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Fig. 2. Total and partial densities of states of Tl3TaS4, calculated by mBJ+U+SOC method in comparison with experimental XPS,
S Kf1,3 and S L2,3 X-ray emission spectra and S K X-ray absorption spectrum

The value of the forbidden gap width E;=2.842 eV calculated in approximation mBJ+U+SOC is close to the
experimental value E, =2.7 eV [24].

Based on the energy position of the main maxima of the X-ray emission spectra (SK- and SL 3-bands) and the maxima
of the calculated densities of electron states in the semiconductor compound T13TaS, (Fig. 2), an energy diagram of the
maxima of the main energy bands of this compound was constructed (Fig. 3) in comparison with the energy levels in a
free atom from [25], with the latter being counted from vacuum zero. Vacuum zero is separated from the zero
corresponding to the top of the valence band (E,) in Tl3TaSs by the work function (¢) and half the band gap (Eg). The
following work function values were found for related semiconductors: for TIAsS4and T13AsS3; ¢ = 5.5 eV, for TI3AsSy
¢ =5.5¢eV [26], which allowed us to assume value ¢ = 5.5 eV or Tl3TaS as well.

As can be seen in Figure 3, there is a symbatic decrease in the binding energy of the valence 3p and 3s levels of sulfur,
the most electronegative (EN) element of the T13TaSs compound (EN = 2.44). In the free atom, the binding energies of
the 3p and 3s levels are — 10.36 and —20.20 eV, respectively (Table 2), while in crystal T13TaS4, the average values of the
energies of the band maxima of these states are approximately —1.5+-2eV for the 3p states, and —11 + 12 eV

for the 3s states.
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Fig. 3. Energy levels in free atom [25] and maxima of experimental energy bands in Tl3TaS4 semiconductor compound relative to
vacuum zero. Zero on the energy scale corresponds to the peak of valence band (Ev), Er — Fermi energy, taken at the midpoint
of the band gap and at the distance of the work function from vacuum zero

In a solid, the electron density is attracted to a more electronegative atom (in this case, to sulfur S), which causes an
increase in the screening of the nucleus of this atom, and therefore, as a consequence, a decrease in the binding energy of
both the 3p levels and the 3s levels, compared to their values in a free atom (Table 2).

Table 2
Binding Energies of Valence and Semi-core Electrons in Free Atoms
Included in T13TaSs Compound (in eV) [25]

3s? 3p*
16 S M, M,
20.20 10.36
5d? 5s?
73 Ta 04 Py
8.3 7.9
5d'° 65’ 6p!
81 Tl 0405 P P,
21 —19 8 6.11

As stated in Blokhin's monograph [27], the effective nuclear charge is determined not only by internal electrons, but
also by external electrons in relation to a given shell, that is, by all the electrons in the atom. According to these concepts,
Z-pp = Z — o1, where o1 — total screening constant. Determining the screening constant is not the objective of this work,
it is a very complex theoretical problem.

For illustration purposes, Figure 4 shows a schematic representation of the internal level shifts for positive and
negative ions.

Ek
Isolated atom
Positive Negative
ok ion ion
L — 7 “
[} = y hv;
//Nl | ——
ra
K — hVZ
= "

Fig. 4. Schematic representation of chemical shifts of the internal levels for positive
and negative ions compared to isolated atoms: Avs < hvi < hva
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Indeed, for the more electropositive elements in Tl3TaSs, namely Tl and Ta, the binding energies of their valence
levels increase compared to the energies of a free atom (Fig. 3 and Table 2). The screening of Tland Ta decreases due to
the electron density being drawn toward the S atom, and this causes an increase in the binding energy of the valence and
semi-valence levels of the metals.

Similar conclusions about the behavior of the electronic states can be drawn for all the compounds studied (the results
are published in [1-4]).

Thus, the electronic p-states of the most electronegative atoms (S, Se, Te, Br, O) in the studied chalcogenides,
halides, and oxides, form the upper part of the valence band, which is associated with a significant decrease in the
binding energy of these states, compared to their values in a free atom. This decrease in the binding energy of p-states
can be explained by the flow of electron density to the more electronegative atom, and therefore by increased screening
of these states from the nucleus. The electron s-states of the most electronegative atoms (S, Se, Te, Br, O) in
chalcogenides, halides, and oxides, form the bottom of the valence band, and their binding energy also decreases
compared to the energy in a free atom.

Electronic structure of compounds with valence f-states using the example of pyrochlore Eu:Zr>07. To draw
general conclusions on the electron-energy structure and optical characteristics of pyrochlores Ln,Zr,O7 (Ln = La, Nd,
Sm, Eu, Gd) [3, 4], the Eu,Zr,07 compound was considered.

The valence configurations of the elements included in compound Eu,Zr,O; are as follows:

Eu — 4{75525p%6s>

Zr — 4s%4p5d?5s>

O — 2s%2p*.

Figure 5 shows the total densities of electron states with spin-up and spin-down for two different approximations: in
approximation GGA-PBE+U and GGA-PBE+U+SOC with U =5 eV for 4f-states of Eu. The addition of spin-orbit
coupling (SOC) causes a splitting of 5p®-states of Eu into 5p1» and 5ps»-states, as well as a splitting of the 4p®-states Zr
into 4pi,» and 4pz-states.

100 =
" 50 Spin-up
ER |:
73 b
T .
) h i
= ! i
_50 - Spin-down \
-100 ! :
T T T T --f-- l
—40 =30 -20 -10 0 15

Energy, eV

Fig. 5. Calculated total densities of electron states with spin-up and spin-down: dashed line (-----) — calculation in approximation
GGA-PBE+U; solid line — calculation in approximation GGA-PBE+U+SOC; U = 5 eV for 4f- states of Eu.
Zero on the energy scale corresponds to the top of the valence band Ev

The width of the forbidden band in Eu,Zr,O-, was estimated using the total densities of electron states. The data are
presented in Table 3.

Table 3
Bandwidths E, for Different Spin-up and Spin-down Calculation Approximations in Eu,Zr,0-
Approximation - Ep eV -
spin-up spin-down
GGA-PBE 0 0
GGA-PBE+U 1.705 3.219
GGA-PBE+U+SOC 1.667

Value of U for the 4f states of Euis 5 eV.
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The difference in the total density of electron states with spin-up and spin-down in Figure 5 can be explained using
the partial densities of electron states with spin-up (Fig. 6) and spin-down (Fig. 7).
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Fig. 6. Total and partial electron densities of states for spin-up in Eu2Zr207 calculated in approximation GGA-PBE+U+SOC.
Zero energy scale corresponds to the top of Ev valence band
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Fig. 7. Total and partial electron densities of states for spin-down in Eu2Zr207 calculated in approximation
GGA-PBE+U+SOC. Zero energy width corresponds to the top of valence band Ev

As can be seen in Figures 6 and 7, the upper part of the valence band of Eu,Zr,O7 is formed mainly by 2p states of
oxygen (region from 0 to 4.5 eV). Some admixture to the 2p states of O comes from the 4d and 5s states of Zr, as well as
the 6s states of the rare-earth element Eu. The most significant admixture in the upper part of the valence band is the 4f
states of Eu (the region from —2 to —4 eV). The incomplete 4f shell of Eu contains 7 electrons, whose spins align according
to Hund's rule in one direction: in this calculation, this is spin-up.
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The spin-orbit splitting of the 5p states of Eu can also be seen in the partial densities with spin-up and spin-down
(Figs. 6 and 7). Since the 5p states of Eu are deepened relative to the 2s states of O, the interaction of these states is not
as significant compared to other pyrochlores (La;Zr,07, Nd2Zr,07, SmyZr,07).

In the present calculation, unoccupied 4f states of Eu appear in the conduction band with both spin-up (narrow peak
at 2 eV) and spin-down (narrow peak in the range from 5 to 7 eV).

Another important feature, distinct from previous pyrochlores, should be noted: the peak of spin-up 4f states of Eu
splits into two smaller peaks, which is due to the spin-orbit coupling of 4f7-electrons. These are 4f5,- and 4f;,-states. This
is not observed in pyrochlores Nd>Zr,07 and SmyZr;07.

Despite the fact that the 4f shell is located inside the Ss, Sp, and 6s shells, i.e., it is the inner shell in the atom of a rare-
earth element (Nd, Sm, Eu, Gd), the energy of the 4f states in a solid, according to the data of these calculations, falls in
the upper part of the valence band, and only the 6s states are located above. This energy position of the 4f states can be
explained by a significant “centrifugal” contribution to the potential energy: V(r) + I(I + 1)4*/2mr?, since the 4f electrons
have the largest value of the orbital quantum number (/ = 3).

