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Development of Properties Control Methods for Magnetorheological  

Medium to Regulate the Stiffness of Exoskeleton Variable-Length Link 
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1
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1
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1
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1 National Research University “MPEI”, Smolensk Branch, 1, Energeticheskii proezd, Smolensk, Russian Federation 
2 Belarusian State University, 4, Nezavisimosti Avenue, Minsk, Republic of Belarus 

 alex-blinov67@yandex.ru  

Abstract  

Introduction. The article investigated one of the problems of creating exoskeletons — controlling the properties of 

magnetic rheological fluid in links of variable length with adjustable stiffness. Based on the research of domestic and 

foreign authors, the development and urgency of the topic was evaluated. The disadvantage of known exoskeleton 

models has been specified, i.e., the use of absolutely solid links, whose dynamics does not convey the dynamics of the 

human musculoskeletal system. The scientific research aimed at the formation of a new direction in the development of 

exoskeletons that accurately simulate the biomechanics of movements. 

Materials and Methods. Different states of structures of variable-length links with a magnetorheological fluid were 

studied. It has been noted that the links work on the principle of magnetic shock absorbers and consist of a piston rod, 

electromagnetic coils, and a housing filled with magnetorheological fluid. The ordering effect of an external magnetic 

field on the particles of a magnetorheological fluid was visualized and mathematically presented. The significance of 

such factors as time, charge density, magnetic field strength, as well as vectors of electric and magnetic induction, 

electric intensity and electric current density for this system was shown. The input parameter affecting the behavior of 

the magnetorheological fluid was determined. This was the magnetic field intensity. It was shown that the viscosity of 

the liquid varied depending on the shape of the magnetic particles (oblong or oblate ellipsoid). 

Results. The dependences that were fundamental for solving the task were investigated and visualized. The magnetic 

field strength and the angle between the vector directed along a straight line connecting the centers of two micron 

particles, and the vector of the external magnetic field strength were taken as the basic parameters. It was shown how 

the magnetic moment, voltage and its antisymmetric part depended on them. It was established that to control the 

properties of a magnetorheological fluid, it was required to change: 

– the external magnetic field intensity; 

– the angle between the external magnetic field intensity and the orientation vector between the dipoles. 

Two values of force were compared: one – for a given link design, and the other — fixed when walking in the lower leg 

of a person. The consistency of these indicators was established. 

Discussion and Conclusion. The scientific research results allowed us to present: 

– a method for controlling the properties of a magnetorheological fluid by an external magnetic field; 

– a variable-length link model with adjustable stiffness. 
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The results obtained can be used in modeling multilink structures to create comfortable exoskeletons that interact 

synchronously with the human musculoskeletal system as a single human-machine system. The development is 

applicable to solving significant social and economic problems. 

Keywords: exoskeleton, magnetorheological fluid, variable-length link, adjustable stiffness, magnetic induction, 

magnetic field strength, magnetorheological fluid intensity, magnetic moment. 
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Link. Advanced Engineering Research, 2022, vol. 22, no. 4, pp. 296–305. https://doi.org/10.23947/2687-1653-2022-22-

4-296-305 

Introduction. Previously performed modeling allowed us to identify changes in the lengths of the links of the 

human musculoskeletal system, their sizes, movement speeds, as well as to determine the forces in the kinematic 

chain [1]. This made it possible to formulate requirements for the properties and modes of functioning of the 

exoskeleton link that repeats the basic biomechanical properties of the corresponding user link. The study aims at 

developing a model of a variable-length link with adjustable stiffness to create comfortable exoskeletons of a new 

generation that adequately reproduce the actions of the human musculoskeletal system. Exoskeletons are used in 

medical and rehabilitation centers to verticalize the position of the patient's body, in cosmonautics when creating 

spacesuits and rehabilitation suits. 

Magnetic fields acting on a magnetorheological medium can be used to control models of links with adjustable 

stiffness. Exoskeletons with adjustable stiffness of variable length links will provide stable, safe, comfortable human 

locomotion. The implementation of drives for controlled configuration changes in such models is of practical value, 

which determines the urgency of the study. 

From 2010 to 2020, the number of publications with the keyword “exoskeleton” in the database “Russian Science 

Citation Index” increased ten times (there were less than 50 and became more than 500). Since 2015, the number of 

patents for exoskeletons and their components has been growing, specialized software is being registered more often. 

Currently, there is no data on the links of variable-length exoskeletons with adjustable stiffness. Solutions with soft 

electric pumps and a pneumatic ring generator are mentioned, but they do not use magnetorheological fluids
1
. There is a 

description of an actuator with a magnetorheological fluid, whose viscosity changes under the influence of a magnetic 

field [2–4]
2
. It is proposed to use magnetorheological materials to create exoskeleton drives

3
. In [4–6], the use of 

magnetorheological fluid in the creation of an exoskeleton knee joint drive was studied. The torque in this joint has a 

damping effect when walking [7]. Magnetorheological drives were considered in [8–9]. An exoskeleton, whose links 

can be adjusted in length and stiffness, has not yet been developed. 

Materials and Methods. It is assumed that the exoskeleton link will work on the principle of magnetic shock 

absorbers [10]. The link consists of a rod with piston АЕ, housing СВ, filled with a magnetorheological fluid, and 

electromagnetic coils (Fig. 1).  

                                                 
1 Soft Robots Were Equipped with Electrophoretic Logic Circuits. planet-today.ru. URL: https://planet-today.ru/novosti/nauka/item/110728-
myagkikh-robotov-osnastili-elektroflyuidnymi-logicheskimi-skhemami (accessed: 10.09.2022). 
2 Psomopoulou E, et al. A Simple Controller for a Variable Stiffness Joint with Uncertain Dynamics and Prescribed Performance Guarantees. Proc. 

IEEE/RSJ International Conference on Intelligent Robots and Systems. 2012. Р. 5071–5076. 10.1109/IROS.2012.6385859 
3 Jinzhou Chen, Wei-Hsin Liao. Design and Control of a Magnetorheological Actuator for Leg Exoskeleton. In: Proc. IEEE International Conference 

on Robotics and Biomimetics (ROBIO). 2007. P. 1388–1393. 10.1109/ROBIO.2007.4522367  

https://rscf.ru/project/22-21-00491/
https://doi.org/10.23947/2687-1653-2022-22-4-296-305
https://doi.org/10.23947/2687-1653-2022-22-4-296-305
https://planet-today.ru/novosti/nauka/item/110728-myagkikh-robotov-osnastili-elektroflyuidnymi-logicheskimi-skhemami
https://planet-today.ru/novosti/nauka/item/110728-myagkikh-robotov-osnastili-elektroflyuidnymi-logicheskimi-skhemami
https://doi.org/10.1109/IROS.2012.6385859
https://doi.org/10.1109/ROBIO.2007.4522367
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       а)                 b) 

Fig. 1. Construction of a variable-length link with a magnetorheological fluid:  

a — link in a compressed state in the phase of support on it; b — link in a stretched state in the transfer phase (the authors' figure) 

 

At points A and D, there are hinges that provide connection and relative rotation of the links in the exoskeleton. The 

magnetic field is created by an electromagnetic coil and acts on the magnetorheological fluid inside the link. The 

magnetic particles of the liquid are ordered under the electromagnetic-field effect, and the rheological properties 

change. 

The properties of the magnetorheological fluid are due to polarization; therefore, magnetic particles line up along 

the lines of force (Fig. 2). 

 
                  а)           b) 

Fig. 2. Magnetorheological fluid particles in the cylindrical part of the link: 

 a — magnetic particles are randomly arranged without the application of an external magnetic field; b — aligned chains of oriented 

magnetic particles along the lines of force under the action of an external magnetic field (the authors' figure) 

Under the influence of an external electromagnetic field, polarization and magnetization occur in a 

magnetorheological fluid. For such fluid, Maxwell's equations have the form: 

 

𝑟𝑜𝑡�⃗� =
∂�⃗� 

𝜕𝑡
, 𝑑𝑖𝑣�⃗� = 0, 

𝑟𝑜𝑡�⃗⃗� = 𝑗 +
𝜕𝐷

𝜕𝑡
, 𝑑𝑖𝑣�⃗⃗� = ρ𝑒 . 

(1) 
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Here, �⃗⃗�  — electric induction vector; �⃗�  — magnetic induction vector; t — time; �⃗�  — electric intensity vector;  

�⃗⃗�  — magnetic field strength; ρ𝑒 — charge density; 𝑗  — electric current density vector. 

The electric current density vector is related to the electric field strength: 

𝑗 = γ × �⃗� , (2) 

where γ — specific conductivity of the substance. 

A magnetic particle in a magnetorheological fluid is a dipole, i.e., a system of two opposite charges equal in 

modulus ,Q  located at distance l  from each other. The moment of a pair of forces acting from the side of the field on 

an elementary dipole is equal to 

�⃗⃗� 𝑑 = 𝑑 × �⃗⃗� , (3) 

where 𝑑  — elementary dipole moment. 

𝑑 = |𝑄|𝑙 , (4) 

where 𝑙  — dipole arm — vector drawn along the axis of the dipole from a negative charge to a positive one and equal to 

the distance between the charges 𝑙.  

Magnetic induction vector �⃗�  is related to magnetization vector �⃗⃗� , which characterizes, from a macroscopic point of 

view, the ordered distribution in the body of magnetic dipoles:   

�⃗� = μ0(�⃗⃗� + �⃗⃗� ).  (5) 

At low values of magnetization, it is directly proportional to the magnetic field strength: 

�⃗⃗� = χ�⃗⃗� . (6) 

After the transformations: 

�⃗� = μμ0�⃗⃗� , (7) 

where χ = μ − 1 — magnetic susceptibility of matter; μ0 = 1.26 ∙ 10−6𝐻/𝑚 [11] — absolute magnetic permeability in 

vacuum; μ — relative magnetic permeability.  

In [11–13], for the magnetic susceptibility of matter χ, the results of experimental studies of a kerosene-based 

magnetorheological fluid with different concentrations of magnetite particles in the range χ ∈ [1.04; 9.20] at a relative 

concentration φ ∈ [0.211; 1] are given.  

Thus, the input parameter that determines the behavior of a magnetorheological fluid is the magnetic field strengt �⃗⃗� , 

which is generated by a coil wound on a variable-length link element. The field strength is a piecewise given step 

function. Magnetorheological fluids are magnetized in relatively small magnetic fields 𝐻 ∈ [100; 100,000] 𝐴/𝑚.  

Let the magnetorheological fluid under the movement of the rod inside the link body (Fig. 2) realize a simple shear 

flow with velocity gradient γ̇, and the intensity of the external magnetic field H  be directed at an angle  to the 

gradient of the flow velocity. Suppose that magnetic particles have the shape of ellipsoids with the ratio of two semi-

axes  
𝑎

𝑏
= 2 and 𝑏 = 𝑐.  

The intensity of the magnetorheological fluid can be estimated based on the results obtained in works [12–14]: 

σ = σ𝑠 + σ𝑎 , 

σ𝑎 =
φ𝐿Г𝑚

2𝑛𝑐ν𝐿

, 

σ𝑠 = 𝑛𝑓γ̇ {1 + φ𝐿 + [α𝑛 +
1

2
(ζ𝑛 + β𝑛λ𝑛) + 

+
1

2
β𝑛 cos(2θ𝑛) + (χ𝑛 − 2β𝑛λ𝑛)𝑠𝑖𝑛

2(θ𝑛)cos
2(θ𝑛)]}.  

(8) 
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Here, σ𝑠 — symmetric stress component; σ𝑎 — antisymmetric stress component; φ𝐿 — volume fraction of micron 

particles equal to φ𝐿 = 0.0127; n — number of particles in the chain; 𝑛𝑐 — maximum number of particles in the chain; 

α𝑛, …, λ𝑛 — kinetic coefficients given in works [12, 13]; Г𝑚 — magnetic moment tending to build a chain of particles 

along the field; ν𝐿— volume of a micron particle; γ̇ — shear rate; 𝑛𝑓 — viscosity of magnetorheological fluid;  

θ — angle between the vector directed along a straight line connecting the centers of two micron particles and the 

vector of the external magnetic field strength.  

As can be seen from formula (6), the stress tensor of a magnetorheological fluid in a magnetic field is asymmetric. 

The symmetrical part of the stress depends on the viscosity of the magnetorheological fluid. The direction and 

magnitude of the applied external magnetic field affect significantly the viscosity of the magnetorheological fluid. The 

viscosity coefficient may be less or greater than the initial value, depending on the direction of the applied field and the 

shape of the particles. This coefficient in the magnetic field varies for two reasons. The first reason is related to the 

retardation of particle rotation in the field, which causes an increase in the coefficient value. The second reason is the 

orienting influence of an external magnetic field on suspended particles. Depending on the direction of the field, the 

viscosity coefficient may decrease or increase. As an example, consider an external magnetic field that is applied along 

the direction of fluid flow. If its magnetic particles have the shape of oblong ellipsoids, then the viscosity decreases. If 

these are oblate ellipsoids, the viscosity increases. 

Magnetic moment Г𝑚, which tends to build a chain of particles along the field, is calculated by the formula [12, 13]:   

Г𝑚 = 2,25μ0𝐻
2ν𝐿(𝑛 − 1)(χ𝑓 + 1) sin θ cos θ.  (9) 

Here, ν𝐿 — micron particle volume; ν𝐿 = π𝑑𝐿
3/6; 𝑑𝐿 — micron particle diameter; 𝑑𝐿 = 1 ∙ 10−6 m; θ — angle 

between the vector connecting the centers of two micron particles and the vector of the external magnetic field; χ𝑓 — 

magnetic susceptibility of the carrier ferrofluid (assume that it is constant and always equal to the initial value χ𝑓 = 3.05). 

Research Results. We build a graph of the magnetic moment Г𝑚 from the magnetic field strength 𝐻 and angle θ.  

 

  
 

Fig. 3. Dependence of magnetic moment Г𝑚 on magnetic field strength 𝐻 and angle θ (the authors' figure) 

According to Figure 3, it is possible to judge the behavior of magnetic moment Г𝑚 at different values of the 

magnetic field strength and the angles between the field and the dipoles, to estimate the antisymmetric part of 

voltage σ𝑎. Using formulas (8) and (9), we obtain: 

σ𝑎 =
φ𝐿2,25μ0𝐻

2ν𝐿(𝑛 − 1)(χ𝑓 + 1) sin θ cos θ

2𝑛𝑐

. (10) 
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Taking into account works [12–14], as a result of solving the equation at 𝐻 = 105 A/m, we obtain 𝑛𝑐 ≈ 60. The 

viscosity of the magnetorheological fluid is assumed to be equal to  𝑛𝑓 = 1.36 Pa ∙ s [11].  

The results of calculations of the antisymmetric part of the voltage are graphically presented in Figure 4. 

 

 

 

Fig. 4. Dependence of the antisymmetric part of stress σ𝑎 on magnetic field strength 𝐻 and angle θ (the authors' figure) 

The graph shows that with an increase in the strength of the applied external magnetic field, the strength of the 

magnetorheological fluid monotonically grows taking into account angle θ. Dependence σ𝑎 on angle θ shows that the 

intensity of the magnetorheological fluid reaches: 

– maximum values at angles that are multiples of 
4


; 

– zero values at angles that are multiples of 
2


. 

Consider the symmetric part of stress σ𝑠. In (8), there are kinetic coefficients for it. Let us calculate them using the 

expressions from [12, 13], where they are shown in an analytical form. The number of particles in the chain is assumed 

to be equal to 𝑛 = 30 as the arithmetic mean, based on the estimate of the maximum number of particles. Let us 

determine qualitatively, in the first approximation, shear rate γ̇ between the outer layer of fluid near the wall of the link 

housing and the inner layer near the rod. At that, we will proceed from the requirements for the design of the 

exoskeleton link for the human lower leg model. In this case, we are talking about the maximum value of the rate of 

change in the length of a person's lower leg, with which the exoskeleton link should work synchronously. According 

to [15], the rate of change in the length of the lower leg is equal to 𝑙 ̇ =  0.6 m/s. The distance between the body and the 

rod of the link is assumed to be equal to d = 0.01 m. Then, the shear rate is γ̇ = 60 𝑠−1. This does not contradict the 

results of other authors: γ̇ ∈ [0; 100] 𝑠−1. In the future, such an assessment will require clarification based on 

experiments, since no solutions or experimental results suitable for modeling exoskeletons or anthropomorphic robots 

have been found in the literature.  

The results of calculations of the symmetric part of the stress are presented graphically in Figure 5.  
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Fig. 5. Dependence of the symmetrical part of stress σ𝑠 on angle θ (the authors' figure) 

The intensity of the magnetorheological fluid as the sum of the symmetric and antisymmetric parts is shown in 

Figure 6. Its cross-section at a fixed value of the magnetic field strength is shown in Figure 7. 

 

Fig. 6. Dependence of stress σ on magnetic field strength 𝐻 and angle θ (the authors' figure) 

 

 

Fig 7. Dependence of stress σ on angle θ at fixed magnetic field strength value 𝐻 = 105 A/m (the authors' figure) 

1 2 3 4 5 6

100

150

200

250

300

350

ss
s, Pа 

, Pa 

350 

 

300 

 
250 

 
200 

 
150 

 
100 

   1              2             3             4             5             6 

500 

 
400 

 
300 

 
200 

 
100 

 
0 

 
–100 

1             2             3            4             5            6         , rad 

100,000 

H, А/m 

50,000 

0 

2 

4 

6 

, rad 

, Pа 

100 

200 

, rad 

 



Blinov А. О., et al. Development of Properties Control Methods for Magnetorheological Medium to Regulate the Stiffness of Exoskeleton  

 

 

M
ec

h
an

ic
s 

 

303 

Maximum value σ𝑚𝑎𝑥 = 408.6 Pa is reached at θ = 0.37 rad. Thus, to control the properties of a 

magnetorheological fluid, it is required to change the angle between the intensity of the external magnetic field and the 

orientation vector between the dipoles. It is also necessary to change the intensity of the external magnetic field. 