Deeper in energy are the 2s states of O (energy range from —14.5 to —18.5 eV). Even deeper in energy are the Eu 5p
states. Already in the atom, the filled 5p subshell of Eu is split due to the SOC into 5pi (term O2) with an energy of 30 eV
and into Sp3. (term O3) with an energy of 26 eV, which is reflected in Table 2. The spin-orbit splitting of the Sp states of Eu
can also be seen in the partial densities with spin-up and spin-down (Figs. 6 and 7). Since the 5p states are deepened relative
to the 2s states of O, the interaction of these states is no longer as significant, compared to previous pyrochlores (LayZr,07,
Nd2Zr,07, SmaZr,07). However, in the case of EuxZr>O7, one can also note the admixture of the 2s states of oxygen with the
Sp states of the rare-earth element Eu, which is associated with the covalency of the chemical bond Eu-O2.

The 4p®-states of Zr, split due to SOC, are located in the energy range of 25-27 eV. These states can be considered
semi-core, not participating in the chemical bonding of Zr and O1. The semi-core 5s states of Eu are the deepest of the
valence states calculated in this work. According to the Pauli exclusion principle, the two 5s electrons of Eu have different
spin directions, which leads to a difference in energy between these Ss states of Eu due to the action of the magnetic field
of the 417- electrons of Eu. The 5s electron of Eu with spin-up deepens to —40.5 eV, while with spin-down, it has an energy
of =38 eV. The energy splitting for these states of 5s electrons is AE =2.5 eV.

Calculations show that the spin-up and spin-down electron states of 5s symmetry are split in energy, which can be
explained by the action of the internal magnetic field of the 4f electrons, whose spins align according to Hund's rule and
act on the spin-up and spin-down 5s electrons (the Zeeman effect).

Increasing the number of 4f electrons from 4 in Nd to 6 in Sm and to 7 in Eu (Nd2Zn,O7—SmyZr,07—EuZr,07)
causes an increase in the magnetic field in the 4f shell and, as a consequence, an increase in the splitting of the spin-up

and spin-down 5s states of the rare-earth element (Table 4).
Table 4

Magnitude of Splitting AE of 5s States of a Rare-Earth Element with Spin-up and Spin-down

NdzZn207 SmZZr207 EuzZr207
AE =1.5¢eV AE =25¢eV AE =33¢eV

Figure 8 shows the total densities of electron states with spin-up and spin-down compared to the experimental X-ray
photoelectron spectrum (XPS). All the fine structure features of the XPS are clearly reflected in the theoretically calculated
densities of electron states. The upper part of the valence band from 0 to —5 eV is formed by the 2p states of oxygen,
which is reflected in the theoretical and experimental curves.

The most intense peak A in XPS corresponds to the 4f states of Eu, since the photoionization cross section of 4f states
significantly exceeds the photoionization cross section of 2p states of oxygen. At an energy of ~4 eV, there is an intense
peak that precisely reflects the 4f states of Eu.

Gently sloping peak B in XPS corresponds mainly to the 2s states of oxygen, as well as a small fraction of the 5ps/-
states of Eu. Peak C in XPS is mainly formed by the 5p»- states of Eu with a small admixture of the 2s states of oxygen.
Peak D in XPS corresponds to the splitting due to the SOC of the 4p states of Zr. Peak D in XPS has a clear asymmetry,

which is precisely due to the spin-orbit splitting of 4p®- electrons into 4pi,, and 4p;,-states.
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And finally, the wide, flat hump E on the XPS is formed by the 5s states of Eu, in which there is a splitting of the
electron states with spin-up and spin-down, “smeared” on the spectrum due to hardware distortion.

XES. TPDS, rel. units

Energy, eV

Fig. 8. Total densities of electron states with spin-up and spin-down calculated in GGA-PBE+U+SOC approximation compared
with experimental XPS. Zero on the energy scale corresponds to the top of the valence band Ev

Calculations of optical characteristics using Eu2Zr20~ as an example. The output data from the EES calculations

of the compound Eu,Zr,0O7, namely the dispersion curves E (E) and the DOS, were used to calculate the frequency-
dependent complex dielectric function €(®) = €i(®) + 1€2(®). At the first stage of calculating the dielectric function, the
imaginary part of the dielectric function tensor £€;(®) was calculated using formula (2). Figure 9 shows the imaginary part
of the dielectric function &,(w) as a function of photon energy (frequency). The main peaks and fine structure details of
the curve &€;(w) are indicated: A, B, C, D, E, F, whose energies are given in Table 5.

£(o)

100

80

40

20+

TITT VTNV STN STV IITTIY Tr[Vr1 T LBAS LARA
0 RAALNRARLI LRI RAL L EERRS LARAY EARAY

0 10 20 30 40 50
Energy, eV
— &(w) E(w)

Fig. 9. Calculated imaginary (e2) and real (g1) parts of permittivity in EuzZr.07

Together with € (o), Figure 9 shows a graph of the real part of the permittivity €;(®) calculated using the Kramers—
Kronig formula (3).

Table 5
Energies of Selected Peaks on Imaginary Part of Permittivity €x(o) (Fig. 9), as Well as Reflection Coefficient R(0),
Refractive Index (0) at the Beginning of Energy Count

A B C D E F
5.02eV 8.25 10.16 19.22 25.62 30.16
€1() 8.726
n(0) = 2.954

R(0) =24.423%
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As in other studied pyrochlores, cross-transitions between atoms were not taken into account in the calculation of
& (w) for EuaZr,07. Thus, the key features of the fine structure of the imaginary part of the permittivity €x(®) can be
interpreted as follows:

A(5.02eV) O p—s

A’(6.5-7 eV) Eu 4f—d
B(8.25¢V) O p—s

C(10.16 eV) O p—s
D(19.22 eV) O s—p
E(25.62¢V) Eu p—s

F(30.16 eV) Zr p—s
G(36¢eV) Eu p—s

For the Eu,Zr,07 compound, absorption coefficient a(w) (4), refractive index n(w) (5), absorption coefficient k(w) (6),
optical reflection coefficient R(w) (7) and electron energy loss spectrum L(®) (8 were calculated, respectively, using
formulas (4-8) [23]. The above optical characteristics for Eu,Zr,O7 are shown in Figures 10 and 11.
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Fig. 10. Coefticients calculated in Eu2Zr207:
a — absorption a(w); b — reflection R(®)
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Fig. 11. Calculated in Eu2Zr207: a — refractive index n(®) and extinction coefficient k(®);
b — electron energy loss spectrum L(®)

Discussion. In all groups of compounds studied in this work, the main contribution to the upper part of the valence
band is given by the p-states of atoms with the highest electronegativity (chalcogens, halogens). This can be explained by
a decrease in the binding energy of the p-states of chalcogens and halogens in a crystal, compared to their bonding in an
isolated atom, due to the transfer of electron density from nearby metal atoms to them, and the resulting increase in the
shielding of these states from the nucleus. The S-states of these atoms form the bottom of the valence band.
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For compounds with atoms containing f-electrons, states of 5s-symmetry, which have different spins, are split in
energy under the impact of the internal magnetic field of 4f-electrons.

The applied aspect of this research is related to the fact that the use of new materials in quantum electronics,
optoelectronics, and nonlinear optics is determined by the response of the crystal under study to the action of an electron
wave with a frequency lying in the optical or near and mid-IR range, that is, near the forbidden gap of the
semiconductor (Eg). The crystal response can be described using the permittivity tensor (g;;), which was calculated in this
study for a number of complex three- and four-component chalcogenides, halides, and oxides. Of academic interest is the
effect of the electron states of the rare-earth element contained in the studied pyrochlores on the electron-energy structure
of these compounds.

Conclusion. The main objective of the work is achieved. The results of the study on the electron-energy structure of
various groups of compounds: chalcogenides Tl13TaS4, T13PS4, SnyoP2Ss, InPSs, Cu,CdGeSs, AgoCdSnSs, AgoHgSnS,,
halides Cs,HgX4 (X — Cl, Br, I) and APb,Brs (A — K, Rb), oxides La,Zr,07 and Nd»Zr,07 and Ln,Zr,07 (Ln = La, Nd,
Sm, Eu, Gd) are summarized. The problems of determining the effect of local partial electron states on the features of the
electronic structure of the studied compounds and their optical properties are solved.

Such studies are important in the problems of modeling new materials with given properties, since they allow us to
determine which factors have the main influence on the occurrence of such properties.
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Abstract

Introduction. Convective drying of various types of food raw materials is one of the most common methods of canning.
Over three million tons of dried fruits alone are preserved worldwide each year, and the volume continues to grow. Due
to the duration and energy consumption of the process, when almost 50% of energy is spent directly on removing moisture,
optimizing drying is a challenge. Targeted and reasonable optimization can be performed only if there is a common
mathematical model of equipment and drying processes. However, when modeling the drying process, as a rule, a
mathematical model of the equipment is not used, which makes the results obtained limited in application. This is the
knowledge gap that the proposed study is designed to eliminate. The article presents the results of the development and
identification of the parameters of a mathematical model of a small-sized dehydrator used as an experimental installation
for the study on food drying processes. The research objective is to develop a mathematical model of the thermal
subsystem of a dehydrator that takes into account the processes of heat and mass transfer. To achieve this goal, the
following tasks must be solved: to analyze the design of the dehydrator and take into account the effect of the control
system; to build a mathematical model of the dehydrator in the form of an ordinary differential equation (ODE) system;
to develop a simulation model of the dehydrator in the MATLAB/Simulink package; to conduct experimental studies to
obtain data on temperature and power consumption; to identify the parameters of the mathematical model, including the
amount of air flow and the circulation coefficient; to verify the obtained model through comparing the results of
simulation and experiment.

Materials and Methods. A small-sized convective dehydrator equipped with an original microprocessor control system was
used as a modeling object. This system was designed to provide a preset temperature regime and collect data on the
parameters of the drying process: temperature, humidity, air pressure, and others. The system used three sensors: two BME-
280 sensors and one DS18B20 sensor. Telemetry data and control commands were transmitted via a bot on the Telegram
platform. The mathematical model of the dehydrator was constructed in the class of ODEs by the method of accumulators
and flows. The parameters of the mathematical model were identified both by direct measurements of the structural elements
of the dehydrator and using data obtained during experimental studies. The least squares method (LSM) was used for
parametric identification of the model. The calculations were performed in the MATLAB software package.

Results. A mathematical model of thermal processes in a dehydrator has been developed in the form of a system of
ordinary nonlinear differential equations of the third order. The model takes into account both the air flow coming out of
the dehydrator and the air circulation inside it. The total coefficient of heat loss through the walls of the dehydrator is also
determined, and its dependence on the temperature difference inside and outside the installation is shown. The developed
model is presented both analytically and as a model in the MATLAB/Simulink system. The experimental verification of
the model has shown high accuracy: the maximum deviation of the calculated temperatures from the measured ones was
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less than 0.5°C. The identification method has determined the key parameters of the system: the volume flow of air
through the heater (14.1 1/s), and the air circulation coefficient (11.3), which indicates a more than tenfold passage of air
flow through the working chamber. It has been found that intensive circulation significantly speeds up the drying process
compared to natural convection. The model provides physical interpretability of the parameters and requires a minimum
amount of experimental data.

Discussion. The developed mathematical model of the dehydrator based on ordinary differential equations showed high
accuracy (error less than 0.5°C) in the operating temperature range. The proposed energy approach made it possible to
identify the volumetric air flow (3.1 I/s) and the circulation coefficient (o = 10.2), which cannot be measured directly. It
is established that the air performs more than 10 cycles inside the chamber before exiting, which significantly intensifies
heat and mass transfer. The coefficient of heat transfer through the walls depends linearly on the temperature difference,
which is consistent with the theory of natural convection. Unlike empirical and neural network models, the proposed
approach requires less experimental data and provides physical interpretability of the parameters. The model creates the
basis for optimizing food drying processes.

Conclusion. The developed and experimentally verified mathematical model of the thermal subsystem of a small-sized
convective dehydrator provides measurement accuracy and allows for the identification of hard-to-reach parameters:
volumetric air flow rate and circulation coefficient. The research results can serve as the basis for developing a
comprehensive model of the food dehydration process and optimizing the device operating modes. The model is
applicable to the design and improvement of domestic dehydrators.

Keywords: modeling, convective dehydrator, identification, control, flow, ODE
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AHHOTaNMS

Beeoenue. KoHBEKTHUBHAS CYIITIKA PA3JIMYHBIX BUJIOB IUIIEBOTO CHIPHS SBJISICTCS OJHUM U3 HauOoJIee pacipOCTPaHEHHBIX
METOIOB 3aTOTOBKH NMPOIYKTOB JUIS IJIUTEIHHOTO XPAaHEHHUS, TOIBKO CyXO(PYKTOB B MHPE KOHCEPBUPYETCS CBEIIIE TPEX
MUJUTMOHOB TOHH B TOJ, U 00BEMBI MPOJOHKAIOT PAaCTH. BBUIY JUIMTENBHOCTH U YHEPTrO3aTPaTHOCTH IMpoIiecca, Koraa
HEMOCPEACTBEHHO Ha YJaJIeHUE BJIaru U3 MPOIYKTOB TpaTUThCs moutu 50 % sHepruu, ONTUMHU3ALUS CYyIIKH IpeaCcCTaB-
nseT coboit akTyanbHyTo 3a7ady. LlenenanpasienHas 1 000CHOBaHHAS ONTHMHU3AIII MOXKET OBITh OCYIIECTBIIEHA TOJIBKO
TIPY HATMYIHH OOIIEH MaTeMaTHIECKON Moien 000pyI0BaHUS U TIPOIECCOB cymKU. OIHAKO TPHU MOJAECTUPOBAHUH TIPO-
1[ecca CyIIKH, KaK MPaBUiIo, MaTeMaTHUSCKasi MOJIC)Ib 000PYAOBaHHS HE HCITONB3YETCs, UTO JCTIACT IMOTyYCHHBIC PE3YIlb-
TaThl OTPaHUYCHHBIMHY JUIS IPUMEHEHUS. DTO SBIISIETCS TeM MPo0eIOM B 3HAHUAX, KOTOPBIH MIPU3BAHO YCTPAHUTH MPE/I-
JlaraeMoe aBTOpaMH HccleoBaHne. B craTthe mpencTaBieHbl pe3yabTaThl pa3pabOTKH U WACHTH(DHUKAIIUY ITapaMeTpoB
MaTEeMAaTUYCCKOW MOJICIIH MAJIOTa0aPUTHOTO JETUAPATOPA, UCIIONB3YEMOT0 B KAYeCTBE IKCIICPUMEHTAIBHON YCTAHOBKH
JUTS KCCIIEJIOBAHUS MPOIIECCOB CYIIKH MUMIEBBIX MPOAYKTOB. [[enbro rccie[oBaHus ABISICTC pa3paboTKka MaTeMaTHUe-
CKOM MOJIeNH TeIJIOBOM MOJACUCTEMBI IETUAPATOPA, YUUTHIBAIOIIEH MPOIIeCcChl TEIIO- U Maccorepenoca. Jljis noctuxe-
HUS TIOCTABJICHHOH 11eTi OBUTH PelieHbl CISAYIONTUe 3aJaqr: pOoaHAIN3UPOBaHA KOHCTPYKIHUS IETrHApaTOpa U yaTeHO


https://vestnik-donstu.ru/
https://rscf.ru/project/23-76-30006/
https://doi.org/10.23947/2687-1653-2026-26-1-2249
mailto:lex1998@rambler.ru
https://orcid.org/0000-0002-3827-6569
https://orcid.org/0000-0001-8490-4602
https://orcid.org/0000-0002-2276-7371
https://orcid.org/0000-0002-6373-7849
https://orcid.org/0000-0002-3556-7758

Advanced Engineering Research (Rostov-on-Don). 2026;26(1):2249. eISSN 2687-1653

BIIMSTHYE HA HEE CHCTEMBI YIIPaBJICHMUS, IIOCTPOCHA MaTeMaTHIecKas MOJIENb ACTHIPAaTOpa B BUIE CHCTEMBI OOBIKHOBEH-
HBIX JuddepeHnnansHpx ypasHenuit (O/1Y), pazpaboTana mMHTAITMOHHAS MOJEIb JeTHApaTOpa B makete Matlab/Sim-
ulink, MpoBeneHBI SKCIIEPUMEHTANIBHBIE HCCIIEIOBAHUS VIS IOJTyYEHHs JaHHBIX O TeMIeparype U MmoTpedasieMoil Mom-
HOCTH, HICHTH(PHUIMPOBAHBI ITapaMEeTPhl MATEMaTHIECKOH MOJIENH, B TOM YHCJIE BEJIMYMHBI BO3IYIIHOTO ITOTOKA U KO-
a¢¢unment mupkysinun. [loxydenHas Moaens BepuhUIIMpOBaHa IyTeM CPaBHEHUS Pe3yIbTaTOB HMUTAIIMOHHOTO MO-
JIETUPOBAHMS M OKCIIEPUMEHTA.