The inner diameter of the housing in which the rod is located is assumed to be equal to 𝐷 =  0.2 m. As the first 

approximation, assume that the calculated stresses are normal. Now, it is possible to determine the force with which the 

magnetorheological fluid acts in a variable-length link with adjustable stiffness: 

𝐹𝑚𝑟𝑓 = σ𝐴 =
σπ𝐷2

4
. (11) 

Figure 9 shows a graph constructed at a fixed value of the magnetic field strength 𝐻 for two control parameters: 𝐻 

and angle θ (Fig. 8).  

  

Fig. 8. Dependence of force 𝐹𝑚𝑟𝑓 on the magnetic field strength 𝐻 and angle θ (the authors' figure) 

 

 

Fig. 9. Dependence of force 𝐹𝑚𝑟𝑓 on angle θ at fixed value of the magnetic field strength 𝐻 = 105 A/m (the authors' figure) 

Maximum value 𝐹𝑚𝑟𝑓𝑚𝑎𝑥
= 12.8  Н is reached at θ = 0.37 rad. This corresponds to the values at which, according 

to [14], the exoskeleton link functions. To further increase the force from the side of the magnetorheological fluid, it is 

required to increase the intensity of the external magnetic field. 

 

Fmrf, H 

15 

 
10 

 

 
5 

 

 
0 

 

 
–5 

1             2             3             4            5              6          , rad 

H, А/m 

100,000 

50,000 

 

, rad 

2 

4 

6 

Fmrf, H 

5 

10 

0 



Advanced Engineering Research 2022. V. 22, no. 4. P. 296−305. ISSN 2687−1653  

 

 

  
h
tt

p
:/

/v
es

tn
ik

-d
o
n
st

u
.r

u
 

304 

Thus, in order for the particles to orient themselves along the field lines in the required way, you need to apply a 

magnetic field of the appropriate intensity and orientation. 

Discussion and Conclusions. The research work results allow us to propose a method of controlling the effect of an 

external magnetic field on the properties of a magnetorheological fluid. For the first time, a model of a variable-length 

exoskeleton link with adjustable stiffness, which functions due to a magnetorheological medium, is proposed. The 

concept can be used to create: 

 – comfortable exoskeletons with links of variable length, hinges and connections; 

– spacesuits and similar special equipment; 

– transport systems in the form of anthropomorphic robots that provide convenient movement in rough terrain. 

A widespread use of anthropomorphic robotic systems of a new generation (mechatronic modules synchronized with 

the movements of the human musculoskeletal system) will solve important social and economic problems:  

– improve the quality of life of people with motor disabilities; 

– contribute to the development of high technologies in various branches of the domestic industry. 
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Abstract  

Introduction. The given model does not allow obtaining data on the distribution of the stress tensor components in the 

zone of intersection of the floor and the column. Therefore, the problem of improving the strength calculation technique 

at the joints of floors and columns is urgent. This study aims at developing the concept of fragmentation of the frame to 

assess the load-bearing capacity of the floors. As a rule, a frame-rod design scheme is used under the finite element 

modeling of high-rise buildings made of monolithic reinforced concrete. Numerical experiments using volume-rod and 

volume-plate models of a repeating structural fragment were performed on a test example of a six-span three-storey 

monolithic reinforced concrete frame. Practical recommendations have been developed for the refined strength calcula-

tion of the floors of monolithic reinforced concrete frames of multistorey buildings. 

Materials and Methods. Computational experiments were performed using the ANSYS Mechanical software package, 

in which the finite element method was implemented in the form of a displacement method. A plate-rod ensemble of 

finite elements was used to simulate the stress-strain state of a monolithic reinforced concrete frame. The refined calcu-

lation of the coupling zone of the floor slab and column under static loading was performed using solid, beam, truss and 

plate elements.  

Results. An engineering technique has been developed for numerical analysis of the stress-strain state of the coupling of 

the floor and the column of the reinforced concrete monolithic frame under static loading. The most accurate result was 

provided by a finite element model constructed using beam finite elements as reinforcing rods. 

Discussion and Conclusions. The developed technique of numerical modeling of the coupling of the floor and the col-

umn made it possible to estimate the real strength margin of this node, taking into account the real geometry of reinforc-

ing grids, as well as to clarify the bearing capacity of a monolithic reinforced concrete frame under various loading sce-

narios. 

Keywords: finite element method; solid, beam, truss, plate finite elements; girderless floor with a capless joint; model 

of coupling of a floor slab and a column; models of discrete floor reinforcement. 
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Introduction. Currently, the design of high-rise buildings made of monolithic reinforced concrete is based on a 

frame-link structural scheme, which, to a certain extent, enables to provide the “survivability” of the building in case of 

progressive (avalanche-like) destruction [1, 2]. Note that in the domestic construction science, the term “progressive 

destruction” is understood as the process of collapse of support structures on several floors of the building or on one 

floor with an area of more than 80 m
2
. This phenomenon occurs as a result of the simultaneous destruction, as a rule, of 

one support element, followed by a rapidly increasing destruction of the entire building or part of it according to the 

“domino” scenario. 

The main structural elements of monolithic reinforced concrete frames of multistorey buildings are repeated frag-

ments of columns and girderless floors connected by capless joints [1]. 

Despite many years of experience in designing buildings with braced frames, there are cases of progressive destruc-

tion of these objects in world practice. The reasons for such phenomena are mainly due to errors in the design of the 

interface zone of floors and columns in combination with violation of the established rules of operation of buildings. 

This study aims at developing an engineering technique for strength calculation of the braced frame of a multistorey 

building made of monolithic reinforced concrete, taking into account the volumetric nature of the stress state in the area 

of the floor and column.  

In finite element modeling of bending reinforced concrete structures, an approach is usually used that involves 

the representation of concrete by two-dimensional or three-dimensional finite elements (FE), whose construction is 

based on the principles of elasticity theory. Reinforcing rods, as a rule, are modeled by beam or truss rods of the appro-

priate dimension. According to the method of ensembling solid and rod FE, the following schemes of reinforcement 

representation are distinguished [2, 3]: discretely distributed, in which the coordinates of nodes of different types of 

elements coincide (Fig. 1 a); reinforcement using the so-called built-in finite elements (Fig. 1 b). In the latter case, the 

coordinates of the nodes of different-type FE do not coincide, and the procedure of “condensation” of the elements of 

the stiffness matrices of the rod element on adjacent nodes of the solid (basic) element is specified (Fig. 1 c). Note that 

the computational technology of embedded FE is applicable exclusively for solving the problem of generalized plane 

stress state. Moreover, basic FE should be isoparametric and polyquadratic, and the built-in FE should be straight-line 

truss-type (Fig. 1 c). 

а) b) c) 

Fig. 1. Reinforcement modeling schemes: a — discretely distributed; 

 b — with built-in rod elements; c — basic and built-in elements (the authors' figure) 

 In the Russian practice of strength calculation of monolithic buildings and structures made of reinforced concrete, 

customized software complexes LIRA-CAD and SCAD-Office are mainly applied [4, 5]. They use the technology of 

the ensembling of plate and beam FE for the construction of braced frames. At that, the so-called rigid inserts are auto-

matically introduced in the areas of the interface of floors and columns. They are star-shaped spaced beam elements 

with artificially high bending stiffness (Fig. 2). The geometry of the rigid insert corresponds to the transverse dimen-

sions of the column section. This approach makes it possible to give a more physical character to the distribution of 

bending moments in the floor FE.  
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 а)                                                              b) 

Fig. 2. Modeling of the floor and column interface zone: 

a — interface zone; b — design scheme of the interface zone with a rigid insert (the authors' figure) 

An alternative to rigid inserts with beam FE with excessive rigidity is the procedure of co-opting (binding) the de-

grees of freedom of the nodes of plate elements adjacent to the node of the rod element, with the corresponding nodal 

displacements and rotation angles of the FE rod elements. Naturally, with this approach, it is required to provide for the 

thickening of the grid to the dimensions of the cross sections of the columns at the junctions of the plate and rod FE. 

Note that the considered approach can also be programmatically automated. 

Materials and Methods. At present, developers of finite element software complexes, when constructing stiffness 

matrices of plate and shell finite elements, widely use the MITC (Mixed Interpolation of Tensorial Components) algo-

rithm, based on the procedure of independent (separate) approximation of bending and shear deformations. This proce-

dure aims at eliminating the effect of  “jamming” or false shift. 

To model the columns of monolithic reinforced concrete frames, rectilinear two-node beam FE with six nodal dofs 

are used, which include three displacements in the direction of local axes and corresponding angular displacements.  

The ANSYS Mechanical software package provides a four-node plate FE, SHELL63, and a two-node beam FE, 

BEAM188
1
, for calculating spatial braced frames. The analysis of the three-dimensional stress-strain state of reinforced 

concrete structures was performed using a special eight-node element SOLD65.  

Research Results. Let us calculate the stress-strain state of a monolithic three-storey reinforced concrete frame with 

a column pitch of 5×7 m. Floor height — 4.7 m; column cross-section size — 0.4×0.4 m; floor thickness — 0.2 m. 

Elasticity modulus, Poisson's ratio, specific gravity of floor materials — Е = 2.7×10
4
 MPa; 𝑣 = 0.2; γ = 2,440 kg∕m

 3
; 

columns — Е = 3×10
 4
 MPa; 𝑣 = 0.2; γ = 2,500 kg∕m

 3
. The calculated values of concrete resistance to axial compres-

sion and stretching are: bR  25.5 MPa, btR  2.37 MPa, respectively.

We assume that constant evenly distributed load q = 2 kPa acts on all the floors of the frame. Calculations are car-

ried out taking into account the own weight of the frame. We believe that the bases of the columns of the first floor of 

the frame are rigidly fixed.  

At the first stage of the calculation of the floor and the frame columns, we model, respectively, plate SHELL63 and 

beam BEAM188 FE. 

Table 1 shows the results of comparative calculations of the ceiling of the first floor of the frame. Calculations were 

carried out with a grid step on the floors of 0.2 m and 0.5 m. The columns were divided into 6 FE in both cases. In Ta-

ble 1 and further, the following is indicated: zu  — maximum deflection; М𝑥, М𝑦 — bending moments relative to glob-

al axes. The third row of Table 1 shows the calculation data of the frame with rigid inserts (grid pitch 0.2 m). Rigid in-

serts with side dimensions of 0.4×0.4 m were modeled by SHELL63 plate FE with elasticity modulus 10
3
∙Е.   

Note that values М𝑥 𝑚𝑎𝑥, М𝑦 𝑚𝑎𝑥 , given in Table 1, refer to small local zones of coupling of columns and floors.

Values М𝑥 𝑚𝑖𝑛 and М𝑦 𝑚𝑖𝑛 are distributed along the perimeter of the frame between the rows of edge columns.

1 Basov KA. ANSYS: spravochnik pol'zovatelya. Moscow: DMK Press; 2005. 640 p. (In Russ.) 

Балочные КЭ
Пластинчатые КЭ

балочные КЭ
с модулем упругости

10
3.Е

Beam FE

Plate FE 

Beam FE with modulus 

of elasticity 103∙Е 
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A similar calculation of the frame was performed using LIRA-CAD software package. The value of the maximum 

deflection on the ground floor under similar loading and mechanical constants of the material, obtained using the LIRA-

CAD software package, was 
zu = –3.06 mm, which is comparable to the calculation in ANSYS 

zu = –3.49 mm with a 

grid step on the floors of 0.2
*
 (Table 1). When calculating using LIRA-CAD complex, at the step of constructing an 

“analytical model” at the points of intersection of columns and floors, “punching contours” were included, affecting 

indirectly the bending stiffness of the floors in the direction of its increase. 

Table 1 

Values of extreme bending moments in the interface zone of the first floor 

ceiling and column when using SHELL63 

Grid pitch, 

m 

Number 

of unknowns zu , m XM , kN∙m YM , kN∙m 

min max min max 

0.5 103,032 –0.004908 –13.1 37.2 –20.6 45.3 

0.2 583,200 –0.005409 –15.2 70.2 –22.5 99.7 

 0.2
* 

583,200 –0.003492 –10.8 106 –17.5 106 

Table 2 shows values of the extreme bending moments for the ceiling of the first floor, obtained using ANSYS (grid 

pitch 0.2
*
 m) and LIRA-CAD (grid pitch 0.395 m). It should be noted that in LIRA-CAD complex, a scale of linear 

bending moments has been introduced to quantify values М𝑥 and М𝑦, i.e., the resulting moments are reduced to a strip

of plate with a width of 1 m.  

Table 2 

Comparison of extreme values of bending moments in the interface zone  

of the first-floor ceiling and column, calculated using ANSYS and LIRA-CAD 

Software 

package 

М𝑥, kN∙m М𝑦, kN∙m

min max min max 

ANSYS –10.8 106 –17.5 106 

LIRA-CAD –31.5 8.37 –42.2 12.9 

From the data in Table 2, it can be seen that the extreme moments of the same name obtained using ANSYS and 

LIRA-CAD differ significantly in magnitude. This circumstance is explained by the presence of local zones of concen-

tration of internal forces at the interface points of plate and rod FE in the investigated finite element model. Moreover, 

the accepted dimensions of the plate FE in both complexes do not allow us to accurately simulate the gradients of 

changes in bending moments in the specified concentration zones. 

Analyzing the results of the calculation of the frame according to the plate-rod scheme, we come to the conclusion 

that this model does not enable to study a detailed picture of the stressed state of the structure. In particular, it is not 

possible to analyze the zones of tensile normal stresses 𝜎𝑥, 𝜎𝑦 𝜎𝑧, that occur at the junctions of columns and floors. In

this regard, the task of constructing a computational model of a repeating fragment of the frame is urgent. That allows 

performing a numerical study of the volumetric stress-strain state, including reinforcement. Figure 3 shows the floor 

framing plan with selected repeating fragments a, b, c. The area of the repeating fragment а is the object of further 

study. 
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Fig. 3. Repeating fragments a, b, c of floor framing (the authors' figure) 

To simulate the volumetric stress-strain state of a repeating fragment, we used an eight-node SOLID185 type FE 

with three degrees of freedom in the node.  

Figure 4 shows the design scheme of the repeating fragment а of the frame under consideration. The above calcula-

tion scheme refers to the first floor of the frame. Here, the concentrated force Р =72.6 kN was taken from the diagram 

of longitudinal forces obtained using a plate-rod model of the frame. In this case, the concentrated force Р was convert-

ed to a statically equivalent pressure кq = 453.5 kPa, acting on a site of 0.2×0.2 m (1∕4 part of the column section). Stat-

ic boundary conditions Xu , Yu , Zu  were imposed on the FE nodes with regard to the cyclic symmetry of the pattern of 

floor deformation. The corresponding finite element model of the fragment, built on the basis of SOLID185 solid FE, is 

shown in Figure 5. In this case, the grid step of the solid FE was assumed to be 0.1 m. We applied pressure on the floor 

fragment and 1/4 of the column using SURF154
2
. 

The comparison results of the stiffness properties of the plate-rod and solid finite element models of the frame frag-

ment under consideration in the form of displacement distribution patterns Zu are shown in Figure 6. The distribution

patterns Zu in Figure 6 b and Figure 6 c correspond to the calculations of the fragment with and without taking into

account force Р. As can be seen from the presented results, the calculation without taking into account force Р (Fig. 6 c) 

gives the displacement values closest to the data of the plate-rod model. Further numerical experiments will be carried 

out taking into account the loading of the fragment column by pressure кq .    

Fig. 4. Fragment calculation scheme (the authors' figure) Fig. 5. Finite element fragment model (the authors' figure) 

2 Basov KA. ANSYS: spravochnik pol'zovatelya. Moscow: DMK Press; 2005. 640 p. (In Russ.) 
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а) b) c) 

Fig. 6. Calculation results of displacement Zu for two models:a — plate-rod model;

b — solid model taking into account force Р; c — solid model without taking into account force Р (the authors' figure) 

Let us study the effect of reinforcement on the stress-strain state of the frame fragment under consideration. We as-

sume that the floor is girderless and capless. Let us consider three schemes for modeling the reinforcement of the part of 

the floor belonging to the fragment: 1 — discrete reinforcement using rod FE (BEAM188); 2 — discrete reinforcement 

using truss FE (LINK180); 3 — distributed reinforcement using plate FE (SHELL63). It should be noted that rein-

forcement modeling by means of truss FE is also suitable for calculating prestressed reinforced concrete struc-

tures
3
 [1, 6, 7]. 

The structural elements of the discrete reinforcement of the frame fragment are shown in Figure 7. The material of 

the reinforcing rods is steel (Е = 2×10
 5
 MPa; 𝑣 = 0.28; γ = 7,800 kg∕m

 3
).  

Reinforcing grids are made of rods of the following diameter: background reinforcement (along the entire floor 

plane) — 10 mm; reinforcement of girders — 12 mm; reinforcement of the column cap — 16 mm. The diameters of the 

rods for transverse reinforcement of girders and column caps have values similar to the above. The reinforcing rods of 

the column with a diameter of 12 mm are located at the corners of the section.   

а) b) c) 

Fig. 7. Structural elements of discrete reinforcement: 

a — background upper/lower reinforcement; b — girder reinforcement; 

 c — column cap reinforcement (the authors' figure) 

The assigned values of the diameters of the reinforcing rods were taken on the basis of the prototype [8–10]. To 

model the reinforcement, we used either beam or truss FE.   