Mamepuanst u memoosi. B xauecTBe 00bEKTa MOICINPOBAHUS OBUT HCIOJIb30BaH MaJOTra0apUTHBIA KOHBEKTHBHBIN Jie-
TUAPATOP, OCHAIICHHBIH OPUTHHAIIBHOW MUKPOTPOIIECCOPHOM cUCTeMO ynpasienus. J[aHHas cucreMa npeHa3HadeHa
Jutsl obecrieyeHusl 3aJaHHOTO TEMIIEPAaTYPHOro pexnMa 1 cOopa JaHHbBIX O IIapaMeTpax Ipolecca CyLIKH: TeMIeparype,
BII&XKHOCTH, TABJICHUU BO3/yXa U APYTUX. B cucTeMe OBUIO yCTAHOBJICHO TPU AaT4MKa: nBa natynka BME-280 u oxun
natauk DS18B20. TenemeTpudueckre qaHHBIE W YIPABISIOMAE KOMaHIbI TepeIaBaiuch dyepe3 6ota Ha miatdgopme Te-
serpaM. MaTtemaTndeckas MOAETb JeTHAPATOpa IIOCTPOCHA B KIacce HEJTMHEHHBIX OOBIKHOBEHHBIX AH((epeHITHATEHBIX
YpaBHEHHH METOI0M HAKONUTEJeH 1 NOTOKOB. VneHTH(uKays napaMeTpoB MaTeMaTHIECKOW MOJIETIN OCYIIECTBIIach
Kak IIyTeM MPSIMBIX U3MEPEHNI KOHCTPYKTUBHBIX 3JIEMEHTOB JAECTHAPATOpa, TAK U C UCIIOJIE30BAHUEM JIaHHBIX, TIOJTy4YeH-
HBIX B XOJI€ 3KCIIEPUMEHTAJBHBIX HccienoBaHuil. s mapamerpudeckoil AeHTH(GHUKAIMK MOJEIN MIPUMEHEH METO[
HauMeHbKX kBaapatoB (MHK). Beruucnenus BeimonHeHs! B nporpaMmmHoM nakere MATLAB.

Peszynemamut uccnedosanusn. Pazpaborana MareMaTHieckas MOJIENb TEIUIOBBIX MPOLIECCOB B IETHAPATOPE B BUJE CH-
cTeMbl OOBIKHOBEHHBIX HETMHEHHBIX In(PepeHINATBHBIX YPAaBHEHUH TPEThETOo MOpsaKa. Moens yIUTHIBAeT Kak MOTOK
BO3/yXa, BRIXOJSIIUHA U3 AETUAPATOPA, TaK ¥ HUPKYJSIINIO BO3AyXa BHYTpH Hero. Takke onpeaencH CyMMapHbIA Kod¢d-
(MLIMEHT TEIUIoNnoTeph Yepe3 CTEHKU JErnaparopa M MOKa3aHa ero 3aBHCHMOCTh OT Pa3sHOCTH TEMIIEpaTyp BHYTPU U
CHapYy’XH ycTaHOBKH. Pa3paboTaHHas MOIeNb IPeICTaBIeHA KaK B aHATUTHIECKOM BUE, TAK M B BUIE MOJECIH B CHCTEME
MATLAB/Simulink. OxcniepuMmeHTabHas BepUpHUKAII MOIEIH MTOoKa3aja BEICOKYI0 TOYHOCTh: MaKCHMaJIbHOE OTKJIIO-
HEHHE pacyeTHBIX TEMIIEpaTyp OT U3MEpPEHHBIX cocTaBmwio MeHee 0,5 °C. MeTo10M nIeHTU(PHKALINH OTIPEAeIeHbI KITIo-
YeBble MapaMeTphl CHCTEMBI: 00BEMHBIN pacxoj Bo3ayxa uepe3 Harpesartess (14,1 1/c) u KodQPUIMEHT LUPKYISIUN
Bo3myxa (11,3), 9ro yka3eiBaeT Ha OoJjiee 4eM JECATUKPATHOE YBEIMUEHHE BO3AYIIHOTO MOTOKA, MPOXOMISIIETo depe3
pabouyro kamepy. Y CTaHOBIJICHO, YTO BO3yX coBepiaer 6osee 10 IMKIOB BHYTPH KaMephl Iiepell BBIXOJIOM, YTO CyIle-
CTBEHHO MHTEHCU]HIUPYET TeromaccooomMer. KoadduimenT temonepenauyn yepe3 CTEHKH JIMHEWHO 3aBUCUT OT pa3-
HOCTH TeMIIepaTyp, YTO COTTIacyeTcs ¢ Teopueil ecTecTBeHHON KOHBEKIIMU. Monens obecrieunBaeT GU3NIECKyI0 HHTEP-
NPETHPYEMOCTh MapaMeTPoB U TPeOyeT MUHUMAILHOTO 00beMa HKCIIEPUMEHTANIbHBIX JTaHHBIX.

Oécyacoenue. PazpaboraHHas MaTeMaTHIecKas MOJICNb JIETHPATOPa HAa OCHOBE OOBIKHOBEHHBIX AU HepeHIINaIbHBIX
YpaBHEHHH IT0Ka3aja BEICOKYIO TOYHOCTE B paboueM auana3zoHe remneparyp. [IpemnioxeHHsIii B paboTe SHepreTHIeCKHiA
MeTo/, 0a3MPYIOIIMICS Ha aHAJIN3E TEIUIOBOTO OaJlaHCa CHCTEMBI, TO3BOJIMI HACHTU(PHINPOBATH 00BEMHBIN Pacxo]l BO3-
JyXa U KO3(GQUIUEHT IMUPKYJALUHN, KOTOPble HEBO3MOXKHO M3MEPHTh HAIlpsMylo. B oTinume oT sMnuMpuyeckux u
HEHPOCETEBBIX MOJIEIICH, MPEIOKEHHBIN MOIX0 TpeOyeT MEHbIIIE SKCIICPUMEHTAIBHBIX JAHHBIX U o0ecrieunBaetr (u-
3UYECKYI0 HHTEPIPETHPYEMOCTh ITapaMeTpoB. Mojeb co34aeT OCHOBY ISl ONTHMHU3AIIUH TTPOIECCOB CYIIKH MTUIIEBBIX
MPOJYKTOB.

3aknrouenue. Pa3paboTaHHAs W SKCICPUMCEHTAIBFHO BEpUPHUIIMPOBAHHAS MATEMAaTHYECKas MOIETb TCIUIOBOH ITOJICH-
CTEMBbI MaJIOradapuTHOr0 KOHBEKTUBHOT'O JETHIPATOpa 00eCHeYrBaeT TOYHOCTh H3MEPEHHS U TT03BOJISET HACHTH(DUIH-
POBaTh TPYAHOJOCTYIIHBIC TAPAMETPbI: 00bEMHBIN PACX0/ BO3AyXa U KO3 DUIMEHT LUPKYIISIMU. Pe3ynbraThl Hccieno-
BaHUS MOTYT OBITH OCHOBOH UIS Pa3pabOTKH KOMIUIEKCHOW MOJIENH TpoIiecca IeTHApPATalid IMHIICBEIX MPOJIYKTOB U
ONTUMU3AINH PEKUMOB pabOTHl yCTPOUCTBa. MoIeNb MpUMEHUMA JIIsl IPOCKTUPOBAHKS U COBEPIICHCTBOBAHUS OBITO-
BBIX JIETHPATOPOB.

KaioueBble c10Ba: MoseMpoBaHye, KOHBEKTUBHBIN AETHAPATOp, HACHTH(UKALINS, yIpaBiIeHue, ToTok, OY

E.ﬂarouapﬂocw{. ABTOpLI BBIPpAXKAIOT 6J'Ial"0,£[apHOCTL peaaKkiuu U peUCH3CHTAM 3a BHUMATCIIbHOC OTHOIICHUEC K CTAaThE
1 YKa3aHHBIC 3aME€YaHUs, YCTPAHCHUEC KOTOPBIX IMTO3BOJINIIO IMTOBBICUTH €€ Ka4€CTBO.

®duHaHcupoBaHue. rHaHCOBAS MOAICPKKA UCCACIOBAHNIN B YaCTH Pa3pabOTKX CHCTEMBI YIIPABJICHHUS ACTHAPATOPOM
OCYIIIECTBIICHA B paMKax rpaHTta Poccuiickoro HayuHoro ¢orma Ne 23-76-30006, https://rscf.ru/project/23-76-30006/

Jdas uurupoBanus. JlykesaoB A.Jl., Xypasnes A.H., TletkoBua M.M., ®wmumnmosud B.C., Munerna H.M.,
Jonckoii [I.}O. Maremarndeckass MOJAENTh TEIUIOBOTO PEXHUMa MaJIOTa0apUTHOTO KOHBEKTHBHOTO JAETHApaTopa M
naeHTHGUKanus ero mnapamerpoB. Advanced — Engineering  Research (Rostov-on-Don).  2026;26(1):2249.
https://doi.org/10.23947/2687-1653-2026-26-1-2249

Introduction. Convective drying of food raw materials is one of the most common methods of canning, while dried
fruits alone are produced in the world over three million tons annually, and volumes continue to grow [1, 2]. Due to the
duration and energy consumption of the process, when less than 50% of energy is spent directly on moisture removal [3],
optimization of drying is an urgent task. Targeted optimization is possible only if there is an adequate mathematical model
of both the equipment and the drying process.
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A significant number of models of food drying processes have been published in the scientific literature. The
predominant approach is to approximate the kinetics of drying by various empirical functions: the Lewis model [4],
modified exponential models of Page [5] and Henderson-Pabis [6], combined Yaldiz models [7], and polynomial
approximations [8]. Researchers are analyzing the applicability of various models for specific products: in [9], an artificial
neural network was used to study the kinetics of drying wild bitter watermelon, in [10], the drying of avocado peel was
studied, in [11], convective dehydration of carrots was studied using a statistical approach to curve identification [12].
However, this approach is traditional, but “situational” and does not sufficiently reflect the physical patterns of heat and
mass transfer during drying.

A more promising method is dynamic modeling based on differential equations, the parameters of which are better
amenable to physical understanding [13, 14]. A critical analysis of the literature has revealed a significant gap: when
modeling drying processes, the mathematical model of the equipment itself is usually not used or simplified, which limits
the applicability of the results. The dehydrator model should describe the processes of heat transfer and air circulation,
including such hard-to-reach parameters as volume flow and air circulation coefficient, which significantly affect the
accuracy of modeling [15]. Despite the distributed nature of the processes [16], the use of ordinary differential equations
ensures interpretability of the results while maintaining sufficient accuracy.

A significant number of scientific publications in recent years has been devoted to the use of artificial neural networks
to study food dehydration processes, build mathematical models, and optimize parameters. A comprehensive review of
the use of artificial neural networks in drying is presented in [17]. Among such works, it is worth mentioning [18], in
which the authors use a neural network approach to improve the drying process of pear slices. In [19], a neural network
model is used to simulate the drying process of zucchini slices. In [20], the authors apply a neural network approach to
simulate the drying process of *Phyllanthus emblica* in a complex infrared drying process with ultrasonic activation.
Another example of successful application of neural networks (ANN) in modeling complex multiparametric processes in
food production is work [21]. Despite the promise of the neural network approach, traditional modeling can be more
effective for deterministic technical systems due to a better understanding of physical processes and lower requirements
for the amount of experimental data.

The objective of this study is to develop a mathematical model of the thermal subsystem of a small convective
dehydrator based on ordinary differential equations with the identification of hard-to-reach parameters. To achieve the
goal, the following tasks were set: to analyze the design of the dehydrator and the influence of the control system; to build
a mathematical model in the form of an ODE system; to develop a simulation model in the MATLAB/Simulink package;
to conduct experimental studies of temperature conditions and energy consumption; to identify model parameters,
including air flow and circulation coefficient; to verify the model by comparing simulation and experimental results.

1. Materials and Methods

1.1 Design of a small-sized dehydrator

To build a laboratory installation designed to study drying processes, a household convective dehydrator with
horizontal air movement and 12 trays for the dehydrated product was used (Fig. 1). The maximum power of the dehydrator
was 800 watts, the air movement was provided by two propeller fans.
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Fig. 1 Household dehydrator used for experiments: a — appearance; b — placement of sensors and an approximate diagram
of the air flow inside the dehydrator (cross section)
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The design characteristics of the dehydrator (Fig. 1) are shown in Table 1.

Table 1
Design Characteristics of the Dehydrator
Parameter Designation Size Dimension

Chamber volume |4 0.054 m?
Side wall area S 0.189 m?
Floor and roof area S 0.134 m?
Door and rear wall area Se 0.140 m?
Weight of internal elements of the

deh}igdrator i 3:348 ke
Weight of the heater mp, 0.3 kg
Heater power Prgx 800 w

1.2 Microcontroller control and monitoring system

The temperature control system and timer present in the dehydrator were disabled, and the original microcontroller
control system was installed instead. Figure 1 b shows the installation locations of the control system sensors: S1 —
BME-280 sensor for outdoor air parameters; S2 — BME-280 sensor for hot air parameters at the outlet of the dehydrator
chamber; S3 — DS18B20 sensor for air temperature after the heater.

The control system was independently developed, manufactured and implemented by a team of the authors. The
structure of the system is shown in Figure 2. The system was based on the ESP32-WROOM-32 [oT microcontroller.
BME-280 MEMS sensors were used to measure air parameters (temperature, humidity, pressure). A DS18B20 digital
thermometer was used to control the air temperature after the heater. The fan and heater were controlled via OMRON
G3MB-202P and JOTTA SSD-40DA solid-state relays, respectively'.

AC-DC . BME280x2

w 33V

DS18B20

1-wire
[ — <

€
& L%
X S
y A

- ESP32
Heater Relay 1 WROOM-32

I’C,

A
&

&

& N

R 4

Relay 2 Fan

Fig. 2. Structure of the dehydrator control system based on the microcontroller

The microcontroller control system provided the following possibilities for controlling the dehydrator:

— regulation of the air temperature after the heater using a software PI controller in the range from 30 to 100°C with
a discreteness of 0.25°C;

— measurement of temperature, relative humidity and air pressure with errors of 0.5°C, 3% and 1 gPa, respectively;

— the period of measuring the parameters of the dehydration process is at least 10 times per minute;

— information about the dehydration process is transmitted via the serial port to the connected computer and in parallel
to the Telegram bot. The information transfer period is 1 minute;

— the BME280 sensors are temperature calibrated using a DS18B20 digital thermometer (as a reference) according to
GOST 8.558-20092. The calibration coefficients are entered into the program of the dehydrator control system;

— the dehydrator is controlled either directly by sending commands via the serial port of the connected computer, or
remotely via a Telegram bot.

The use of the Telegram bot cloud technology provided a unique opportunity for both the Russian and Serbian teams
to receive information about the operation of the experimental facility instantly and synchronously. The Telegram bot
allows you to quickly receive telemetric information about the drying process, as well as remotely control and configure
the dehydrator.

! All electronic components were purchased on electronic trading platforms, the country of origin is China.
2 GOST 8.558-2009. State verification scheme for temperature measuring instruments. URL: https://meganorm.ru/Data2/1/4293795/4293795489.pdf
(mata obpamenust: 26.01.2026).
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The application of the developed dehydrator control system made it possible to implement a methodology for
conducting experimental studies that provided online monitoring of the dehydration process, as well as to build and
identify a mathematical model of the dehydrator.

1.3 Mathematical model of the dehydrator

The structure of the mathematical model of the dehydrator, based on a priori concepts of heat exchange processes and
heat flows in it, is shown in Figure 3.

Z .=
é«s ©n 2
=) [
3= =g
T o 2
T S

Air circulation

Heater

Electric heating

Air inside
dehydrator
Heat flow
with air
Heat from heater
Dehydrator
constructions

Heating
constructions

Fig. 3. Flowchart of the thermodynamic model of a small-sized dehydrator

The model includes three heat storage units — a heater, hot air inside the dehydrator, and structural elements of the
dehydrator connected to each other and the external environment by seven heat streams. The model is created in the
formalism of ordinary differential equations (ODEs) and is described by a system of three first-order differential

equations (1):

e LT ) R CI ) B A (I )

égd e fd e 0
— Shovar = W(k Cpair Fair (9 = hot_air )=

s Apero + Aor .6(19,, St i) (St = For )~ St (9~ 9, )J

The following notation is used in equation (1) (Table 2):

Table 2
State Variables, External Influences, and Identifiable Model Parameters (1)
Parameter or variable Designation Value or range Dimension

Heater temperature 9 0-100 °C
Dehydrator element temperature Y4 0-100 °C
Temperature of the hot air at the outlet of

Shot, air 0-100 °
the dehydrator ot ¢
Temperature external air Sext_air 0-100 °C
Regulator duty u(t) 0-1 dimentionless
Mass flow of air leaving the dehydrator Sair - kg/s
Volumetric flow rate of air leaving the 3

Sair, v - m?¥/s
dehydrator
Air circulation coefficient inside the . .

keire - dimentionless

dehydrator chamber
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Heat transfer coefficient to the heater

U - w
elements
Static part heat transfer coefficient through Ao B W/(m2K)
the wall
Dynamic part heat transfer coefficient Ao B W-s/(m>K)
through the wall

Considering the system of equations of model (1), it should be recognized that it is rather cumbersome and not very
convenient for modeling. Therefore, we transform it to the form (2) and enter the coefficients of the equations in Table 3:

d3d
Tthzalo(Pmax'u(t)_aIZ'(Sh_Sext)_aB'(gh_ghot))
d3d

dtd =dy '(Sh _Sd) . 2)
ds,,

d;”—a30(a3, (9}1 9hot)‘“32(3h Sext)'(‘gext_Shot)_a33'(‘9h_3d))