An alternative to the discrete reinforcement model is an approach based on the principle of “smearing”, the so-called 

distributed reinforcement model. In general, the principle of “smearing” is the introduction of the reduced modulus of 

elasticity, which is a function of the elastic moduli of the components of an inhomogeneous material and their volume 

concentrations. However, the calculation practice [1] has shown that for reinforced concrete structures working on 

bending, the introduction of specific reinforcing layers equivalent to the volume occupied by reinforcing rods gives 

more realistic results. The geometry of such layers mimics the geometry of reinforcing steel grids. For the frame frag-

ment under consideration, Figure 8 shows equivalent reinforcing layers modeled by SHELL63-type plate FE. 

3 CS 52-101-2003. Concrete and Reinforced Concrete Structures without Prestressing. Moscow, 2004. 
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а) b) c) 

Fig. 8. Equivalent reinforcing layers: a — layer for background reinforcement (upper/lower); b — girder reinforcement layers; 

c — column cap reinforcement layers (the authors' figure) 

Based on the condition of equality of the volumes of reinforcing elements and the coincidence of the geometry of 

the reinforcement zones, we obtain the following thicknesses for the equivalent reinforcing layers: a layer of back-

ground reinforcement — 1.6 mm; layers of girder reinforcement — 1.1 mm, 0.74 mm, 1.2 mm, 0.78 mm; layers of col-

umn cap reinforcement — 5 mm, 2.7 mm. 

During the computational experiment, the dependence of deflection zu at point k and maximum tensile stresses

x max

 , y max

 , z max

  on the adopted reinforcement scheme of the fragment under study was investigated (Fig. 4). 

Table 3 shows the calculation results. 

Table 3 

Values of deflections and stresses in various methods of reinforcement modeling 

Reinforcement modeling zu at point k, mm x max

 , MPa y max

 , MPa z max

 , MPa 

Nonreinforced –3.32 3.26 4.40 1.44 

BEAM188 –2.81 2.77 3.76 1.08 

LINK180 –2.92 2.75 3.74 1.06 

SHELL63 –2.06 1.19 1.74 0.513 

The analysis of the results has shown that the use of plate FE causes a significant underestimation of the maximum 

tensile stresses. The data obtained using beam and truss FE are practically the same, which is explained by the low 

bending stiffness of the reinforcing rods.  

It is important to emphasize that for the considered loading option, when using rod FE (BEAM188 and LINK180), 

in the column – floor interface zone, the strength condition for stresses x max

  and y max

  is not fulfilled. 

Figure 9 shows a visualization of the cracking process in the floor slab obtained through modeling concrete with 

SOLIDS65 solid eight-node FE. It should be noted that only microcracks appear in the floor, whose boundary is in good 

agreement with the shear stress field xy in the floor plane (Fig. 10).

 а)  b)  c) 

Fig. 9. Visualization of cracking process in the floor slab: 

a — general view of the fragment; b — view of the crack formation zone from above; 

c — view of the crack formation zone from below (the authors' figure) 
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2 

 а)  b)  c) 

Fig. 10. Stress distribution pattern in the floor: 

a — view of the fragment from above; b — view of the fragment from below; c — stress scale (the authors' figure) 

To simulate the physical nonlinearity of concrete, the Willam-Warnke model [11] was used with the following pa-

rameters: the coefficient of shear force transmission at an open crack — 0.3; the coefficient of shear force transmission 

at a closed crack — 0.7; the tensile crack reduction factor — 0.6.  

Discussion and Conclusions 

1. Based on the performed linear-elastic calculation of a monolithic frame made of reinforced concrete, it has been

validated that the plate-rod model widely used in design practice does not allow quantifying the values of tensile normal 

stresses in the areas of conjugation of floor slabs and columns in the areas of interface of floor slabs and columns.  

2. A technique has been developed for numerical modeling of the volumetric stress-strain state at the interface zone

of floor and column of a monolithic reinforced concrete frame, which provides estimating the actual margin of safety of 

this node, as well as to specify the bearing capacity of the corresponding building or structure under various loading 

scenarios.  
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Analytical Estimation of the Natural Oscillation Frequency of a Planar Lattice

Mikhail N. Kirsanov

National Research University (MPEI), 14, Krasnokazarmennaya St., Moscow, Russian Federation 

Abstract 

Introduction. A new scheme of a flat statically determinate regular lattice is proposed. The lattice rods are hinged. The 

study aims at deriving a formula for the dependence on the number of panels of the first natural oscillation frequency of 

nodes endowed with masses, each of which has two degrees of freedom in the lattice plane. The rigidity of all rods is 

assumed to be the same, the supports (movable and fixed hinges) — nondeformable. Another objective of the study is to 

find the dependence of the stresses in the most compressed and stretched rods on the number of panels in an analytical 

form. 

Materials and Methods. The approximate Dunkerley’s method was used to determine the lower bound for the lattice 

natural frequency. The lattice rigidity was found in analytical form according to Maxwell-Mohr formula. The rod 

stresses and the reactions of the supports were determined from the equilibrium equations compiled for all lattice nodes. 

Generalization of the result to an arbitrary number of panels was performed by induction using Maple symbolic math 

operators for analytical solutions to a number of problems for lattices with different number of panels.   

Results. The lower analytical estimate of the first oscillation frequency was in good agreement with the numerical solu-

tion for the minimum frequency of the oscillation spectrum of the structure. Formulas were found for the stresses in 

four most compressed and stretched rods and their linear asymptotics. All required transformations were made in the 

system of Maple symbolic math.  

Discussion and Conclusions. The obtained dependence of the first frequency of lattice oscillations on the number of 

panels, mass and dimensions of the structure has a compact form and can be used as a test problem for numerical solu-

tions and optimization of the structure. 

Keywords: lattice, natural frequency, Dunkerley’s estimate, induction, Maxwell–Mohr formula, Maple, lower frequen-

cy estimate, analytical solution, rod stresses, asymptotics. 
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 Introduction. Lattice structures are widely used in mechanical engineering as load-bearing or enclosing elements. 

The procedure of calculating the natural frequencies of lattice vibrations is traditionally based on numerical evaluations, 

which, as a rule, use the finite element technique with application-specific packages. Analytical methods are used much 

less frequently. The development of mathematical packages of symbolic mathematics (Maple, Wolfram Mathematica, 

Derive, Maxima, etc.) enables to search for such solutions for regular systems in which it is possible to take into ac-

count the order of regularity (the number of periodic structures of the construct, specifically, the number of panels) in 

the solution. The study aims at finding analytical dependence of the lower boundary of the first part of the lattice struc-
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ture on the number of panels. The dependence of the solution on the number of panels expands significantly the scope 

of the formula and makes it possible to optimize the design by any parameter. For the first time, R. Hutchinson and 

N. Fleck were engaged in the problem of the existence and calculation of statically definable regular truss systems [1,

2]. In [3, 4], such constructions were studied in connection with optimization problems. There are also analytical solu-

tions in the form of finite formulas for the programs of regular planar [5–7] and spatial trusses [8]. Reference book [9] 

provides formulas for deflections and displacements of supports for flat trusses and lattices with an arbitrary number of 

panels. In [10–13], lower estimates of the first natural frequency of flat trusses were obtained, found by induction for an 

arbitrary order of a regular structure.    

There is another line of analytical research of structures [14–16]. In these works, the solution is in the Maple system 

in the form of trigonometric series.  

In this paper, the induction method has been used, which consists in generalizing a number of separate calculations 

of lattices with a consistently increasing number of panels for the case of an arbitrary number of panels. All transfor-

mations used Maple symbolic math operators. The object of the study was a new scheme of a regular statically defina-

ble flat lattice of rectangular shape in the form of an asymmetric truss on two supports. The task was to deduce the ana-

lytical dependence of the fundamental vibration frequency of the structure on the number of panels. The derived formu-

la can be used in optimization problems and for estimating numerical solutions of such large-order structures, for which 

numerical calculations may contain errors associated with the round-off accumulation.  

Materials and Methods. There are 5( 1)n  nodes, including three support nodes (one for fixing the left support, 

two — for the right bars modeling a fixed hinge), in a truss with length (2 1)n a  and height 4h . The number of rods, 

including three support rods, is 10 4N n  . The truss is statically definable. When calculating the vibration frequen-

cies of the structure, it is assumed that the mass of the truss is concentrated in the nodes. 

Fig. 1. Lettice diagram, n=4 (the author's figure) 

Fig. 2. Lattice numbering, n=5 (the author's figure) 

The force calculation is performed in the Maple system according to the program [17]. The nodes and rods of the 

truss are numbered (Fig. 2). The origin of coordinates is in the left support. Coordinates are set in cycles.   

The lattice structure is established by the order of connection of the rods in the nodes. To do this, special lists 

α 1 2[ , ]i i    of numbers 1i , 2i  of the rod ends α 1,..,N  are introduced. The rods of the lower outer contour, specifical-
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ly, have the following node numbers at the ends: [ , 1], 1,.., .i i i i n     The numbers of the ends of the other rods of 

the lattice are set in the same way. The system of equilibrium equations of nodes in projections on the coordinate axis is 

compiled in matrix form GS B , S  — vector of all rod stresses, including three reactions of the supports, B  — vector 

of external nodal loads. System matrix G  consists of guiding cosines of stresses. In this case, the same stress is applied 

to different rod ends and are multidirectional: 

,2 ,2

,1 ,1

2 1, , 2 , ,

2 1, , 2 , ,

/ , / ;

/ , / , 1,..., ,

i i

i i

i x i i i y i i

i x i i i y i i

G l l G l l

G l l G l l i N

  

  

   

  

where 
,1 ,2 ,1 ,2, ,,

i i i ix i y il x x l y y        — projections of conditional vectors of rods on the coordinate axis, 

2 2

, ,i x i y il l l   — length of rod i=1,..,N. 

The lattice rod stresses can be obtained from solving a system of equations in symbolic or numerical form. 

Research Results. Consider the stress state of the lattice in the case of loading at all angles by vertical 

stresses P (Fig. 1). Figure 3 shows a distribution pattern in the rods of the structure. The thicknesses of the segments in 

the Figure are conditionally proportional to the modules of the corresponding stresses. Compressed rods are highlighted 

in blue, stretched rods — in red. The stress values are attributed to magnitude P of the load on the node, rounded to two 

significant digits. The most stretched rod was expected to be in the middle of the lower belt, the most compressed 

one — in the lower rod on the right side of the structure.  

Fig. 3. Stress distribution on the lattice rods, 4 , 3 , 5a m h m n   (the author's figure)  

The analytical dependences of the stresses in the most compressed and stretched rods on the number of panels are 

obtained by induction from the generalization of the sequences of individual solutions. Say, for stress 1,nV  in the lower 

rod of the left side of the lattice, the sequence of values for lattices of order n = 1, 2, 3, ... has the form:

1, 2,  12,  28,  54,  84,/nV P      126, 170, 228, 286, 360,...     . The recurrent equation for the common 

term of this sequence is given by operator rgf_findrecur of the Maple system: 

1, 1, 1 1, 2 1, 3 1, 4 1, 52 2 .n n n n n nV V V V V V        

Solving the equation using rsolve operator: 

 2

1, (30 2(7 ( 1) ) ( 1) 1) / (8(2 1))n n

nV P n n n         . 

-3.3 -7.1  On  -8.3 -5.5

4.1 -3.2  1.6 -1.6  0.93 -2.6  2.6 -4.3    -1

-4.1  3.2 -2.4  0.74  0.93 -0.93  1.8 -3.4  4.3 

4.1 -3.2  2.4 -0.74 -0.93  0.93 -1.8  3.4 -4.3

-4.1  3.2 -1.6  1.6  0.93 -0.93  2.6 -2.6  4.3 

 3.3  7.1  Un   8.3  5.5 

-7.1

V2,n

-13

-13



Advanced Engineering Research 2022. V. 22, no. 4. P. 315−322.  ISSN 2687−1653 

  
h
tt

p
:/

/v
es

tn
ik

-d
o
n
st

u
.r

u
 

318 

Other expressions for critical stresses are found in the same way: 

3 2

2

2,

(20 30 5 4(cos sin )(1 2 ) cos(2 )) / (32(2 1) );

;

(5 1) / (2 1),

n

n n

n

O Pa n n n n h

U O

V P n n n

          

 

    

where / 2n   . It is of interest to note that stresses 
1,nV  and 

2,nV do not depend on the size of a and h. 

The analytical form of solutions allows us to find their asymptotics using Maple operator limit: 

1, 2,lim 3 / 8, lim 3 / 8;

lim / lim / / (16 ),

n sum n sum
n n

n n sum
n n

V P V P

O n U n aP h

 

 

   

   

where 5sumP nP — total load on the lattice. For stresses 1,nV and 2,nV  in the rods on the sides of the lattice, the as-

ymptotes are horizontal, for stresses nO  and nU  on the upper and lower belts, they are inclined. 

Natural frequency. Of the entire spectrum of natural vibration frequencies of a structure, the first, lowest frequency 

is the most important for assessing its dynamic behavior. Its value is included in most solutions to the problems of struc-

tural dynamics. This value is required, among other things, to assess the seismic characteristics of the structure. The 

lower bound of the first frequency for regular structures in the form of a dependence on the number of panels can be 

obtained analytically. 

When determining the natural vibration frequencies of the structure, a simplified model of the inertial properties of 

the truss is adopted. It is assumed that the rods of the lattice have no mass, and the entire mass is distributed evenly 

across the nodes. Neglecting the movement of the supports, we get the total number of degrees of freedom equal to 

10K n . Donkerley’s formula [13] for estimating the lower bound of the first frequency has the form: 

2 2

1

ω ω ,
K

D p

p

 



 (1) 

where ωp  — partial frequencies of the structure. Partial frequencies of mass vibrations are determined from the equa-

tion: 

0,p p pmy D y  p=1,...,K.   (3) 

Here, ( )p py y t — coordinate of node p; py — acceleration; pD — rigidity, inverse compliance δ 1/p pD . 

Compliance can be calculated using the Maxwell-Mohr formula: 

 
2

( )

α α

α 1

δ 1/ / ( ),
N

p

p pD S l EF


  (4)

where ( )

α

pS — stress in the rod with number   from the action of the vertical unit force applied to node p, where the 

mass is located. The rigidity rate and partial frequency depend on the place where the mass is located. For harmonic 

vibrations sin(ω φ)p py U t   from (3), ω /p pD m follows. The substitution of this expression in (4) gives a for-

mula for estimating the first frequency only by partial frequencies of mass vibrations: 

2 2

, ,

1 1

ω ω δ ( ).
K K

D p p n v n h

p p

m m 

 

      (5) 

The amounts for vibrations in the vertical ,n v  and horizontal ,n h directions are separately allocated. Successive

calculation of the vibration frequencies of lattices of various orders shows that coefficient ,n v in (5) has the form:
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1,

3 3 3 2

2,

3 3 3 2

3,

3 3 3 2

4,

3 3 3 2

5,

(14 ) / ( );

(44 75 250 ) / (9 );

(24 25 36 ) / ( );

2(154 175 176 ) / (7 );

2(1254 1125 791 ) / (27 ).

v

v

v

v

v

h EF

a c h EFh

a c h EFh

a c h EFh

a c h EFh

 

   

   

   

   

In general, for vertical partial frequencies: 

   3 3 3 2

, 1 2 3 / .n v yC a C c C h EFh    (6) 

For partial frequencies horizontally: 

   3 3 3 2

, 4 5 6 / .n v yC a C c C h EFa    (7) 

Using Maple operator rgf_findrecur, we obtain a homogeneous recurrent equation of the seventh order to determine 

the coefficient for 
3a :  

1, 1, 1 1, 2 1, 3 1, 4 1, 5 1, 6 1, 73 5 3n n n n n n n nC C C C C C C C             .

 The solution to the equation is given by rsolve operator: 

4 3 2

1 ( 2 61 6(3( 1) 10) 9( 1) 9) /18.n nC n n n n          (8) 

Other coefficients are found in the same way: 

2

2

3

25 ( 1) / 6;

(136 2(9( 1) 14) 9( 1) 15) / (6(2 1)).n n

C n n

C n n n

 

       
(9) 

Similarly: 
3 2

4

3 2

5

3 2

6

(164 (36cos(2 ) 142) (24cos(2 ) 24sin 24cos 20)

3cos(2 ) 12sin 12cos 27) / (2 1) /12;

(10 5 15 8) / (2(2 1));

(36 (28 8cos(2 )) (128 22cos(2 ) 24cos 24sin )

12cos 9cos(2 ) 1

C n n n

n

C n n n n

C n n n

         

     

    

          

    209 12sin ) / (2 1) / 2,n  

(10) 

where / 2.n    

As a result, the expression for the lower estimate of the first frequency follows from (57): 

    3 3 3 2 3 3 3 2

1 2 3 4 5 6

2 / ( )./ /D C a C c C h h C a C c C h EFam      (11) 

Estimation of the solution error (11) is possible from comparison to the minimum frequency of the entire spectrum 

of lattice natural frequencies obtained numerically. The spectrum of a system with many degrees of freedom is found 

from solving the eigenvalue problem of the matrix. Differential equations of mass dynamics of a structure with a num-

ber of degrees of freedom K  are written in matrix form: 

I Y D Y 0,K Km   (12) 

where DK  — truss rigidity matrix, Y — mass displacement vector, IK — unity matrix. Let BK be the matrix, inverse of 

DK . Multiplying (12) from the left by BK , gives the equation:  

B Y I Y 0.K Km   (13) 

Connection 
2Y Y  is valid for harmonic vibrations with frequency ω . Hence, from (13), the problem of eigen-

values follows: B Y Y,K   where 2λ 1/ (ω )m — the eigenvalues of matrix BK . The elements of the compliance ma-

trix are found from the Maxwell-Mohr formula. To calculate the eigenvalues of a matrix in the Maple system, Eigen-

values operator from LinearAlgebra package is used. In general, the solution to this problem can be obtained only in 

numerical form. 

Example. The steel lattice has panel length 2a m , height 1h  m, masses in nodes 300 ,m kg  rod rigidity 

50.8 10EF kN  . Figure 4 shows the dependences of the first frequency on the number of panels obtained numerically 

and analytically.
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Fig. 4. Comparison of the first natural vibration frequency of lattice 1 and its lower analytical estimate ωD

depending on the number of panels (the author's figure) 

Relative error 1 1ε (ω ω ) / ωD  ,  depending on the number of panels (Fig. 5), shows that with an increase in the 

number of panels, the error, starting from n =1, increases, and then monotonously and quickly decreases. This is par-

ticularly important when using the obtained formula through calculating lattices with a large number of panels, for 

which the numerical count starts to gain an error associated with the accumulation of rounding errors, and the cost of 

computer resources is growing rapidly. 

Fig. 5. The error of the analytical solution for the natural frequency 

 depending on the number of panels and height h (the author's figure) 
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Discussion and Conclusions. A scheme of a statically definable plane lattice was proposed. The task was to obtain 

an analytical expression of the lower bound of the first natural vibration frequency of a lattice truss for an arbitrary 

number of panels in the structure. The solution was obtained by induction in the Maple system. The presence of extrema 

on the constructed curves made it possible to optimize the number of lattice panels by choosing the highest accuracy of 

the estimate and selecting the required vibration frequency. The proposed study took into account horizontal mass vi-

brations. Considering horizontal vibrations somewhat complicated the final calculation formula, making it more cum-

bersome. In addition to the Donkerley’s method used, there was a more accurate Rayleigh energy method for evaluating 

the first frequency, which gave an estimate of the first frequency from above. However, even this solution in the case 

under consideration had an unnecessarily cumbersome appearance and was not given here. 
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Abstract  

Introduction. The safety problem and the situation with accidents during the operation of elevator installations are 

elucidated. The role of elevator rope defects as a factor of dangerous incidents is indicated from the point of view of 

statistics. The malfunctions of the elevator mechanical equipment related to the defective indices of the ropes are listed. 

There is a difference in the documentary fixation of defective indices and rejection rates of ropes of lifting structures. 

Materials and Methods. The well-known approaches to the control of ropes of lifting structures were described. It was 

emphasized that visual inspection control (VIC) was required to identify such rejection rates of steel elevator ropes as 

geometry change, corrosion and wear, wire breaks, temperature exposure, etc. The rejection rate was presented in the 

form of a mathematical system. The technical condition of elevator ropes during the operation was integrally assessed 

by the totality of identified defects at a fixed length. The decision to create a software and hardware complex (PAC) for 

the practical implementation of visual and measuring control was validated.  

Results. The developed PAC VIC laboratory sample consisted of a hardware part, a video stream processing module, 

communicator for the server connectivity, specially designed software, and a client mobile application. PAC VIC 

implemented the following functions: 

– automatic detection and classification of the major significant rope defects based on a deep convolutional artificial 

neural network; 

– demonstration of a three-dimensional image of a rope and an image scanning algorithm with distortion 

compensation, according to which the metric characteristics of defects were fixed; 

– integral assessment of the technical condition of the rope according to the totality of detected defects; 

– color interpretation of the actual technical condition of the rope with subsequent transmission to the user's mobile 

device.  

Preliminary tests have shown the suitability of the PAC VIC for identifying defects. The reliability of the results for the 

identification and qualification of defects exceeded 80 %. Work on deep learning of the system continues. 

Discussion and Conclusions. PAC VIC of elevator ropes provides eliminating the risks of visual control caused by the 

psychophysical state of a person. It works remotely and contactless. The solution proposed by the authors automatically 

evaluates the rejection rates according to five criteria: external wire breaks, surface wear, rope diameter change, 

undulation, traces of temperature exposure. An important result of the VIC of steel ropes using computer vision and 

artificial intelligence is an increase in reliability and safety during the operation of elevator equipment. 

Keywords: defects, elevator ropes, rejection rates, visual inspection control, hardware-software package, artificial 

neural networks, computer vision. 
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Introduction. Increased attention is paid to safety issues during the operation of elevator equipment
1,
 
2,
 
3
. About 

500 thousand passenger, hospital and freight elevators are being used in the Russian Federation. According to the 

statistics of elevator accidents, their prime causes are insufficient quality of elevators and components, as well as 

improper maintenance and repair. 

Analysis of elevator accidents has shown that about 30 % of incidents are directly or indirectly related to the 

technical condition of the ropes [1]. Extremely dangerous are defects, whose growth causes elevator car fall. Passenger 

elevator accidents, especially tragedies with victims, are very resonant events. Administrative
4
 and criminal

5
 liability is 

provided for violation of safety requirements during operation of elevators. 

Timely and high-quality control of the technical condition of steel ropes provides preventing dangerous incidents [2–5]. 

Damage to the ropes occurs due to their poor quality and errors during installation. The consequence of incorrectly 

performed work may be unacceptable interaction with elements of the elevator equipment, including electrical ones. 

Steel ropes can be considered an indicator of the technical condition of elevator equipment. Their defects signal the 

pulley groove wear, rope slip on a pulley (including due to excessive lubrication), skewed winch mounts, backlash in 

the elements of the drive gears, etc. Possible malfunctions of the elements of the mechanical part of the elevator, 

depending on the defective parameters of the ropes, are presented in Table 1.  

Table 1 

Malfunctions of the mechanical equipment of the elevator related 

to the rejection indicators of ropes 

No. Rejection criteria Possible malfunction indicator 

1 Outer wire breaks 

1. Pulley groove wear.

2. Skewing of the traction sheave during installation or maintenance.

3. Contact with external elements when moving in the shaft.

4. Unqualified supplied steel rope.

2 Surface wear of the rope 
1. Pulley groove wear.

2. Skewing of the traction sheave during installation or maintenance.

3 
Local increase or decrease in rope 

diameter 

1. Unqualified supplied steel rope.

2. Defects in the installation or maintenance of balancing units and places for

embedding steel ropes. 

4 Undulation 

1. Unqualified supplied steel rope.

2. Installation defects or improper maintenance of balancing units and places

for embedding steel ropes. 

5 
Temperature effect 

(electrical arc discharge) 

1. Exposure to electric current during installation,

improper maintenance during operation.

6 
Defects in balancing units and 

places for embedding steel ropes 

1. Mounting defects.

2. Improper maintenance.

3. Installation of ropes from different batches.

1 O poryadke obespecheniya bezopasnosti opasnykh ob"ektov v obshchestvennykh i zhilykh zdaniyakh: RF Government Decree of 24.06.2017, 

no. 743. URL: http://government.ru/docs/28241/ (accessed: 25.10.2022). (In Russ.) 
2 GOST R 55964-2014. Lifts. General Safety Requirements in Service. URL: https://docs.cntd.ru/document/1200109313 (accessed: 25.10.2022).  
(In Russ.) 
3 GOST R 54999-2012. Lifts. General Requirements for Maintenance Instruction. URL: https://docs.cntd.ru/document/1200096000 (accessed: 

25.10.2022). (In Russ.) 
4 Narushenie trebovanii promyshlennoi bezopasnosti ili uslovii litsenzii na osushchestvlenie vidov deyatel'nosti v oblasti promyshlennoi bezopasnosti 

opasnykh proizvodstvennykh ob"ektov. 9.1.1 Article of RF Administrative Code. URL: 
http://www.consultant.ru/document/cons_doc_LAW_34661/6db72644d55f955ad23b924b678184a5d027d99f/ (accessed: 25.10.2022). (In Russ.) 
5 Proizvodstvo, khranenie, perevozka libo sbyt tovarov i produktsii, vypolnenie rabot ili okazanie uslug, ne otvechayushchikh trebovaniyam 

bezopasnosti. 238 Article of RF Criminal Code. URL: https://base.garant.ru/10108000/82fa894382554e9c56db483eff62c412/ (accessed: 25.10.2022). 
(In Russ.) 

https://doi.org/10.23947/2687-1653-2022-22-4-323-330
http://government.ru/docs/28241/
https://docs.cntd.ru/document/1200109313
https://docs.cntd.ru/document/1200096000
http://www.consultant.ru/document/cons_doc_LAW_34661/6db72644d55f955ad23b924b678184a5d027d99f/
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There is a significant difference in the rejection indicators and the standards for the rejection of ropes of various 

lifting structures 
6,
 
7
 and elevators. In the latter case, the criteria are included in the operating manual of the specific 

elevator. This approach reduces the number of defect indicators, which, specifically, does not contribute to improving 

operational safety. In [1], the criteria and norms of rejection are given. 

Materials and Methods. Ropes are products of deep processing of steel. If their safety margin is reduced to a 

critical value, operation is unacceptable. 

The control of ropes of lifting structures by magnaflux method is widely known. It is used in the diagnosis of 

passenger cable cars, cargo cranes, lifters. This approach makes it possible to recognize internal defects invisible to the 

eye, measure the loss of the cross-sectional area of the rope, and detect local inconsistencies. As a rule, the method is 

used to control steel ropes with a diameter of more than 20 mm. 

The average service life of elevator ropes is regulated and does not exceed five years. During this time, loading 

cycles do not cause loss of cross-sectional area and fatigue damage to the wires of the inner layers. For this reason, 

magnetic flaw detection is not used for elevator installations. 

The most common method of assessing the technical condition of elevator ropes is visual inspection control 

(VIC)
8
. It provides assessing the technical condition of the operated elevator ropes, which are evaluated according to 

the following standards of rejection: 

 geometry change P1(t);

 corrosion and wear P2(t);

 wire breaks (fatigue) P3(t);

 temperature effect P4(t), etc.

Here, t — current operating time of the elevator. 

The rejection rate is understood as the value of Pi(t): 

Pi(t) = Pio + Pi'(t).  (1) 

Here, Pio — scleronomous part, it does not depend on t and is associated with a single application of loads; 

Pi'(t) — rheonomic part, which accumulates in the process of elastoplastic cyclic deformation.  

When assessing the technical condition of the rope during operation, the loss of its strength is calculated 

according to at least one of the rejection criteria: 

Pi(t) ≤ [Pi],  (2) 

where i = 1/12. 

Under the maintenance of passenger elevators, VIC of steel ropes is performed at intervals specified in the 

operations manual (as a rule, once a month). 

VIC of steel ropes consists of two stages: 

1) inspection of the rope and its attachment points with or without optics;

2) measurements of diameter, wear of outer wires, geometric out-of-straightness, electric shock, and attachment

points. 

6 Ob utverzhdenii federal'nykh norm i pravil v oblasti promyshlennoi bezopasnosti “Pravila bezopasnosti opasnykh proizvodstvennykh ob"ektov, na 

kotorykh ispol'zuyutsya pod"emnye sooruzheniya”. Federal Service for Ecological, Technological and Atomic Inspection. URL: 
https://docs.cntd.ru/document/573275657 (accessed: 25.10.2022). (In Russ.) 
7 Ob utverzhdenii federal'nykh norm i pravil v oblasti promyshlennoi bezopasnosti “Pravila bezopasnosti passazhirskikh kanatnykh dorog i 

funikulerov”. Federal Service for Ecological, Technological and Atomic Inspection. URL: https://docs.cntd.ru/document/573191373 (accessed: 
25.10.2022). (In Russ.) 
8 Possibilities to Improve Visual Wire Rope Inspection. O.I.T.A.F. Recommendations no. 30. International Organization for Transportation by Rope. 

URL: https://www.gosnadzor.gov.ru/industrial/equipment/cable%20cars%20and%20funiculars/method%20www.oitaf.org/  (accessed: 05.11.2022). 
(Transl. from Eng.) 

https://docs.cntd.ru/document/573275657
https://docs.cntd.ru/document/573191373
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The quality of VIC under maintenance of steel ropes is associated with the physiological capabilities of human 

visual perception [4–6]. The elevator can have from three to twelve parallel ropes with a complex balancing system. 

The quantity depends on the height and load capacity. Health assessment of ropes, balancing units and sealing off 

involves working at height, under difficult conditions, in tight working space, in low light
9
. The possibilities of 

human vision are limited. It is known that after watching a moving steel rope for more than ten minutes, the eyes get 

tired and perceive the numerous rejection indicators worse. High-quality, objective control of elevator ropes requires 

automation of the process. Analysis of literature sources, accidents and incidents, has shown that it is reasonable to 

use solutions based on computer vision and artificial intelligence technologies for automation [5–10]. 

The authors set a goal to create a program apparatus complex (PAC) of VIC for the practical implementation of 

visual and measurement control based on computer vision and artificial intelligence technologies
10

. 

Research Results. In elevators, defects in steel ropes and their attachments are automatically detected and 

identified using special means of photo and video recording. Machine vision and artificial intelligence process 

images of defects. An integral assessment of the types and parameters of the detected defects in the form of a color 

indication is transmitted to the mobile device. PAC VIC automates and combines two control methods: visual and 

instrumental. 

The basic functions of the PAC VIC are listed below. 

1. The solution based on a deep convolutional artificial neural network automatically detects and classifies the

primary defects of ropes and their sealing off. 

2. A set of cameras and an image scanning algorithm with distortion compensation give a three-dimensional image

of the rope for the actual determination of the metric characteristics of defects. 

3. On totality of the detected defects, an integral assessment of the technical condition of the rope is performed on

the basis of risk analysis. 

4. The integral assessment in the form of a color indicator is periodically transmitted to the user's mobile device.

The complex consists of three elements. 

1. Hardware component. This is a housing with built-in video cameras that provide viewing the rope from all sides.

A special module processes the video stream, and means of communication allow you to contact the server. 

2. Software, created using a stack of Pytorch, TensorFlow, OpenCV technologies, searches for and classifies defects

in steel ropes based on a deep convolutional artificial neural network. 

3. Mobile application informs the user about the monitoring results.

Six IP cameras with a resolution of 640×480 are used to photograph sections of movable steel ropes. They are fixed 

in the housing installed in the elevator shaft. The number of cameras depends on the number of ropes on which the 

elevator car is suspended. The cameras are connected via a wired or wireless communication channel to a single-board 

computer that processes images and generates a batch message for forwarding to the server. A single-board computer 

generates a batch message. It is transmitted via an Ethernet cable or a wireless communication channel through a 

modem router to the server. The latter classifies defects, determines their number and metrological parameters, outputs 

an integral assessment of the technical condition of the rope, interprets it as a color indicator, and in this form transmits 

it to the user through a mobile application. 

Figures 1–3 shows the PAC VIC modules for elevator installations, the functional diagram and the hardware 

component of the complex. 

9 Vallan A, Molinar F. A Vision-Based Technique for Lay Length Measurement of Metallic Wire Ropes. IEEE Transactions on Instrumentation and 

Measurement. 2009;5:1756–1762. 
10 Korotkiy AA, et al. Method of Visual and Dimensional Control of a Steel Cable. RF Patent no. 2775348, 2022.
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Fig. 1. PAC VIC modules (the authors' figure) 

  

 



Fig. 2. PAC VIC functional diagram for detecting defects in steel ropes and balancing units based on computer vision and artificial 

intelligence technologies: 1 — balancing unit; 2 — rope defects; 3 — IP-camera; 4 — GSM-modem; 5 — neurocomputing device; 

6 — image in a mobile device (the authors' figure) 

 а)       b) 

Fig. 3. Hardware component of PAC VIC: a — place in the elevator installation, 

b — installation points of six IP cameras (the authors' photo) 

PAC VIC identifies and classifies primary defects of steel ropes, elevator installations and balancing units using 

computer vision:  

1) outer wire breaks;

2) surface wear of wires;

3) increase or decrease in rope diameter;

4) deformation in the form of undulation (“corkscrew”);

5) electric arc damage;

6) balancing unit defects.

The database contains photo and video images of typical defects of steel ropes and balancing units. The complex 

periodically or on request outputs a remote integrated assessment of the rejection indicators of ropes and defects of 

balancing units and transmits it to the user's mobile application. 

The computational tool is used for an integral assessment of the technical condition of the steel rope and 

interpretation of the result using color (red, yellow, green). This makes it possible to integrate with sensors installed in 
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elevator control and dispatch communication systems, as well as with the “Elevator Monitoring”
11

 online maintenance 

control program and the “Arpicon. Online”
12

 cloud service automation platform. 

The proposed solution was previously tested on a laboratory elevator installation with three ropes with an organic 

core. Their characteristics correspond to GOST 307780: 

 double LK-O type rope;

 structure 6×19 (1 + 9 + 9) + 1 o. s.;

 diameter of 10 mm.

Testing has shown the feasibility of the method for determining the defects listed above using the PAC VIC. The 

reliability of detection and qualification of defects exceeded 80%. To improve the results, the investigation on deep 

learning of the system continues, i.e., algorithms are being improved, the number and quality of datasets of images of 

typical defects of steel ropes and balancing units are increasing. 

Discussion and Conclusions. Defects in the steel ropes may cause the elevator cab to fall. When maintaining 

elevators, visual control is not enough to fully assess the actual risks of accidents and incidents. 

It is established that computer vision and artificial intelligence technologies can be used for an integral assessment 

of the technical condition of steel ropes, and this significantly increases the level of safety during the operation of 

elevator installations. 

The PAC VIC of elevator ropes eliminates the risks associated with the psychophysical state of the person who 

determines the state of the system. Thus, it is possible to increase safety of the elevator equipment operation. 