When converting system of equations (1) to form (2), it can be noted that a»1 = a3, as1 = a12 = a13/keir.. In addition, it
should be noted that system (1) uses a mass flow rate of air fu;, and during the identification process, the value of the
volume flow is obtained fu, y. These quantities differ by the value of the air density, which depends on the temperature.:

Patm M air
fazr falr,V air ( hot ) fau V Rair . (Shm 273, 2) ( )

The numerical values and expressions for the coefficients of the equation are given in Table 3

Table 3
Formulas and Values of the Coefficients of Equation (2)
Coefficient Coefficient formula Value
alo 1/(11111 . Ch) 0.0067
ai Cp,air ',ﬁll‘r = Cp,air 'f;zir, v p(Shot) 0.011 - patm/ (Shat + 2732)
a3 apn - kcirc 0.111- pq[m/ (Shot + 2732)
as 1/(ma - ca) 5.9737-10*
aso V(Va- cpair) 0,0184
asi Cp,air ',ﬁll‘r = Cp,air 'f;zir, v p(Shot) 0.011 - patm/ (Shat + 2732)
Apro+ Aoy (9, -9 ;
azn - ext,0 ext,l 6(11 h extialr) 00082 . (911 o Sextfair) + 02351
ass 1/(ma - cq) 5.9737-10*
Table 4 shows additional model parameters measured or taken from reference books.
Table 4
Physical Parameters in the Dehydrator Model
Designation Name Value Dimension
my heater mass 0.3 kg

o heat capa'city of the heater, 500 Tk K)
stainless steel

Mma weight dehydrator design 2.400 kg
o heat capa?ity of .the dehydrator 500 J(keg'K)
material, stainless steel

Va dehydrator internal volume 0.054 m?

o air heat capacity at constant 1005 J(ke K)
pressure

Sa dehydrator structural area 0.07 m?

oy metal-air heat transfer coefficient 50 W/(m?K)

d dehydrator wall thickness 0.75 mm

P maximum heater power 800 W
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Figure 4 shows the general structure of the dehydrator model in the Simulink mathematical package.
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Fig. 4. Structure of the dehydrator model in Simulink

The model consists of three dynamic subsystems describing the dynamics of heat exchange with the heater, with the
internal structures of the dehydrator and with the air inside the dehydrator. The fourth subsystem is used to calculate the
heat flow carried out by air from the dehydrator.

Let us take a closer look at the following aspects. A priori information about the functioning of convective dehydrators
of the considered design indicates the presence of convective air movement inside the dehydrator chamber. However, it
is difficult to analytically estimate the “circulation coefficient”, that is, how many times the air passes over the product
before leaving the dehydrator. To account for this effect, a dimensionless circulation coefficient k.. is introduced into
the model, which will be estimated during the identification of model parameters.

Similarly, the heat transfer coefficient from the air to the structural elements of the dehydrator o, is introduced into the
model. Based on general physical considerations, this coefficient should have the following form (4):

oy =5.6+4y, 4)
where v — air velocity in m/s. However, based on the fact that this speed will be constant in the stationary operation of
the dehydrator, and on the other hand, its measurement presents certain difficulties, we will consider this coefficient
constant and identify it as a constant.

For the coefficients of heat transfer from the dehydrator chamber to the external environment through the walls, it is
incorrect to assume the constancy of the transfer coefficient. Based on formula (4), it is necessary to take into account
that the speed of the upward movement of the outside air along the wall of the dehydrator will depend on the temperature
difference between the air inside and outside. That is, it is advisable to present this coefficient as (5) and identify it

accordingly:
Aext,O + Aext,] <8h - 8e)ctiair ) (5)

However, the identification of the mass f;- (and volume f;;- ,) air flow coming out of the dehydrator and carrying away
heat and moisture is of the greatest practical interest. The mass and volume air flows leaving the dehydrator are related

to the air density pui{Sno, Pam) by the following ratio (6):
Pair (Shota Patm)zuy (6)

where M,;- — molar mass of air, R, — gas constant of air, and P, — atmospheric pressure.

The air flow from the dehydrator is determined by the excess air pressure on the inner front wall of the dehydrator
chamber. The pressure is created by rotating fans. From general physical considerations, it seems that at a constant
rotational speed, the volumetric air flow rate should not depend on the air temperature, since its value is determined by

the geometric design of the fan blades and their rotational speed.
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The authors have tested several physical approaches to measuring the amount of airflow:

— by directly measuring the flow velocity using an anemometer;

— by directly measuring the difference in air pressure inside and outside the dehydrator and estimating the air flow
rate passing through the holes in the walls of the dehydrator using the Bernoulli formula;

— by the magnitude of the force acting on the dehydrator door (for indirect determination of the pressure drop), and
then using the Bernoulli formula, as in the previous paragraph.

However, none of them, due to insufficient accuracy, allowed us to obtain a reliable and plausible estimate of the cost.
For this reason, it was decided to estimate the amount of airflow based on energy considerations — based on the amount
of electrical power that is consumed to heat an unknown amount of airflow with known physical characteristics. The
procedure for identifying model parameters developed by the authors is discussed below. At the same time, the maximum
possible number of parameter values was measured directly or taken from reference books. Thus, it is necessary to identify
the following model parameters: flows f;- and fui- .; total heat transfer coefficient Aex, 0+ Aexi, 1 * (9% — Sext_air) * Sexi/d;
circulation coefficient kcir.

Analyzing model (1), it can be seen that some of the identified parameters can be obtained from static equations, that
is, from equations describing the steady-state operation of the dehydrator (7):

0= mec 'u(t)_cp,air 'fair (Sh _Sextiuir)_kcirc 'Cp,air 'fair (Sh _Shotiair)

0= Sd‘otd'(sh—\()d)
md 'Cd ) (7)
0= kcirc *Cpair 'fair (Sh - 8Iz¢)17111‘r)_
Aex +Aex (9 _Sex air
“Pext 0 d 5(1 d & ) '(Sext_air _Shat_air)_Sd Oy '(Sh _Sd)

Moreover, it makes sense to analyze the first and third equations, whereas the second one turns out to be degenerate

in the steady-state operation of the dehydrator. From the first equation, we can estimate the power carried away by the air
flow and the air circulation coefficient kci:

Py (1) =—Cp i * fuir '(Sh —Ser_air ) —keire * € p.air * air '(Sh ot _air ) @
From the third equation, we can estimate the amount of heat loss through the walls of the dehydrator:
.Aext(sh ~Sert_air) _ P u(1)(%5 = et _ar) )
d (ew_air = or_air ) (95 =St ) + ke (95 = por_air )

where the heat transfer coefficient itself is understood as a linear function of the temperature difference inside and outside
the dehydrator:

Sext : AeXt (Sh ;Se«‘“(li") =a (Sh _Sextiair)'i‘b. (10)

Identification is carried out based on the results of experimental measurements on a real dehydrator, during which the

following parameters are recorded: 9, — temperature of the air after the heater; 9,0/ 4i- — temperature of the hot air at the
outlet of the dehydrator chamber; 3¢y 4ir — temperature of the air outside the dehydrator (indoors); u(f) — continuous
operation of the heater under the control of the PID controller; P» — atmospheric air pressure.

A matrix implementation of the least squares method was used for identification:

0 = (X" xX)xX" xY, (11)

where Y — vector of experimental results, X — matrix of explanatory variables, and @ — vector of parameter estimates.
For the first equation, these values are formed as follows:

P
ﬂu(o)
Cpair 9,(0)-9,,(0)  9,(0)-9,,(0) ,
Y = : X = : : @Z[k azrf ] (12)
%M(N) 8”(N)_Sext(N) Sh(N)—Sth(N) cire " J air
cp,air

where N — sample length of the experimental data.
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For the third equation:
Prus 4(0)(9(0) 8., (0)
(8 (0) =840 (0))- (91 (0)= 81 (0)) + ke (84 (0) = 84, (0)))
Y= :
Pmax'“(N)(Sh (N)_Sart(N)) (13)
(8t (V) = 8100 (W) (84 (W) = Bt (V) + ke (8 (N) = 810 (N)))
9, (0)—Sext (0) 1