Advantages of the developed PAC VIC of elevator ropes are as follows: 

 functioning in automatic mode, directly in the operated elevator;

 contactless detection of rejection indicators using photo and video surveillance (machine vision);

 automatic evaluation of rejection indicators according to five criteria online (external wire breaks, surface wear,

local increase or decrease in rope diameter, undulation, temperature exposure); 

 transfer of color-coded rejection indicators to the user's mobile application;

 processing of images with defects of steel ropes by artificial intelligence.

Potential consumers of PAC VIC: 

 operators — organizations responsible for the technical condition of elevators;

 home unit companies, homeowners' associations;

 manufacturers, buyers and sellers of passenger elevators.
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Abstract  

Introduction. Composite materials are the main way to reduce the weight of the aircraft structure and improve its flight 

performance. Methods of non-destructive testing enable to assess the technical condition of composite materials, as well 

as to determine stress concentrators in them to make a decision on the further operation of this control object. The paper 

presents an analysis of the use of composite materials in the aircraft design and ways to improve their flight 

performance through the application of composites. An acoustic-emission method for assessing crack resistance based 

on invariants was described. The study aimed at increasing the accuracy and efficiency of assessing the crack resistance 

of aircraft structures made of composite materials through the use of the acoustic emission method of non-destructive 

testing. 

Materials and Methods. The nomenclature of composite materials used in aircraft was given, and their physical and 

mechanical properties were compared. The acoustic emission method of non-destructive testing of composite materials 

based on invariant ratios was used. 

Results. A method for assessing the crack resistance of primary structural elements based on the invariants of acoustic 

emission processes, and a program apparatus complex based on it has been developed. 

Discussion and Conclusions. The results obtained can be used to determine the strength characteristics of composite 

materials by the acoustic emission method of non-destructive testing to assess the technical condition of primary 

structural elements in mechanical engineering, shipbuilding, and aircraft construction. The paper is recommended to 

researchers involved in the development of aircraft. 

Keywords: composite materials, aircraft, non-destructive testing, acoustic emission control. 
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 Introduction. Improving aircraft performance characteristics (APC) and reducing the weight of aircraft structures 

while maintaining their sufficient strength and stiffness is a fundamental task in the aircraft industry [1, 2]. The 

introduction of composite materials (CM) partially solves this problem. 
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The developers of flying vehicles (FV) are constantly introducing new materials into aviation technology to increase 

the APC and reduce the weight of the structure. CM provide reducing the weight of the wing, fuselage and tail. High 

mechanical-and-physical properties of CM increase the stiffness and strength of the structure.  

The major advantages of CM include high values of specific strength, stiffness (modulus of elasticity 130–140 GPa), 

wear resistance and fatigue strength
1 , 2

 [3, 4]. The disadvantages of CM include hygroscopicity, significant cost, 

anisotropy of properties, low impact strength, low operational manufacturability.  

The study aimed at increasing the accuracy and efficiency of assessing the crack resistance of composite structures 

through the use of acoustic emission (AE) control.  

Materials and Methods. A wide range of CM is used in the aircraft industry [1, 4] (Fig. 1), due to which it is 

possible to lighten the weight of structures. This is achieved by replacing elements made of traditional materials 

(titanium and aluminum alloys, steel) with CM. 

Aviation industry enterprises face two crucial tasks: 

 to evaluate the processes of accumulation of damage and destruction of structures from CM in the entire range of 

alternating loads; 

 to evaluate the quality of serial products from CM through strength testing.  

Basically, the following CM destruction schemes are distinguished (Fig. 1): 

 
 

  
 

а) b) c) d) e) 

Fig. 1. Schemes of destruction of composite materials: a — when stretched along the fibers; b — when compressed along the fibers; 

c — when stretched across the fibers; d — caused by shear stresses when compressed across the fibers; e — delamination (the authors' figure) 

Currently, the acoustic emission (AE) method of NDT is special among the methods of diagnosing high-duty 

structures. 

The AE method is based on the registration of acoustic waves emitted under the destruction of CM. The major 

advantages of this method include [5–11]: 

 complex nature of the CM study (fracture mechanics and acoustic diagnostics); 

 registration of developing CM defects; 

 high sensitivity to growing CM defects (sensitivity of AE equipment of the order of 1×10
-6

 mm
2 

for a crack of 

CM with a length of 1 µm);   

 using multiple converters; 

 remote monitoring of objects at a considerable distance from the AE equipment. 

AE in CM is a nonstationary random elastic wave emission process. Based on this, methods of static radio 

engineering can be used to treat and analyze such processes. Based on the Poisson distribution, a well-known equality 

between the mathematical expectation and the variance of the number of events in a random process is fulfilled: 

 𝑚[𝑥] = 𝐷[𝑥] =  𝜆, (1) 

where 𝜆 — intensity of the number of pulses at a given sampling interval. 

This relation makes it possible to construct parametric invariants that are valid only for the Poisson process, and on 

this basis, to estimate the deviation of the analyzed process from the Poisson one [5, 6, 12, 13]:  

 𝐼1 = (𝑚[𝑥3] − 3 ⋅ 𝑚[𝑥2] ⋅ 𝑚[𝑥] + (𝑚[𝑥])3) − 𝑚[𝑥] = 0.   (2) 

                                                           
1 Pravila organizatsii i provedeniya akustiko-emissionnogo kontrolya sosudov, apparatov, kotlov i tekhnologicheskikh truboprovodov. PB 03–

593–03 RF Gostechnadzor. Moscow: PIO OBT; 2003. 102 p. URL: https://files.stroyinf.ru/Data2/1/4294816/4294816759.htm (accessed: 

28.09.2022). (In Russ.) 
2 Ivanov VI, Vlasov IE. Metod akusticheskoi emissii. In: Nerazrushayushchii kontrol'. Spravochnik v 8 t. T. 7. Kn.1. Klyuev VV (ed.) Moscow: 

Mashinostroenie; 2006. 340 p. (In Russ.)  

https://files.stroyinf.ru/Data2/1/4294816/4294816759.htm
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Expression (15) can be used as an invariant of the number of AE pulses to determine the degree of deviation of the 

AE pulse flow from the Poisson one when conducting AE tests of CM. 

Based on (15), we obtain several more expressions to determine the degree of deviation of the AE pulse flow from 

the Poisson one: 

𝐼2 =
𝑚[𝑥]

𝑚[�̇�3]
= 1; (3) 

𝐼3 =
𝑚[𝑥](1−2⋅(𝑚[𝑥]2)+3⋅𝑚[𝑥2])

𝑚[𝑥3]
= 1. (4) 

When a macrodefect is formed, the characteristics of AE pulse flows become dependent, which destroys the Poisson 

flow hypothesis and causes a violation of equality (2–4). 

This approach is implemented in the program apparatus complex (PAC) (Fig. 2), which provides identifying crack-

like defects in various CM [12, 13]. 

PAC consists of the following components: 

 broadband piezo sensors GT300, operating frequency range —100–800 kHz, resonant frequency 283 kHz;

 amplifier GT200A, gain factor — 1–200, limits of the permissible additional relative error of the charge

conversion coefficient in the operating temperature range are from –40 ° to + 85 °С with an error of ± 1 %; 

 ADC E20-10 is a high-speed ADC module with USB interface for connecting to a PC, which has four ADC

channels 14 bit/10 MHz with multiplexing function, 16 channels of digital input and output compatible with TTL logic, 

as well as two channels of DAC 12 bit / ± 5 V; 

 PC, HF cables.

Accuracy and reliability of the AE registration and processing is provided by the frequency parameters of 

piezotransducers and ADC, which are consistent with Kotelnikov theorem. It states that a continuous signal with a 

limited spectrum can be accurately reconstructed from its discrete samples if they were taken with a sampling frequency 

exceeding the maximum signal frequency by at least two times. 

PAC uses software amplitude threshold filtering, as well as a method for smoothing the resonant amplitude of pulse 

attenuation based on a digital peak detector, which provides obtaining exponential smoothing of the shape of AE pulses 

to increase the accuracy of their registration. 

A technique for evaluating multiparametric information based on combining (“convolution”) informative parameters 

of AE by methods of the theory of operations research has been developed to perform a complex real-time analysis of a 

set of informative parameters of AE signals. 

The developed software implementation of the technique has the following basic functional modes: setup; function 

check; input of restrictions and initial data; monitoring changes in loads, deformations and waveforms of AE pulses; a 

set of informative AE parameters and their “convolution” through registration channels; determining the location of 

defects; assessing the danger of defects and the possibility of further operation of the structure, storing the results. 

Since AE is a passive method of non-destructive testing, one piezo sensor can register signals from a separate power 

element of the FV (Fig. 2 b). 

The elastic wave attenuation, depending on the material, profile and thickness of the tested samples, determines the 

number of piezoelectric converters used and the distance between them. The attenuation of signals is determined 

experimentally using an AE signal simulator before testing samples and structural elements. 

For fault isolation, the triangulation method
3,4

 was taken as a basis, which provides determining the location of 

defects in the primary structural elements in real time with an accuracy of 0.1 m. 

3 PB 03–593–03. Pravila organizatsii i provedeniya akustiko-emissionnogo kontrolya sosudov, apparatov, kotlov i tekhnologicheskikh truboprovodov. 

RF Gostechnadzor. 2003. 102 p. (In Russ.) 
4 Nerazrushayushchii kontrol'. Spravochnik v 8 t. Klyuev VV (ed.) In Kn.1.: Ivanov VI, Vlasov IE. Metod akusticheskoi emissii. Kn. 2: Balitskiy 

FYa, Barkov AV, Barkova NA, et al. Vibrodiagnostika. 2-e izd., ispr. Moscow: Mashinostroenie; 2006. 829 p. (In Russ.) 
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а) b) 

Fig. 2. Program apparatus complex of acoustic emission diagnostics: a — complete complex; b — placement of the complex sensor 

under testing of the aircraft aileron on the stand (the authors' photo)   

Research Results. To assess the reliability of the proposed invariant method and the sensitivity of the PAC to the 

assessment of developing defects, strength tests of a series of KM KMU-1B samples were performed before 

destruction. The load was carried out by the RM-1 breaking machine. Before tensile tests, a piezoelectric sensor was 

installed on the surface of the sample through a layer of contact lubricant (Tsiatim) to improve acoustic contact. During 

the tests, acoustic pulses that occur in the structure of the OC when creating a load were recorded. Elastic AE waves 

were recorded by a piezo sensor, then the signal was amplified by a preamplifier, an analog-to-digital converter 

transformed the signal into an analog-to-digital form for subsequent processing on a PC. The results are shown in 

Figure 3: 

 

 
a)  

 
b) 

 
c)  
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e) 

Fig. 3. Experimental results before destruction of the samples: a — oscillogram of AE pulses during destruction of the composite 

material matrix; b — oscillogram of AE pulses under destruction of the composite material fibers;  

c — curve of invariant I1; d — loading curve  of the glider primary element from CM; e — oscillogram of the AE signal from the 

beginning of the load to the destruction of the sample (the authors' figure) 

Figures 3 a and 3 b show the waveforms of AE pulses during the destruction of the matrix and fibers of the 

composite material, in which the maximum values of the AE signal amplitude correspond to the destruction of OC. At 

an amplitude of 55 dB, the CM matrix is destroyed, at 75 dB, the CM fibers are destroyed.  

Figure 3 c shows the dependence of the invariant on time I1 (load). The green zone is characterized by the absence 

of a defect in the primary element of the airframe. The yellow zone is characterized by an unfavorable loading 

environment of OC, the formation of developing defects (cracks, delamination). The red zone corresponds to the 

destruction of KMU-1V. 

From the 60th second of loading at a load of 375 MPa, the formation of the main crack occurs (Fig. 3 d), which 

causes the exit of the invariant from the green (safe) zone. These conditions correspond to 75 % of the destructive load 

(350 MPa) of the samples. The reliability of the use of invariants is validated by a sharp increase in the amplitude and 

intensity of signals (Fig. 3 e), the results of optical control during tests. 

At a load of P = 500 MPa, the destruction of CM occurs at a time equal to T = 80 s, which causes a decrease in the 

load and the amplitude of acoustic vibrations in the material of OC.  

Discussion and Conclusions. This experiment reflects the acoustic emission control of samples (primary structural 

elements) from KMU-1V.  

The developed PAC, based on the proposed invariant method, makes it possible to process multichannel and 

multiparametric information about changes in informative AE parameters on-the-fly (in real time), determine the 

location of defects in CM, assess the degree of danger of defects and the possibility of further operation of 

structures [12, 13]. 

In the future, it is proposed to introduce such automatic control systems to diagnose the design of aircraft in flight 

and during ground maintenance. 
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Abstract 

Introduction. The key stages of sludge processing technology are the destruction of conglomerates into metal and non-

metal components, as well as the grinding of component particles to obtain secondary raw materials of the required 

granulometric composition. The use of a rotating electromagnetic field for processing grinding sludge makes it possible 

to exclude the application of various means of destruction and grinding, avoiding contact interaction of agglomerates 

and the walls of the working chamber. Thus, the material consumption of technical means is reduced, and the efficiency 

of the destruction process is increased. The study aimed at establishing the features and basic patterns of sludge waste 

processing in devices with a rotating electromagnetic field. 

Materials and Methods. For the research, grinding sludge was used, which was a collection of conglomerates of 

arbitrary shape, consisting of 80–85 % of metal chips. An induction method was applied based on establishing the 

connection of the EMF induced in an induction sensor and the magnetic induction of a rotating electromagnetic field. 

The influence of induction on the nature of interaction between sludge particles in a rotating electromagnetic field was 

evaluated by changing the relative EMF signal induced in an inductive sensor. 

Results. As a result of experimental studies conducted using the induction method, it has been found that the dynamic 

characteristics of sludge waste conglomerates depend on the induction of a rotating field to a certain value. With an 

increase in the size of sludge conglomerates, with the same size of ferromagnetic particles entering it, the magnitude of 

the magnetic field induction required for their destruction decreased. With a decrease in the particle size of 

conglomerates, the field induction required for the destruction of conglomerate bonds increased. An increase in the 

number of particles in the conglomerate reduced the value of induction. The degree of destruction of the conglomerate 

and the grinding of its ferromagnetic particles depended on the duration of the rotating electromagnetic field induction. 

Discussion and Conclusions. The proposed induction method makes it possible to investigate the influence of 

electromagnetic field parameters on the change in the state of the magnetic vibrating layer, as well as to evaluate the 

kinematic characteristics of ferromagnetic medium particles in the magnetic vibrating layer. 

Keywords: grinding sludge, induction, magnetic vibrating layer, rotating electromagnetic field, conglomerate, 

ferromagnetic particles, destruction, grinding. 
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For citation. V. A. Lebedev, A. A. Schirin, N. S. Koval, Yu. M. Vernigorov. Study on Processing Grinding Sludge 

Conglomerates in Devices with a Rotating Electromagnetic Field. Advanced Engineering Research, 2022, vol. 22, 

no. 4, pp. 338–345. https://doi.org/10.23947/2687-1653-2022-22-4-338-345 

Introduction. The technology of processing one of the most complex types of metal production waste — grinding 

sludge — to reuse its components in powder metallurgy and foundry production requires a number of successive stages: 

separation of process liquid (PL), drying, destruction of conglomerates, grinding, and separation of sludge 

solids [1–10]. The analysis has shown that the last two stages of sludge processing are the most labor-intensive, and the 

technical means and devices used for their implementation, despite their diversity, are ineffective in a number of 

technical-and-economic indices [1–15]. The latest achievements in the field of magnetism provide solving this problem 

on a qualitatively new level using a rotating electromagnetic field (Fig. 1). 

Fig. 1. Sludge processing scheme in a rotating electromagnetic field: 

1 — housing; 2 — inductor; 3 — working area; 4 — sludge; 5 — replaceable sleeve (the authors' figure) 

The use of a rotating electromagnetic field (REMF) for the processing of grinding sludge makes it possible to 

exclude the contact interaction of conglomerates with the working chamber walls and the use of metal beaters or other 

means of destruction and grinding. Thus, the material consumption of technical means is reduced, the efficiency of the 

processes of destruction of conglomerates and the grinding of metal particles of sludge is increased [16, 17]. 

A set of theoretical and experimental studies has been carried out to define the features and basic laws of sludge 

waste processing in devices with a rotating electromagnetic field. The results are presented in this paper. 

Materials and Methods. The sludge to be destroyed and crushed is a collection of conglomerates of arbitrary 

shape, consisting of 8085 % metal chips, which makes it possible to characterize the conglomerate as a solid with 

ferromagnetic properties [14]. 

When conglomerates are found in a rotating electromagnetic field characterized by induction 𝐵=𝐵v𝑐𝑜𝑠𝜔𝑡 and 

angular velocity ω, they perform a complex movement, bringing the system into a magneto-vibratory state. In this case, 

a magnetic vibrating layer (MVL) is formed, under which their contact interaction and, as a consequence, destruction 

and grinding occur.  

The energy state of conglomerates in the MVL is described by the dependence in the form: 

𝐸 =
1

2𝜋

𝜌𝑚
2

𝜔2 [
𝐵𝑣

2

𝐼
+

1

𝑚
(
𝜕𝐵𝑣

𝜕𝑦
)
2

] , Дж,  (1) 

where 𝑝𝑚 — magnetic moment, Am
2
; 

𝑑𝐵

𝑑𝑦
 — field gradient, A/m

2
. 

Based on equation (1), the energy conditions for the destruction of conglomerates are established: 

𝜌𝑚
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] = 𝐸адг,  (2) 

where 𝐸адг — adhesive strength of conglomerates, J.

Conditions for grinding ferromagnetic sludge particles with a degree of 𝑍𝑢 = 𝐷Н 𝐷К⁄  based on (1), has the form:

1
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where σ — ultimate strength at destruction of ferromagnetic particles, Pa; Dн and Dк — initial and final equivalent 

diameters of the particles, m; Е — elastic modulus of the particle, Pa. 