X = : : @:[A”“].%,

A
9, (N)-9. (N) 1 eo) d

The identification procedure was performed in the MATLAB mathematical package. The identification results will
be described in the Results section, and the identification experiments will be described in the next section.
The internal design of the dehydrator assumes the presence of an air flow returning to the heater along the side walls
of the dehydrator and losing some of the heat due to its transfer through the walls to the external environment (Fig. 1 b).
Accordingly, the first equation of system (1) contains a flow describing the process of returning circulating air to the
heater:
d 1
P (P 1 () = Cpair * Fair (95 =Bt ) = Keire *€pair * Faar (9 = Fhon_arr))» (14)
where k... — coefficient showing how many times the air “wraps around” inside the dehydrator before leaving it.
The equation for calculating the amount of mass air flow will have the following form (15):

| Pmax'u(t)

fair = . (15)
Cp.air ((Sh - S(3)(1‘717[;” ) + kcirc (9h - 8hotiair ))
The conversion of mass flow into volume flow is carried out from formula (15) using formula (6):
i 1 Rair ) hot _air Pmax ult
.fV:fﬂ: hot _ () ) (16)

Pair  Cpair Patm 'Mair ((‘911 _Sext_air)+kcirc (Sh - Shat_air ))

It should be borne in mind that air circulation is “unobservable” and manifests itself only indirectly depending on the
volume flow rate and temperature. However, if we perform a series of calculations of the dependence of volume flow on
temperature for different values of the circulation coefficient, we can “choose”’k the most plausible value that will give
the best approximation f,(9;) of a horizontal straight line (more precisely, a straight line with the smallest angle of
inclination to the horizontal). The least squares method (LSM) can be used to obtain estimates of the coefficients of the
equation of the approximating line:

fv(Sh):a-Sthb. a7

A two-stage search method was used to identify the circulation coefficient k.. At the first stage, when identifying
the parameters of equation (8), values of k... in the range from 0 to 20 in increments of 1 were used. At the second stage,
when a rough estimate of the suboptimal value of k.. in the region of 10 was obtained, the range from 9 to 11 in
increments of 0.1 was used. The optimal value of k.; was considered to be the value at which the approximating line of
dependence f;- » on temperature, had the minimum modulo tangent of the angle of inclination (was as close as possible
to the horizontal line).

1.4 Description of experimental studies

Experimental studies on a small-sized dehydrator with a microcontroller control and monitoring system were carried
out to identify the parameters of a mathematical model of the dehydrator thermal subsystem.

The dehydrator operation mode with a stepwise temperature change was used to identify the model. The air
temperature sensor after the heater (DS18B20 thermometer) and BME-280 sensors (outdoor air parameter sensor and hot
air parameter sensor at the outlet of the dehydrator) allow you to measure the air temperature immediately after the heater,
as well as the temperature, relative humidity and air pressure outside the dehydrator and at the outlet of the chamber. The
approximate location of the sensors is shown in Figure 1 b.

Standard stainless-steel trays (12 pieces) with a total weight of 2,450 kg are placed in the dehydrator chamber to
increase its thermal inertia and reduce temperature fluctuations.


https://vestnik-donstu.ru/

Advanced Engineering Research (Rostov-on-Don). 2026;26(1):2249. eISSN 2687-1653

eh, oC i i i i il _Drnpazlca_ 28 wions
g0l | .s'run 16-40
/set_temp 40 4.0
1 fset temp 50 4750
70+ ]
it fset_temp 60 4549
/set_temp 70 500
60+ 1
/settemp B0 1549
/set_temp 75 1549
50+ 1
/set_temp 65 199
/set_temp 55 g4
40
/set temp 45 jg.4g
/set temp 35 j0pp o '
30

50 100 150 200 ¢, min /stop agag
a)

Fig. 5. Temperature regime in experiments: a — graph of temperature changes;
b — corresponding sequence of commands of the Telegram bot

Temperature control is performed programmatically, using a PID controller implemented in the program, the library
of which is taken from the website>. The program graph of temperature changes set to the controller is shown in Figure
5. The experiments were carried out in automatic mode.

The programmed temperature change in the dehydrator was performed in steps of 10 degrees until the temperature
reached 80°C. After reaching the maximum, the temperature was reduced programmatically in similar steps of 10 degrees,
with an offset of 5 degrees relative to the increase stage (Fig. 5 a).

One cycle of the experiment looked like this:

1. Empty trays were loaded into the dehydrator at room temperature.

2. A temperature change program was set in the Telegram bot (as shown in Fig. 5 ). The initial temperature was set
to 30 degrees, the coefficient of the integral component of the PID controller was set to 0.3, and the coefficient of the
proportional component was set to 200.3. The drying process was started by a command from the Telegram bot.

4. The values of the air parameters from the three sensors and the current power of the regulator were automatically
transmitted to the cloud service of the telegram bot every minute.

5. At the end of the experiment program, the dehydrator was automatically switched off. The data was uploaded from
the cloud service to the computer and saved as a json file for further processing.

This design of the experiment made it possible to exclude any influence of the human factor and external effects.

2. Results

This section will present experimental and simulation results for the study of a mathematical model and the
identification of its parameters using the methods described above.

2.1 Identification and investigation of the mathematical model

The dehydrator control program provides a stepwise increase and then decrease in temperature after the transient
attenuation during experiments to identify the mathematical model.

2.1.1 Determination of the air flow through the dehydrator

Based on model (1) and taking into account its transformations (14)—(16), as well as using the data of the new
experiment, which are presented in Figures 6-7, it is possible to calculate the value of the mass air flow through the

dehydrator as a function of the air temperature after the heater (Fig. 9).

3 GyverPID — PID Controller Library for Arduino. URL: https:/github.com/GyverLibs/GyverPID://github.com/GyverLibs/GyverPID (date of access:
26.01.2026).
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Fig. 6. Temperatures in the dehydrator according to sensors 1, 2 and 3

The upper graph shows the program for changing the air temperature immediately after the heater. Minor fluctuations
are associated with the operation of the PI controller and the low thermal inertia of the empty dehydrator.

The middle graph shows the outside air temperature readings (Fig. 6). There is some instability, but it is only about 4
degrees when the air temperature changes by 40 degrees after the heater. This effect occurs due to the heating of the
external air from the dehydrator housing.

In Figure 7, we see the instantaneous value of the heater power, calculated as the product of the maximum heater
power and the borehole of its operation. Due to the operation of the PI controller in the microcontroller of the control

system, fluctuations are observed after switching the temperature, but then the heater power stabilizes.

800
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400
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200

f—
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Fig. 7. Instantaneous power on the heater

In Figure 8: flowraw (fraw) — mass air flow calculated from the initial experimental data; flown, (f,) — mass air flow
calculated after applying the intervals (Fig. 6, red vertical lines) in which the temperature, 9, has stabilized; flow,

() — volume air flow calculated from f,, using formula (6).
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Figure 8. Estimation of flow values (from top to bottom): estimation based on initial data; interval estimation of mass flow;
interval estimation of volume flow

2.1.2 Estimation of the circulation value

The results of the identification of the straight line (17) at values ki in the range from 7 to 15 are shown in Figure 9
a, b. The upper graph shows the dependence of the coefficient (the tangent of the angle of inclination of the straight line),
and the lower graph shows the coefficient, the constant component of the flow.

Graph 9 a shows a calculated curve describing the dependence of the tangent of the angle of inclination of the
approximating straight line on the value of the circulation coefficient. The point of its intersection with the axis of the
abscissa allows you to determine the real value ke = 10.2.

ax10°

X:10.2

Y: 2.136e-08
0 ]

7 8 9 10 11 12 13 14 Kore
a)
b, m3/s x 1073 ;
3.16

3.12¢ X:10.2
Y: 0.003096

3.08;

95 96 97 98 99 100 101 102 103 104 ke
b)

Fig. 9. Identification of the parameters of air movement: @ — dependence of the tangent of the angle of inclination on value of kcirc;
b — dependence of the displacement on value of kcirc

The straight line in Figure 9 b allows us to determine the volume flow rate for the obtained circulation coefficient.
Value of ke =10.2 corresponds to volumetric flow rate £, = 0.003096 m3s™!, or approximately 3.1 I/s.
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2.1.3 Heat loss assessment
As the basis of an identifiable mathematical model of heat loss through the walls of the dehydrator, we take
equation (8) and look for the value of the total heat transfer coefficient as a linear function of the temperature difference,

according to expression (10).

The identification procedure is based on the same principle as for the identification of the parameters of the air flow
equation. The temperature measurement results obtained by stepwise changing the controller setting were averaged over
the intervals after the transient attenuation and processed using the least squares matrix method in form (10). The

experimental results and the approximating line are shown in Figure 10.
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Fig. 10. Dependence of the coefficient of heat transfer to the external environment through the wall
of the dehydrator on the temperature difference inside and outside the dehydrator

The actual calculated values of the coefficients of the approximating line are given in formula (18):
) Aext (Sh - 9rzxt_air)

ext d
Thus, an estimate of the heat transfer coefficient through the walls of the dehydrator chamber to the external

environment was obtained. As expected, this coefficient depends on the temperature difference on different sides of the

=0.0082+(9), =9, . )+0.2351. (18)

dehydrator wall, and this dependence is close to linear.