To study the influence of the electromagnetic field on the energy state of the MVL, an induction method was 

used (Fig. 2), based on establishing the connection of the EMF induced in the induction sensor with the magnetic 

induction of a rotating electromagnetic field.  

Fig. 2. Scheme for implementation of studies on the MVL state in a rotating electromagnetic field by induction method: 

1 — inductor, 2 — inductive coil, 3 — cuvette, 4 — sludge, 5 — cuvette cover (the authors' figure) 

An inductance coil is selected as the sensor. To create the coil, a frame with a width (H) of 25 mm and an outer 

radius (R2) of 17.5 mm was made. Winding wire — PEL (GOST 2 773-78) with diameters: copper D1 = 0.15 mm, 

insulated D = 0.18 mm. The cross-sectional area of the wire was S = 0.01767 mm
2
. The measured resistance of the coil 

was 14.8 ohms. The inductance was 0.82 mH. The total number of turns was 139, the wire length was 15.27 m. The 

calculated resistance of the coil (1 m — 0.99 ohms) R = 15.27× 0.99 = 15.1 ohms. 

The inductive sensor 2 and the cuvette 3 were placed in a cylindrical working area of the device with a rotating 

electromagnetic field (Fig. 1). The current in the circuit of the inductive sensor was controlled by a multimeter. Under 

various modes, it was 4.3–11.4 A. First, the induction EMF was measured without sludge waste particles, and then — 

with the studied samples of sludge waste at the selected parameters of the device with REMF. 

Sludge waste conglomerates in a rotating electromagnetic field under the action of a moment tending to rotate them 

around the center of mass, perform, on the one hand, rotational motion, and on the other, translational motion in the 

direction of the external rotating electromagnetic field. Thus, the behavior of the magnetic moments of conglomerates 

under the action of ponderomotive forces can be characterized in the plane of the measuring coil of the XOY induction 

sensor as vibration-rotational and vibration-translational motion according to the harmonic law in a magnetic field (Fig. 3). 

Fig. 3. Orientation of magnetic moment 𝑝𝑚⃗⃗ ⃗⃗  ⃗ in the induction converter space (the authors' figure)
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The induced EMF, in accordance with the law of electromagnetic induction, is equal to: 

𝜀 = −
𝑑ψ

𝑑𝑡
, (4) 

where ψ = NΦ — flux linkage; N — turn number of the measuring coil. 

We express magnetic flux through the surface bounded by the contour of the coil of the induction converter L with 

radius R, in the following form:  

Φ = 𝐵𝑆к,  (5)

where 𝑆к — coil contour area; 𝑆к = 𝜋𝑟2; 𝑟 — middle radius of the coil contour, 𝐵 — induction of a rotating

electromagnetic field. In this case: 

𝐵 = 𝐵0 . (6) 

The expression for calculating EMF of a multiturn induction converter is as follows 

𝜀 =
2

3
N𝐵0𝜋

2𝑅2𝑓1. (7) 

The influence of induction on the nature of the interaction between sludge particles in a rotating electromagnetic 

field was evaluated through changing the relative EMF signal induced in an inductive sensor, according to the ratio: 

∆𝜀

𝜀0
=

(𝜀−𝜀0)

𝜀0
,  (8) 

where  and 0 — EMF in the sensor with and without medium, respectively. 

Research Results. Figures 4, 5 show the results of an induction study of the effect of a rotating electromagnetic 

field on the energy state of sludge particles, and Figures 6–8 show the main technological patterns of the process of 

destruction of conglomerates in devices with a rotating electromagnetic field. 

Fig. 4. Experimental dependence of relative signal ∆𝜀 𝜀⁄  on supply frequency (f), which determines induction of a rotational 

electromagnetic field at the level of loading of the working area of the device with a ferromagnetic medium:  

1 — 0.3 %; 2 — 0.5 %; 3 — 0.75 % (the authors' figure) 
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Fig. 5. Experimental dependence of relative signal ∆ε ⁄ε on the sludge loading factor in the working area of the device with a REMF 

determining induction of a rotational electromagnetic field: 1 — 10 Hz; 2 — 30 Hz; 3 — 50 Hz (the authors' figure) 

Fig. 6. Effect of the size of sludge conglomerates on the magnetic field induction  

value required for their destruction at the particle size r in the conglomerate: 

1 — 50 µm; 2 — 40 µm; 3 — 30 µm; 4 — 20 µm; 5 — 10 µm (the authors' figure) 

Fig. 7. Dependence of the separated abrasive on time at output  

current frequencies: 1 — 50 Hz; 2 — 30 Hz; 1 — 10 Hz (the authors' figure) 
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Fig. 8. Histogram of particle size distribution after 5 minutes of exposure to the magnetic vibrating layer (the authors' figure) 

Discussion and Conclusions. Experimental studies conducted by the induction method have clearly shown that the 

dynamic characteristics of sludge waste conglomerates depend on the induction of a rotating field. As shown in 

Figure 4, a change in the field induction to value В1 contributes to an increase in the energy activity of conglomerates in 

the magnetic vibrating layer. The processes that provide the technological effect of destruction of sludge waste 

conglomerates with a size of 10 µm proceed more intensively. A further increase in induction from B1 to B2 causes a 

decrease in the energy activity of conglomerates in the MVL, as shown by the induction method. This is due to the fact 

that with increasing induction, the degree of chaotization of conglomerates decreases, and chain complexes begin to 

form from them, creating so-called “magnetic strings”, whose vibration speed and amplitude are less than the vibration 

speed and amplitude of individual conglomerates. At B > B2, “magnetic strings”, due to the growth of magnetostatic 

interaction, assume a stable character, significantly reducing the effect of magnetic vibration of sludge waste 

conglomerates, practically reducing it to zero at a high level of induction of a rotating electromagnetic field. 

The study results presented in Figures 6–8 allowed us to draw the following conclusions: 

 with an increase in the size of the sludge conglomerates, with the same size of the ferromagnetic particles entering

it, the magnetic field induction value required for their destruction decreases, which is consistent with the model 

representations of the energy evaluation of the magnetic vibrating layer; 

 with a decrease in the particle sizes of conglomerates, the field induction required for the destruction of

conglomerate bonds increases; curve analysis suggests that for conglomerates consisting of particles with a radius of 

less than 3 µm, the induction exceeds 2–4 mT; 

 the proposed model for estimating the energy state is valid for the destruction of less stable conglomerates;

 an increase in the number of particles in the conglomerate reduces the value of the induction that destroys it;

 the degree of destruction of conglomerates and grinding of its ferromagnetic particles depends on the duration of

the induction of a rotating electromagnetic field. 
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Abstract  

Introduction. One of the tasks of two-link manipulators of industrial robots that move the end-effector along complex 

trajectories (e.g., robot welder) is associated with the need for careful programming of their movement. For these 

purposes, manual programming methods or training methods are used. These methods are quite labor-intensive, and 

they require highly qualified service personnel. A possible solution to the problem of programming the manipulator 

movements is the simulation of motion with the calculation of angular coordinates. This can help simplify the geometric 

adaptation of the manipulator in the process of debugging the control program. Therefore, this work aimed at 

calculating coordinates for programming the control system of a two-link manipulator operating in an angular 

coordinate system and moving the end-effector along a complex trajectory (e.g., when welding car bodies). 

Materials and Methods. A two-link robot manipulator designed for cyclically repeating actions in an angular 

coordinate system was considered. The manipulator consisted of two rotating links: “arm” and “elbow”, which were 

fixed on the base. The base could rotate, which provided a third degree of freedom. This configuration increased the 

working area of the manipulator and minimized the area for its placement in production. The movement of the 

manipulator end-effector could be performed if the kinematics provided its positioning along three Cartesian and three 

angular coordinates. For software control of robots, including welding robots operating in an angular coordinate system 

and performing the movement of the end-effector along a complex trajectory, it was required to calculate the angular 

coordinates of the movement of the end-effector of a two-link articulated manipulator. The robot control system should 

determine the position of the tool in the angular coordinate system, converting it for user friendliness into x, y and z 

coordinates of the Cartesian coordinate system. 

Results. The relations of angular and Cartesian coordinates have been obtained. They can be used for calculating when 

programming the control system of a two-link manipulator of an industrial robot and organizing the exchange of 

information between the user and the control system, as well as for checking the accuracy and debugging the movement 

of the end-effector of an industrial robot through feedback. 

Discussion and Conclusion. The presented results can be used for software control of a welding robot operating in an 

angular coordinate system and performing a complex trajectory of the end-effector of a two-link articulated manipulator 

(gripper). A manipulator operating in an angular coordinate system can be used for contact spot welding when moving 

the end-effector along a complex trajectory using a positioning or contouring control system. These systems control the 

movement of the end-effector along a given trajectory with the help of technological commands.   

Keywords: industrial robot, welding robot, manipulator, structural link, drive, movement, trajectory, program control. 
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Introduction. Industrial robots are used for automated control of the spatial orientation of tools and labor objects in 

various manufacturing processes
1
 [1–7]. An industrial robot, as a rule, includes a manipulator having several degrees of 

mobility, and a drive numerical control device. The manipulator is used to move a gripper or a tool along a given 

trajectory to specified points in the technological space
2
 [1–3]. 

When developing programs for controlling the movements of a gripper or an industrial robot tool along complex 

trajectories (e.g., for welding robots), training methods that are complex in organization and technical equipment are 

used. 

To simplify the programming of the control system of a two-link manipulator of an industrial robot that moves the 

end-effector along a complex trajectory (e.g., when welding car bodies), you can use modeling of its movements with 

the calculation of angular coordinates. This will simplify the geometric adaptation of the manipulator and the process of 

developing and debugging its control programs. 

The study is aimed at calculating angular coordinates for programming the operation of the control system for a two-

link manipulator, which functions in an angular coordinate system and moves the end-effector along a complex 

trajectory.  

Materials and Methods. In practice, four main types of manipulators, which operate in cylindrical, spherical, 

rectangular or angular coordinate systems, are used. 

Figure 1 shows the working zone of the robot manipulator operating in an angular coordinate system. The 

manipulator consists of two rotating links — “shoulder” and “elbow”, which are fixed on the base. The base can rotate, 

which provides the third degree of freedom. This configuration increases the working zone of the manipulator and 

minimizes the area for its placement in production. 

A manipulator operating in an angular coordinate system can be used for contact spot welding when moving the 

burner along a complex trajectory. To perform contact spot welding, robots with a positioning or contouring control 

system are most often used. These systems control the movement of the burner along a given trajectory at a specified 

orientation at a constant speed using technological commands. 

 

Fig. 1. Working zone of a manipulator operating in an angular coordinate system (the author's figure) 

At that, the operation of the moving parts of the manipulator in the welding zone may be complicated by the 

influence of the heat generated. This problem is partially solved by the use of water cooling of burners with autonomous 

cooling devices. To completely eliminate this problem, you will need to additionally solve another task. Namely, a 

thermal problem with the simulation of a thermal process to determine and compensate for thermal expansion caused by 

heating by electric discharge or electric arc [8].  

Research Results. To develop a control program for a robot that operates in an angular coordinate  

system (Fig. 1), it is required to calculate the angular coordinates of the movement of the end -effector of the 

manipulator (gripper) [1–4, 6, 7]. Figure 2 shows its scheme, consisting of two rods 1 and 2, which are connected by a 

                                                 
1 Kozyrev YuG. Promyshlennye roboty: osnovnye tipy i tekhnicheskie kharakteristiki. Moscow: KNORUS; 2015. 560 p. (in Russ.) 
2 Ibid. 
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ball-and-socket joint 3 and a flat joint 4. The whole structure is installed on the base 5. The manipulator rods have 

lengths 𝑙1 and 𝑙2. Joint 3 can rotate in the horizontal plane (angle α) and in the vertical plane (angle β). Joint 4 rotates in

a vertical plane (angle γ).  

а)      b) 

Fig. 2. Design of a two-link articulated manipulator: a — main view; b — top view (the author's figure) 

Figure 3 shows a diagram of a two-link articulated manipulator in the form of a hemisphere with radius 𝑅 = 𝑙1 + 𝑙2

and with a cut-out hemisphere with radius r, which is determined empirically when debugging the manipulator.  

Fig. 3. Diagram of a two-link articulated manipulator (the author's figure) 

The manipulator control system should set the position of the tool in the angular coordinate system and, for the 

convenience of the user, convert it into the parameters of the Cartesian coordinate system. 

We take the base of the structure (point O) as the Cartesian coordinate system origin and arrange its axes as shown 

in Figure 4. 

Fig. 4. Rectangular coordinate system centered at point O (the author's figure) 

Angle α of the projection of the segment OB on plane XOY is shown in Figure 5. 

X 

Z 

B 
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Fig. 5. Determination of the projection angle of segment OB on plane XOY (the author's figure) 

Angle α is determined from the formula: 

𝛼 = ±𝑎𝑟𝑐𝑐𝑜𝑠
𝑥

√𝑥2 + 𝑦2
, 

where x and y — coordinates of point B. 

The sign “+” should be put if y is greater than or equal to zero, and the sign “–“, when y is less than zero. 

Angles of plane 𝑍𝑂𝐵´ 𝛽1, 𝛽2 and γ between the coordinate axes and levers 𝑙1 and 𝑙2 are shown in Figure 6.

Fig. 6. Determination of angles 𝛽1, 𝛽2 and γ (the author's figure)

We find formulas for determining angles 𝛽1, 𝛽2 and γ using the cosine theorem:

𝛽1 = 𝑎𝑟𝑐𝑐𝑜𝑠 [
𝑙1

2 + 𝑧2 + 𝑥2 + 𝑦2 − 𝑙2
2

2 ∙ 𝑙1 ∙ √𝑧2 + 𝑥2 + 𝑦2
] ; 

𝛽2 = 𝑎𝑟𝑐𝑠𝑖𝑛 [
𝑧

√𝑧2 + 𝑥2 + 𝑦2
] ; 

𝛾 = 𝑎𝑟𝑐𝑐𝑜𝑠 [
𝑙1

2 + 𝑙2
2 − 𝑧2 − 𝑥2 − 𝑦2

2 ∙ 𝑙1 ∙ 𝑙2

], 

where x, y and z — coordinates of point B. 

The ratios obtained can be used to calculate angular coordinates when developing control programs for a two-link 

manipulator of an industrial robot, solving problems of positioning or contouring control using feedback sensors for 

continuous monitoring and correction of intermediate points of the manipulator trajectory
3
 and drive motor control [5, 6]. 

Dynamic systems of robots, including two-link manipulators operating in an angular coordinate system, are 

characterized by nonlinearities and are subject to disturbances. Therefore, to eliminate errors when reproducing the 

movement trajectory of the manipulator end-effector, the proposed calculation of angular coordinates can be 

supplemented with solutions using the following methods: 

3 Glushko SP, Chastikov AP, Kornienko VG, et al. Software System for Testing and Debugging Control Programs for a Robotic Complex. Certificate 

of Software State Registration No. 2011611987, 2011. (In Russ,) 
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 neural network modeling [9];

 simulation study of the robotic arm system for fault detection and evaluation [10];

 equivalent principle of variable sliding mode structure for accurate recovery of arbitrary nonlinear faults [11];

 genetic algorithm for solving the trajectory planning problem [12];

 joint trajectory generation for robotic arms with collision avoidance capability [13].

To control a two-link articulated manipulator with complex trajectories of its movement, it is promising to use the 

adaptive control with feedback sensors. Its signals are processed, and, based on the results of processing, decisions on 

further actions are made. 

The structure of the proposed control system hardware (Fig. 7) includes drives of the manipulator links, sensors of 

the angular position of the manipulator links, temperature sensors of the burner mounting unit, a programmable logic 

controller that performs manipulator control functions.  

Industrial robots use electric, hydraulic and pneumatic drives with translational and rotational motion. An electric 

drive, which is distinguished by a wide range of engine capacities, ease of speed control, and ease of automating control 

processes, is the most widespread in robotics. 

Fig. 7. Structure of hardware of the multilink articulated manipulator control system (the author's figure) 

To control angular movements in multilink articulated mechanisms of manipulators with adaptive control systems 

performing complex trajectories, it is recommended to use angular position sensors — encoders. They provide 

measuring the movement parameters of the tool or the object being processed, the angles of their rotation, the direction 

of movement, the rotation speed of the shaft of the electric motor or gearbox, the angular position in relation to the zero 

mark, the direction of rotation. 

Incremental and absolute encoders can be used in adaptive control systems. Incremental encoders are characterized 

by simplicity, reliability, and relatively low cost. Absolute encoders are more complicated and more expensive, but they 

provide determining the rotation angles of the axes of the links at any time immediately after turning on the power, and 

even in the stationary state of the links. Absolute encoders also enable to determine the rotation angles of the axes of the 

links when disconnecting and then restoring power, and do not require the device to return to its initial position. 

Moreover, the signals of absolute encoders are not affected by interference and vibration. In recent developments of 

adaptive control systems, inertial sensors with a number of improvements to compensate for errors in the manipulator 

movement control system have appeared [14]. 

Manipulator 

Sensor 

Drive 

Sensor 

Sensor 

Drive 

Drive 

C
o

n
tr

o
ll

er
 



Glushko S. P. Calculation of Angular Coordinates for the Control System of a Two-Link Industrial Robot Manipulator 

  
  
  
  
  
M

ac
h
in

e 
b
u
il

d
in

g
 a

n
d
 m

ac
h
in

e 
sc

ie
n
ce

 

351 

Discussion and Conclusions. The calculation of angular coordinates for programming the operation of the control 

system of a two-link manipulator performing in an angular coordinate system and moving the working body along a 

complex trajectory was carried out. The relations of angular and Cartesian coordinates obtained in the work can be used 

to calculate and control angular displacements and to program control systems for two-link manipulators of industrial 

robots that move end-effectors along complex trajectories. 