2.2 Model verification

To verify the model, an additional experiment was conducted using the methodology described in Section 1.4. The
simulation of the dehydrator operation was also performed using the identified parameters of model (2) in the
MATLAB/Simulink mathematical package (Fig. 4). To compare the results obtained, output temperature 34, and the
heater temperature 3, graphs synchronized at the beginning of the drying process were constructed. The graph for

temperature ., as the most important for further study of the model, is shown in Figure 11.
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Fig. 11. Verification of the operation of the dehydrator. Comparison of experimental data with model data

The estimated deviation of the model data from the experimental data was less than 0.5°C with an increase in
temperature from 35 to 80°C and with a decrease in temperature from a maximum to 50°C. With further cooling of the

dehydrator, the error is about 1°C.
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3. Discussion

The results of the study convincingly confirm the possibility of creating an adequate mathematical model of thermal
processes in a small convective dehydrator using the apparatus of ordinary differential equations. The achieved modeling
error, which does not exceed 0.5°C in the operating temperature range from 35 to 80°C, indicates a high accuracy of
reproduction of real heat transfer processes in the equipment under study.

The main result of the research is the construction, identification and verification of a mathematical model of the
thermal subsystem of the dehydrator. Analyzing the results obtained, attention should be paid to the following aspects:

— structure of the developed mathematical model and the selected ODE formalism for modeling;

— obtaining a numerical estimate of the amount of air flow from the dehydrator chamber based on indirect
measurements;

— obtaining a numerical estimate of an unobservable but important parameter of the drying process — the air circulation
coefficient inside the dehydrator chamber;

— ability to estimate the amount of heat loss through the walls of the drying chamber through the identified heat transfer
coefficient;

— verification of model parameters and assessment of its applicability for modeling drying processes.

The development of numerical methods and programs for finite element modeling creates prerequisites for the
widespread use of finite element models, including for modeling thermal systems. For example, in [22], the author
provides a complex 3D model of a dehydrator for drying corn kernels. However, it seems that the thermal part of this
model could be replaced not only by 2D (as the author does), but also by a one-dimensional concentrated model with
minor errors. In [23], a finite element model of a dehydrator with horizontal air movement is also constructed, in which
the calculated method shows the laminar movement of the air flow along the gratings, which is consistent with the
assumptions accepted for modeling about the possibility of using a model with concentrated parameters and ODEs. The
adequacy of the model is confirmed by the graph in Figure 11, which shows the air temperature at the outlet of the
dehydrator chamber for the experiment and the model. There is a good qualitative and quantitative correspondence
between the simulation and experimental results. Some discrepancy in the characteristics is observed at the end of the
experiment, when the air temperature inside the dehydrator chamber approaches the ambient temperature. In this case, if
the temperature difference inside and outside decreases, the air movement along the outer wall of the dehydrator becomes
less stable, and heat transfer decreases compared to formula (1.8). As a result, the real dehydrator cools down more slowly
than the simulated one. The deviation in steady-state mode was about 0.9 degrees.

Although the effect of internal air circulation is indeed used in a number of designs of domestic and industrial
dehydrator designs, the authors failed to find a detailed analysis of this effect in the scientific literature. The processes of
heat and mass transfer during drying, as well as their mathematical modeling, are considered, for example, in [24].
However, unlike the proposed model (1.1), the authors do not take into account the possibility of reverse air circulation
in the dehydrator chamber. At the same time, this process is essential for the considered equipment (Fig. 1). A similar
situation is described in [25], where only direct air flow is also considered. At the same time, the variability in air velocity
is small, which leaves room for further experiments to optimize the drying process. In [26], detailed attention is paid to
the processes of heat transfer using infrared radiation, but the convective component of the drying process is described in
less detail. In [27], the design of an industrial dehydrator uses an external air flow circulation system, including one with
a controlled inlet flow. It is shown that regulation of circulation makes it possible to increase the coefficient of productivity
(COP) up to 39%, which underlines the importance and relevance of the presented studies. However, it is precisely the
circulation coefficient (multiplicity of air passage over the product) that is not analyzed in [27], which distinguishes it
from the presented study, that makes it possible to quantify this coefficient.

The study of the effect of the air velocity in the dehydrator on the intensity of moisture loss was performed in [28]. It
shows that the effect of temperature is less significant at high air velocity. This once again confirms the importance of
assessing the magnitude and circulation of the air flow inside the dehydrator. In [29], based on a study of the kinetics of
drying tomato slices, it was concluded that an increase in the air flow velocity by one and a half times can increase the
efficiency of water diffusion by up to 25%. This determines the prospects of controlling the air flow velocity during
drying to increase energy efficiency and reduce drying time. At the same time, direct measurement of the air velocity
inside the dehydrator is usually difficult. For this reason, the proposed method for estimating the amount of air flow based
on energy characteristics seems to be practically promising. The margin of error can be estimated at no more than 10%.

Separately, we should mention work [30]. It is an experimental study of the drying process of apple slices, where two
directions of air movement are considered: above the grate with samples and through the grate with samples. At the same
time, it has been experimentally shown that when air moves through the grate at a lower speed than when moving over the
grate (1.7 m/s versus 3.5 m/s), the drying time in the first case is 15% less than in the second. However, in this case, due to
the design of the installation, the air passed through the dehydrated product once. The internal air circulation described and
identified in our work should significantly improve the situation and increase the energy efficiency of drying.
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Analyzing the heat loss in the drying chamber through the walls, and determining the value of the heat loss coefficient
as a function of the temperature difference, make it possible to optimize drying modes in terms of energy efficiency, since
it reflects “non-industrial” heat losses depending on the design and thermal insulation of the drying chamber. In our
opinion, insufficient attention is paid to this heat flow in the works devoted to the energy optimization of the convective
drying process [30, 31]. Although this dependence can serve as an optimization parameter when selecting drying modes.

It is necessary to point out certain limitations of the developed model. The model is based on the assumption of
concentrated parameters and does not take into account the spatial heterogeneity of the temperature field inside the
chamber. This simplification is justified for small-sized dehydrators with intensive air circulation. However, for large
industrial installations, it may be required to switch to models with distributed parameters. In addition, the model has
been identified for the product-free dehydrator operation mode. In the presence of a dewatered material, the thermal
balance of the system will change due to energy consumption for moisture evaporation and modification of the nature of
air flow.

The practical value of the results obtained is due to the possibility of using the identified model to optimize the drying
modes of various products. Knowing the exact values of the air flow and circulation coefficient allows you to calculate
the intensity of mass transfer, which is crucial for predicting the kinetics of drying. The model of heat transfer through
walls makes it possible to evaluate the energy efficiency of the process and identify ways to increase it. It is noteworthy
that when operating at the maximum temperature, heat loss through the enclosing structures accounts for about 24% of
the heater power, which indicates the expediency of improving thermal insulation.

The prospects for further research are related to the expansion of the model by including mass transfer processes
during the dehydration of specific types of food raw materials. The identified parameters of the dehydrator will serve as
the basis for constructing a comprehensive drying model that includes equations of moisture balance, evaporation kinetics,
and diffusion.

Conclusion

In the course of research on the development of a small convective dehydrator with a microcontroller control system,
as well as the construction and identification of its mathematical model, the following significant scientific and practical
results were obtained:

— a mathematical model of a small convective dehydrator has been developed and identified. The model is developed
in the ODE formalism. Data has been obtained that the model is adequate in the range of drying temperatures from 50
to 70°C with an error of less than 0.5°C, in the range from 35 to 50°C — with an error of about 1°C;

—a model estimate of the air flow coming out of the drying chamber has been obtained. The volume flow was 3.1 I/s. It is
shown that it is possible to model the value of the air outlet flow under conditions where its direct measurement is difficult;

—a model estimate of the air circulation coefficient inside the dehydrator chamber has been obtained. For the
experimental conditions, it was 10.2 times. Varying this value by controlling the amount of the output stream provides a
potential opportunity to optimize the drying process;

— an estimate of the amount of heat loss through the walls of the dehydrator chamber was obtained as a linear function
of the air temperature difference inside and outside the dehydrator. This value makes it possible to evaluate the
effectiveness of the thermal insulation of the dehydrator chamber. The assessment is applicable when the temperature
difference inside and outside the dehydrator is above 15°C.

The studies performed and the results obtained will make it possible to effectively use the described small convective
dehydrator as an experimental installation for studying convective drying processes. In addition, the obtained
mathematical model of thermal and air mass transfer processes can serve as a basis for constructing models of the kinetics
of drying products by supplementing the equations of evaporation and moisture mass transfer.
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