The calculation of angular coordinates for controlling a two-link manipulator of an industrial robot is presented in 

this paper as a solution to a geometric positioning problem. It can be used when modeling a similar manipulation device 

or when building a control system for such a manipulator and organizing the exchange of information between the user 

and the control system. It is also designed to check the accuracy and debug the movement of the end-effector of an 

industrial robot using feedback. 
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Abstract 

Introduction. Robotic technologies serve as an important indicator of the technological and economic state of the 

country, they also affect the lives of individuals. Their development is a promising and urgent task affecting many 

aspects of the life of modern society. Currently, robotics is going through another stage of development, which has its 

own characteristics, new directions. The work aims at analyzing the situation and ways of development of this industry 

in the world and in our country, as well as the attitude of people to the use of robotic systems and their willingness to 

improve them. The topic under consideration is understudied. 

Materials and Methods. In the presented work, the historical aspects of the formation of unique robotic technologies 

are defined, the ratio of the number of manufacturers and consumers of robotic products in the world is specified, the 

areas of the robotic technology application are named. The central place in the research is given to the results of an 

online survey conducted by the authors. Its statistical analysis made it possible to study, using specific data, the factors 

that influence the spread of robotic systems and robotic technologies and contribute to them. 

Results. The survey results, on the one hand, showed a high assessment of the prospects of robotic systems given by the 

respondents, and confirmed that young people have an interest in robot-making technologies. On the other hand, they 

allowed us to note the high level of knowledge in the field of robotic technologies among engineering students and the 

presence of more than elementary knowledge of these technologies among representatives of other special fields. In the 

opinion of the authors, there are all prerequisites for the further successful development of these technologies. 

Discussion and Conclusions. The analysis of the use of robotics in the world and in our country, as well as the results 

of the survey conducted by the authors, enable to conclude that these technologies are developing and will continue to 

develop actively, and the interest of current students in this, confirmed by the answers to the questionnaire, will 

contribute to the wider introduction of robots into the lives of future generations. 

Keywords: robotic technology, robotics, industrial robots, robotic systems, research, Internet survey, statistical 

analysis. 
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 Introduction. Robots are automatic devices capable of performing monotonous and complex work. They appeared 

in a person's life, changing over time. Over the past decade, they have transformed into mechanisms capable of 

effectively interacting with people, understanding their gestures and emotions. This was made possible thanks to the 

development of robotics. The rapid development of intelligent control and information processing technologies against 

the background of scientific discoveries in the field of energy, mechanical engineering, microprocessor technology and 

telecommunication systems determines a new stage in the production and application of robotic systems (RS) [1–3].   

Robotics is an industry that widely applies modern information technologies in engineering applications, 

contributing to the involvement of technical means to obtain and use information to create control systems for complex 

objects. According to experts, robotic systems that are used in machine, automobile and shipbuilding, aviation, 

astronautics, medicine, textile industry, etc., contribute to an increase in the level of automation of production, which 

causes a reduction of 15 to 90 % of costs, depending on the area of application
1
. 

The history of the phenomenon of robotic systems for lay persons is connected with the thoughts of science fiction 

writers, for experts — with the development of the first industrial robot manipulators. In fact, the concept of automated 

mechanisms that can independently perform the required operations appeared earlier and has gone a long way of 

development. In fact, the concept of automated mechanisms that can independently perform the required operations 

appeared earlier and has gone a long way of development. The history of the creation of robots is connected with the 

development of mechanics. In many countries, even B.C., the first automatic devices were designed. The principles of 

their creation and functioning were formulated in Ancient Greece, which can be considered the birthplace of robotics. 

At the final stage of the era of the Ancient World, many types of gears and engines were discovered, the basic laws of 

classical mechanics were formulated. With the beginning of the Renaissance, automatic mechanisms were worked out, 

spring and pendulum winding mechanisms were developed, which allowed skilled craftsmen to create incredible 

devices that were able to automatically perform certain actions. At first, these devices were entertaining and aesthetic. 

The technology of creating such devices has become widespread in Europe and throughout the world, it has developed 

and expanded the scope of application. Later on, the development of electricity technology became crucial. Electric 

current has become a power source, a means of receiving, transmitting and processing information. In consequence of  

the accumulated achievements in the 1920s and 1930s, mechanisms were developed that met the requirements of 

robotic systems and demonstrated scientific findings. After the end of the Second World War, the use of robotics in 

industry started, the functionality and control systems of robots introduced into industrial production were continuously 

improved [1, 4]. 

Traditionally, industrial and service robotics is distinguished. Today, robotics is experiencing a new round of 

development. Mobile industrial robotics (IR), collaborative robotics (robotique collaborative), appeared, which allowed 

humans and robots to solve complex tasks together [5]. Two areas are developing most actively. The first is connected 

with remote control of robotic systems, which can be carried out by a person or a computer. The second involves the 

use of mechanical manipulator systems such as “arm” or “leg” for operating objects [1]. 

Currently, the development of robotics is based on the cooperation of independent experts, scientific organizations 

and companies [1]. The state plays a leading role in the development of innovative robotic technologies: 

implementation of national development strategies, grant financing, placement of defense orders
2
. The largest number 

of innovative robotics companies are located in Canada, Denmark, Finland, Italy, Israel, the Netherlands, Norway, 

Russia, Spain, Great Britain, Sweden and Switzerland [1].  

Let us analyze the current state of production and consumption of robotic systems. The key manufacturers of IR are 

Northern and Western Europe, the USA, Southeast Asia. The following top manufacturers of robotic devices are: 

Japanese FANUC, Yaskawa, Kawasaki, Nachi, Denso, Mitsubishi, Epson, Omron, Swedish-Swiss ABB. New 

companies are also emerging. Specifically, the robotics company Universal Robotics announced itself in 2005 as a 

small university startup to create a compact robot
2
.  

                                                           
1 Analiticheskii obzor mirovogo rynka robototekhniki. 2019. URL: https://adindex.ru/files2/access/2019_07/273895_ 

sberbank_robotics_review_2019_17.07.2019_m.pdf (accessed: 15.10.2021). (In Russ.) 
2 Analiticheskii obzor mirovogo rynka robototekhniki. 2019. (In Russ.) 

https://adindex.ru/files2/access/2019_07/273895_sberbank_robotics_review_2019_17.07.2019_m.pdf
https://adindex.ru/files2/access/2019_07/273895_sberbank_robotics_review_2019_17.07.2019_m.pdf
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In 2018, 74 % of the global IR market was occupied by China, Japan, South Korea, the USA and Germany. Japan is 

in the first place in the world in the production and export of industrial robots: in 2018, it accounted for 52 % of the 

world trade in industrial robots. In 2018, the production of robotics in the USA amounted to 40.3 ths. IR, which is 22 % 

more than it was in 2017. Germany is the fifth country in the world and the first in Europe in terms of the IR market. It 

is followed by Italy and France [6]. 

The Asian region is considered the largest producer of IR. It should be noted that in the Republic of Korea, since 

February 2018, the third program “Development Strategy for the Production of Smart Robots” has been implemented. 

Its tasks are to popularize collaborative and service robots, increase the innovative potential of robotics, expand the 

robotics market, increase government support measures, and strengthen public awareness in the field of robotics
3
. In 

2018, the production of IR in China and South Korea decreased, while in Japan it increased. Overall, the growth in the 

Asian region was 1 %. 

The second important producer is the European region. It demonstrates a constant increase in the growth rate of IR 

(from 2017 to 2018, the increase was 14 %). 

In 2012, the European Commission initiated the Robolaw project, aimed at solving the problems of terminology, 

legal and ethical standards related to robots [5]. The results of this work formed the basis of the resolution of the 

European Parliament of 16.02.2017 No. 2015/2103 (INL) “Norms of Civil Law on Robotics”, as well as the initiative to 

create the European Agency for Robotics and Artificial Intelligence and the introduction of the status of “digital 

persona” for robots
4
. 

It should be noted that in Russia, legal conditions for the development of robots within the framework of “regulatory 

sandboxes” have also been created. Robotics is included in the list of technologies used in the framework of 

experimental legal regimes in the field of digital innovation due to the decree of the Government of the Russian 

Federation No. 1750 dated 28.10.2020
5
. 

In recent years, a record production growth of IR has been observed in North and South America (Fig. 1) [6]. 

 

Fig. 1. Growth dynamics of the global market of industrial robots, ths. units. (the authors' figure) 

China is the largest consumer of industrial robots with a share of 36  % of the total number of manufactured  

IR (154 ths.) with a total value of 5.4 billion dollars, which is more than the number of robots operating in Europe and 

America. In South Korea, the number of IR put into operation has increased by 12 % annually since 2013. 

                                                           
3  Kim Sang-mo. Policy Directions for S. Korea’s Robot Industry. Business Korea. Special Report on Korea's Robot Industry. 2018. URL: 

http://www.businesskorea.co.kr/news/articleView.html?idxno=24394 (accessed: 20.10.2021). 
4 European Parliament resolution of 16 February 2017 with recommendations to the Commission on Civil Law Rules on Robotics (2015/2103(INL)). 

URL: https://www.europarl.europa.eu/doceo/document/TA-8-2017-0051_EN.pdf (accessed: 22.10.2021). 
5  Ob utverzhdenii perechnya tekhnologii, primenyaemykh v ramkakh eksperimental'nykh pravovykh rezhimov v sfere tsifrovykh innovatsii: 

postanovlenie pravitel'stva Rossiiskoi Federatsii ot 28.10.2020 No. 1750. URL: 

http://static.government.ru/media/files/o8LH12RcKX2aDbzOOyGYp78LPATZqQu7.pdf (accessed: 23.10.2021) (In Russ.) 
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The chief user of IR in the world with a share of 30 % of the total supply is the automotive industry. The major 

consumer countries of such robots are China, Japan, Germany, the USA, South Korea [1]. 

Unfortunately, Russia is not among the top-ranking countries in terms of the use of industrial robots. The 

introduction of robotics is carried out at a low pace, therefore, in recent years there has not been a high growth in 

demand for industrial robots observed in the period from 2005 to 2010. Although interest in technologies using 

industrial robots is growing in our country every year, and the number of integrator companies that are technological 

conductors between manufacturers and end customers is also increasing [7]. The Government of the Russian 

Federation, within the framework of the “Strategy for the development of the information technology industry in the 

Russian Federation for 2014–2020 and for the future until 2025”, has included the development of robotics in the list of 

priority areas of technological development. According to experts, the key task of the state should be support of the 

R&D associated with the development of robotics, formation of an order, and stimulation of demand for products being 

created for various industries, including industrial production, the military industry, communications, and energy [8]. 

Currently, the electronics industry accounts for about a third (32 %) of robot deliveries in the world [1]. The main 

consumer countries of IR in the electrical/electronic industry are China, South Korea, Japan [6]. Plastics production and 

chemical industry use 5 % of IR supplies; food and beverage production — 3 %. 

An important indicator of the industrial robotization is the number of IR per 10 thousand employees. In the 

manufacturing industry, this indicator is as follows: in Europe — 114 units, in the North and South America — 99; in 

Asia and Australia — 91. From 2013 to 2018, the average annual growth rate of the number of robots used in Asia was 

16 %, in America — 9 %, in Europe — 6 %. According to this indicator, Singapore has been in first place over many 

years (831 IR per 10 thousand employees in 2018), South Korea (774 IR) is in second place, and Germany (338 IR) is 

in third place [6]. The average robotization density in Russia is twenty times lower than in the world. Unlike the West, 

in our country, it did not take place non-stop due to a number of socioeconomic shocks
6
. 

Collaborative robots (cobots) are included with the IR used to perform tasks together with employees. They can 

complement and improve human activity without creating threats to it. They are characterized by security, relatively 

low price, short payback period, flexibility, multitasking. They are easily reconfigured to perform various scenarios, and 

they can be created by transformation from industrial robots
7
. These robots are most widely used in medicine, 

pharmaceuticals, and the automotive industry. Much attention is paid to cobots by the mass media. The market for these 

robots is small. In 2018, about fourteen thousand units were sold, which is 3.24 % of 422 ths. IR supplied by the 

customer [6].  

Currently, two groups of service robots can be distinguished: professional (to benefit from the provision of services) 

(PSR) and personal (for use in everyday life) [6]. The market for personal robots is increasing all the time. According to 

forecasts, 61.1 million units (worth $11.5 billion) can be sold in 2022 [6]. 

European and American companies are the largest producers of PSR. Americans are leading in the segment of 

logistics systems, while Europeans are leading in the field of medical robotics. European and Asian companies produce 

45 % of agricultural robots [6]. 

In 2018, the total sales of the PSR amounted to $9.2 billion. 41 % of the PSR sold were logistics systems, 39 % were 

PSR for inspection and repair work [3]. In 2017, a total of 6,055 robots were sold for agriculture; 300 — for mining; 

1,000 — for the nuclear industry, shipbuilding and aircraft construction. It is these industries that are traditionally 

6  Tekhnologicheskie tendentsii razvitiya promyshlennykh robotov. Gosudarstvo. Biznes. Tekhnologii. Obzor “Rossiiskii rynok promyshlennoi 

robototekhniki. 2021” URL: https://www.tadviser.ru/index.php/Статья:Технологические_тенденции_развития_промышленных_роботов 

(accessed: 07.10.2021) (In Russ.) 
7 Tekhnologicheskie tendentsii razvitiya promyshlennykh robotov. Gosudarstvo. Biznes. Tekhnologii. Tadviser. 2020. (In Russ.) 

https://www.tadviser.ru/index.php/%D0%A1%D1%82%D0%B0%D1%82%D1%8C%D1%8F:%D0%A2%D0%B5%D1%85%D0%BD%D0%BE%D0%BB%D0%BE%D0%B3%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B8%D0%B5_%D1%82%D0%B5%D0%BD%D0%B4%D0%B5%D0%BD%D1%86%D0%B8%D0%B8_%D1%80%D0%B0%D0%B7%D0%B2%D0%B8%D1%82%D0%B8%D1%8F_%D0%BF%D1%80%D0%BE%D0%BC%D1%8B%D1%88%D0%BB%D0%B5%D0%BD%D0%BD%D1%8B%D1%85_%D1%80%D0%BE%D0%B1%D0%BE%D1%82%D0%BE%D0%B2
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strong in Russia. Experts are counting on the development of robotic systems in these industries
8
. In 2018, 106 thousand 

control and maintenance systems were sold, 5.8 thousand milking robots, 5.1 thousand medical robots, which are the 

most expensive of service robots. Their average price is 548 thousand dollars, including accessories and services. There 

is also a constantly growing demand for ancillary work for the elderly in Europe and Asia [6]. 

The production of powered human exoskeletons capable of maintaining the ergonomics of work and reducing the 

burden on the employee has increased, it amounted to 7.3 thousand pieces in 2018 [6]. 

The distinction between industrial and service robotics is gradually eliminating due to the development of industrial 

use of service robotics, i.e., there is a “convergence of industrial and service robotic technologies” [1]. In the near 

future, the division of robots into industrial and service robots will lose its meaning, since the same robot will be able to 

solve tasks both in the workshop and in the service environment
9
. 

Significant factors in the spread of robots include the high demand for robotic products, a significant increase in 

investment in the robot-making, an increase in the number of patents for robotic developments, and the increasingly 

widespread introduction of artificial intelligence (AI) systems [1]. Experts denote the trend in the development of AI 

robots, bearing in mind the fact that every controlled robot has AI elements
 10

. 

The increase in demand for robots is accompanied by a decrease in their cost. The average price of one industrial 

robot fell from $45,500 in 2016 to $44,000 in 2017, and the share of “inexpensive” robots grew.  

In future, the use of robotic systems will grow, and the development of robots will be carried out in the following 

areas: improvement of mechanisms, drives, algorithms; development of self-learning control systems using weak 

artificial intelligence; development of human-computer interfaces, speech recognition, etc. [8–10]. Experts denote the 

need to pay special attention to cybersecurity when creating and implementing industrial robots. At the same time, 

cybersecurity should be understood not only as the security of human and robot collaboration, but more broadly — 

security of the production complex as a whole, setting up the security policy for remote robot control, commercial and 

industrial secrets, intellectual property protection
11

.  

According to experts, the manufacturing industry remains the most important robotics market for the coming 

decade. A special contribution to robotics will be made by the digitalization of production and the development of 

autonomous vehicles that promote mobility. Logistics, “smart” agriculture, and healthcare, in which surgical and 

medical telepresence robots will acquire advantage, will also be developed [6]. 

Materials and Research Methods. To study the attitude to robotic technologies, a questionnaire
12

 was posted on

social networks, and an online survey was conducted. The study aimed at the application of statistical methods to 

processing and generalizing the data obtained. The study does not claim to be fundamental, but allows us to form an up-

to-date opinion about the attitude to robotic systems in society and about the current state of robotics. 

Let us characterize the group of respondents. The number of respondents was 116 people. They included 

undergraduate and graduate students of the technical university who initiated the survey, people familiar and close to 

them, university lecturers. Most of the respondents were people not related to robotics. The average age of participants 

was 24 years. The maximum age was 67 years, the minimum — 12 years (Fig. 2). The majority of those who answered 

the questions were males (70 %) (Fig. 3). 58.7 % of respondents had or were receiving higher education (Fig. 4). 73.3 % 

majored in engineering, information technology and technical sciences (Fig. 3). 

8Analiticheskii obzor mirovogo rynka robototekhniki. 2019. (In Russ.) 
9 Ibid. 
10 Tekhnologicheskie tendentsii razvitiya promyshlennykh robotov. Gosudarstvo. Biznes. Tekhnologii. Tadviser. 2020. (In Russ.) 
11 Ibid. 
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Fig. 2. Number of respondents by age (the authors' figure) Fig. 3. Gender of respondents, % (the authors' figure) 

Fig. 4. Number of respondents by education, % 

(the authors' figure): 

 basic general education (grades 5–9); 

 general secondary education (grades 10–11); 

 secondary vocational education; 

 higher education. 

Fig. 5. Number of respondents by special fields, % 

(the authors' figure): 

 mathematical and natural sciences; 

 engineering, information technology and technical sciences; 

 healthcare and medicine; 

 agriculture and agricultural sciences; 

 social sciences; 

 education and pedagogical sciences. 

Respondents identified their hobbies as follows: programming (including microcontrollers), engineering, 

electronics, robotics, computer games, decorative welding, assembly of radio devices, poker-painting, writing, English, 

information technology, sports, reading, art, drawing, music lessons, flower-growing. As can be noted, the range of 

hobbies is very wide. At that, the respondents' main interests are programming, engineering, electronics, robotics, 

computer games and information technology, which can be proved by the specialty of the majority of 

respondents (Fig. 6). This fact is important for the objectivity of the results obtained. 

96 % of respondents are Russian nationals. The remaining four percent of respondents do not live in 

Russia (Fig. 7–9). 
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Fig. 7. Number of respondents by place of residence (country), % (the authors' figure) 

 

 

Fig. 8. Number of respondents by place of residence (settlement), pers. (the authors' figure) 

  

 

Fig. 9. Map showing respondents' placeof residence  
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Research Results. Let us look at the key data of the survey. 65 % of those who answered the questionnaire gave the 

highest rating to the prospects of robotic systems (Fig. 10). It should be noted that the hypothesis was confirmed that the 

opinion about the prospects of robots does not depend on the specialty of respondents. At the same time, the hypothesis 

is true that the opinion about the prospects of robots does not affect the definition of the field of the widest application 

of robotics today. 

The hypothesis was also confirmed that the opinion about the most promising field of application of robots 

does not depend on the specialty of respondents. 48 % of respondents consider the construction sector the most 

promising, 33 % — industry (Fig. 11). 

Residents of other countries took part in the survey. Due to the small number of foreign respondents, the question of 

the influence of the country of residence on determining the most promising field of application of robots could not 

affect the results of the survey. 

The areas of the most widespread use of robots today, according to respondents, are industry (65 % of respondents 

think so), construction (19 %), everyday life (9 %) (Fig. 12). 

Fig. 10. Respondents’ estimates (1–5 points) about the prospects 

of robots, % (the authors' figure) 

Fig. 11. The most promising areas of application of robots, 

according to respondents, %) (the authors' figure) 

The hypothesis was confirmed that the desire to create robots and the opinion about the prospects of robots were 

dependent. 40 % of respondents expressed the desire to create robots, the same number considered it possible to create 

robots, and only 20 % of respondents did not want to do this (Fig. 13). It should be noted that the desire to create robots 

depended on gender, on the specialty and on the age of the respondents. At the same time, respondents were on the 

point of realizing the desire to create robots within their specialty. 

Fig. 12. Areas of the most widespread use of robots today, 

according to respondents, % (the authors' figure) 

Fig. 13. Number of people willing to create robots, % 

(the authors' figure) 

27 % of respondents gave maximum points to the desire of making robots as a hobby (Fig. 14). The same number of 

respondents (28 %) gave maximum points to the desire of making robots within the specialty (Fig. 15). The number of 

respondents who wanted to make robots as part of a hobby and as part of a specialty was in close agreement. It should be 

noted that the desire to make robots within the specialty depends on the specialty, on the level of knowledge in the field 

of robotics and on the respondents' belief in the prospects of robots, but does not depend on education. 
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Fig. 14. Number of respondents who wanted to make robots 

as a hobby (1–5 points), % (the authors' figure) 

Fig. 15. Number of respondents who wanted to make robots 

within the specialty (1–5 points), % (the authors' figure) 

29 % of respondents gave maximum points (1 point out of 5) to their level of knowledge in the field of robotics, 

and 5 % — the maximum (Fig. 16). 16 % of respondents gave minimum points (1 point out of 10) to knowledge of how 

robots are arranged and work, and 10 % — the maximum (Fig. 17). 

Note that the number of respondents of all specialties decreases as their level of knowledge in the field of robotics 

increases (starting from the 3rd level). At the same time, the number of respondents with knowledge level 2 for all 

specialties turns out to be more than with level 1 (minimum level). This can be explained by the presence of certain 

knowledge of robotics (not only elementary) among all respondents due to their interest in this area. 

No correlation was found between the level of knowledge in the field of robotics and the age of respondents, as well 

as their place of residence. These conclusions may become a reason for further research in the field of the quality of 

training of robotics experts, which is undoubtedly a challenge at the moment, taking into account global trends. 

The following conclusion, which was made due to the survey, confirmed the already existing hypothesis: the level 

of knowledge in the field of robotics depends on gender. Indeed, more interest in this topic was shown by males. This is 

supported by the ratio of girls and boys majoring in the robotics at universities. 

The next question concerned the influence of the specialty on the knowledge of how robots are arranged and work. 

Only 26 % of non-engineering respondents rated themselves for having this knowledge below level 5 (10 levels in 

total). Among the respondents with engineering specialties, there were respondents with a high level of knowledge of 

how robots are arranged and work. It is hoped that it is not just the teachers who participated in the survey. It is also 

important to emphasize that the inquiry revealed a very small number of respondents with engineering specialties with a 

low level of knowledge of robots (up to level 4). This is less than could be expected. And, conversely, there were more 

respondents with a high level of knowledge of robots than expected. 

Fig. 16. Number of respondents by level of knowledge 

(1–5 points) in robotics, % (the authors' figure) 

Fig. 17. Number of respondents assessing knowledge 

(1–5 points) of how robots are arranged and work, % 

(the authors' figure) 
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5 % of respondents believe that due to the widespread use of robotic systems, a rise of the machines is possible, 

29 % doubt this possibility, and 56 % think it is impossible (Fig. 18). The opinion about the possibility of a rise of the 

machines depends neither on the knowledge of the device of robots, nor on the age of the respondents. 

41 % of respondents are convinced that robots can displace people from jobs, 40 % consider it possible, and only 

19 % do not believe in it (Fig. 19). The opinion that robots will displace a person from jobs does not depend on 

education, specialty, country of residence and on the level of knowledge of respondents in the field of robotics. 

Fig. 18. Number of respondents who believe that the rise of 

machines is possible, % (the authors' figure) 

Fig. 19. Number of respondents who believe that robots 

can displace people from jobs, % (the authors' figure) 

41 % — the maximum assessment (Fig. 20). Many people are wary of human-like robots. The gender characteristics 

of the respondents affected the concerns associated with man-like robots. The presence of fears associated with human-

like robots does not depend on the respondent's specialty. The hypothesis that if the respondents have concerns about 

human-like, then they believe in the possibility of a machine rise has not been confirmed. 

The majority of respondents do not have robots, except for a robot vacuum (18 % of respondents have) and some 

household appliances, which can partly be attributed to robotic systems (Fig. 21).

Fig. 20. Number of respondents who are 

afraid of human-like robots (1–5 points), % 

(the authors' figure) 

Fig. 21. Number of respondents with robots 

of various purposes, % (the authors' figure) 
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Discussion and Conclusions. The analysis of robotic technology, the study of people's opinions about the use of 

robotic systems allowed us to obtain the following results. 

Despite the fact that the development of robotics in our country is currently being carried out at a low pace, interest 

in robotic technology is growing every year, separate innovative approaches to its implementation are being performed, 

challenging developments are emerging, and their implementation is taking place in various spheres of life. 

The results of the survey have confirmed that young people show an increased interest in creating robotic systems. 

80 % of respondents wish to make robots, both as a hobby and as part of their specialty, if they see the prospect of such 

activity. At the same time, 65 % of respondents gave a high assessment of the prospects for the development of robotic 

systems. Due to the fact that there were few roboticists among the respondents, the dependence of the respondents' level 

of knowledge on their specialty was not statistically revealed. But the hypothesis about the influence of the specialty on 

the knowledge of how robots are arranged and work has been confirmed. Only 26 % of respondents of non-engineering 

specialties gave themselves low marks for having this knowledge. Among the respondents with engineering specialties, 

those with a high level of knowledge of how robots are arranged and function are noted. It is hoped that it is not just the 

teachers who participated in the survey. It is also important to emphasize that among the respondents with engineering 

specialties, there were fewer people with a low level of knowledge of robots (up to the 4th level of knowledge) than 

could be expected. And, conversely, there were more respondents with a high level of knowledge of robots than 

expected. 

The low level of knowledge in the robotic technology, which respondents generally noted, on the one hand, is not an 

obstacle to the further development of this technology due to the high degree of motivation of respondents to study and 

create robots, as well as due to the availability of experts. On the other hand, it is the increase in the level of knowledge 

that can contribute to the elimination of wariness about human-like robots, and fears associated with the idea of the 

possibility of robots displacing a person from his workplace. 

To solve social problems related to the spread of robots in Russia, the following measures are being implemented: 

legal conditions are being created for the development of robots within the framework of “regulatory sandboxes”, 

robotics is included in the list of technologies used within the framework of experimental legal regimes in the field of 

digital innovation. All this, along with the efforts of universities that train students majoring in the robotic systems, 

allows us to hope that such technologies will be further developed, and their introduction into production and everyday 

life will go faster. 
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Abstract 

Introduction. In modern heavy-loaded friction units, metallopolymer coated bearings operating in the boundary friction 

mode are widely used. Their successful application is provided by the viscoelastic deformation of these coatings under 

load. To pass from boundary friction to liquid friction, it is required to create a bearing hydrodynamic wedge. Currently, 

the use of journal bearings with polymer-coated grooved support ring is hindered by the lack of a methodology for their 

calculation. This work analyzes a model of movement of a micropolar lubricant in the operating clearance of a journal 

bearing with a nonstandard support profile having a PTFE composite coating with a groove on the bearing surface. The 

study aims at establishing the dependence of the stable hydrodynamic regime on the width of the groove on the surface 

of the bearing profile. 

Materials and Methods. Tribological tests of journal bearings with a nonstandard bearing profile having a polymer 

coating with a groove on the surface were carried out on samples in the form of partial bushes (blocks). Using the 

equation of movement of a lubricant with micropolar rheological properties, as well as the continuity equation, new 

mathematical models were obtained that took into account the width of the groove, polymer coating, and nonstandard 

bearing profile.  

Results. A significant expansion of the applicability of design models of journal bearings with structural changes has 

been achieved. Polymer-coated bearings with a groove provided a hydrodynamic lubrication mode. The results obtained 

allowed us to evaluate the operational characteristics of the bearing: hydrodynamic pressure value, load capacity, and 

coefficient of friction. 

Discussion and Conclusions. The design of polymer coated journal bearing and a groove 3 mm wide on the surface of 

the liner provided a stable ascent of the shaft on the hydrodynamic wedge, which was validated experimentally. The 

experiments were carried out for journal bearings with a diameter of 40 mm with a groove 1–8 mm wide, at a sliding 

speed of 0.3–3 m/s and a load of 4.8–24 MPa.   

Keywords: journal bearing, increased wear resistance, antifriction polymer composite coating, groove, hydrodynamic 

mode, verification, micropolar lubricant, nonstandard bearing profile. 
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 Introduction. The issues of providing the reliability of machines and mechanisms are among the major ones in 

modern industry. New technologies and calculation methods are being developed and existing ones are being improved 

to increase the resource of technical devices, their wear resistance, economic and operational characteristics. 

It is known that the most common cause of failures of friction units are wear and malfunction, and the proportion of 

failures reaches 80 %. Investigations conducted in the field of friction units suggest the use of new antifriction coatings, 

modern varieties of materials, original design features of friction units.  

Primarily, during calculations and design, the qualities of friction units are underpinned, while modeling 

methodologies are constantly being developed and improved [1–5]. The parameters affecting the friction units keep 

changing in accordance with their working conditions and the materials used to obtain a protective coating on the 

contact surfaces [6–10]. At the same time, there is a need for new methods for adequate modeling and experimental 

verification of the models obtained. 

It follows from the basic results of [11–15] that the formation of secondary structures of frictional transfer of 

tribological processes in the system “railway track — rolling stock” during the implementation of metal cladding 

technologies provides reducing the coefficient of friction and wear, and improving vibration-absorbing properties. It has 

been found that the transverse deformation of a solid body is reduced by 1.5 % and enables to reduce the wear of wheel 

sets and rails in indirect sections, as well as to increase the traction power of the locomotive. At that, the longitudinal 

deformation of the solid increases by 60.6 %. 

The research results [16, 17] are devoted to the development of a mathematical model of journal bearings of finite 

length and dampers with porous structural elements on the surface of the bearing bush. The obtained study results 

enable to increase the bearing capacity by 20–22 % and reduce the transmission coefficient of the damper by 15–17 %, 

and the coefficient of friction by 13–15 %.  

The paper
1
 shows that the use of a low-melting coating on the surface of the bearing bush as an additional lubricant, 

taking into account its rheological properties and the melt coating having truly viscous rheological properties, increases 

the operating time of bearings in the hydrodynamic friction mode by 10–12 % and prevents an emergency shortage of 

lubricant. 

In [19–21], computational models were developed that provided the most effective hydrodynamic lubrication mode 

both in normal and emergency mode during “lubricant starvation”. They were designed to establish a balanced 

combination of the composition of metal alloys for coatings of movable and fixed contact surfaces of tribo-nodes and 

the type of lubricant. As a result, it was found that the degree of improvement for the load capacity was 26.2 %, for the 

coefficient of friction — 12.8 %.  

Based on the above, it can be concluded that it is required to develop new design models of bearings, or improve the 

accuracy of existing ones. A property of the computational models of journal bearings obtained by the authors is the 

generalization of a whole complex of additional factors previously considered only individually in a single block. 

The study aims at establishing the regularities for a stable hydrodynamic regime due to the width of the groove on 

the bearing profile surface through applying a polymer coating.  

Problem Statement. The laminar flow of a micropolar fluid in the journal bearing clearance between a trunnion and 

a nonstandard bearing profile on which a polymer coating with a groove is located, is studied. In this case, the speed of 

rotation of the trunnion is equal to Ω, and the speed of the bushing is zero under the conditions of an adiabatic process. 

                                                 
1 Lagunov EO, Mukutadze MA. The Radial Bearings of Sliding Caused by Fusion. In: Proc. IV Int. Science and Technology Conf. “PROM-

ENGINEERING”. Chelyabinsk: South Ural State University; 2018. P. 56–62. 
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The micropolar lubricant flow is given by the well-known equation in the approximation “for a thin layer” and the 

continuity equation:  
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 (1) 

In the polar coordinate system (Fig. 1) with a pole in the center of the bushing, the equation of the trunnion contour, 

the bushing with a noncircular profile of the bearing surface and the bushing with a nonstandard bearing profile, on 

which the polymer coating is located, is given as: 

 0 1 11 ; sinω ; sinω .r r H r r a r r h a             (2) 

Fig. 1. Journal bearing having a polymer coating with a groove on the bearing surface (the authors' figure) 
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To make the solution simpler, let us pass on to dimensionless quantities: 
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Taking into account (4), equations (1) and (3) are transformed into a system of dimensionless equations with the 

corresponding boundary conditions, but the condition of constant lubricant consumption should be considered: 
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where 1 2= ; = ; .
e a h

   
  

The solution to problem (5), taking into account boundary conditions (6), is sought by the well-known 

method [20, 21] in the form of: 
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where   11 cos sinh      . 

For hydrodynamic pressure and velocity field, we obtain the following analytical expressions: 
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Determining the bearing capacity and friction force, we use the following formulas: 
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Numerical analysis (9) was performed for the following ranges of values: (2 – 1) = 5.74–22.92 (groove width), 

d = 40 mm; V = 0.3–3 m/s; σ = 4.8–24 MPa; μ0 = 0.0707–0.0076 N∙s/m
2 
(oil MS-20).  

Experimental Procedure. The experimental study consists of: 

1) verification of the developed calculation model; 

2) a set of experimental investigations of a bearing with a newly developed design of the bearing surface of the 

bushing. 

The experiment was carried out on an upgraded AI 5018 friction machine using samples in the form of partial 

bushes. The blocks were cut from the annular blank at a central angle equal to 60 °. Polymer coatings and grooves along 

the tribocoupling axis to the coating depth were applied to their working surfaces. In addition, the blocks had holes for 

thermocouples. 

Research Results. As a result of theoretical research, it has been found that the bearing capacity of a journal bearing 

with a polymer coating of the bushing surface containing a groove, as well as a profile of the bearing surface adapted to 

friction conditions, was increased by 8–9 %, and the coefficient of friction was reduced by 7–8 % (Table 1). 

 

Table 1 

Results of theoretical study on the surface of the support ring with fluoroplastic-containing composite polymer coating 

No. σ, MPa 
Friction ratio 

1 2 3 4 5 

1 4.8  0.00815 0.01982 0.01781 0.01056 0.00363 

2 9.6 0.00614 0.01493 0.01342 0.007958 0.0027354 

3 14.4 0.00413 0.01005 0.00903 0.005356 0.0018408 

4 19.2 0.00212 0.00516 0.00464 0.002754 0.0009462 

5 24 0.00011 0.000281 0.000253 0.0001497 0.0000516 

 

As a result of the experimental study, a stable hydrodynamic regime was obtained after two minutes of processing. 

The load increased five times with the same interval (Table 2). 

Table 2 

Results of experimental study on the surface of the support ring  

with fluoroplastic-containing composite polymer coating 

No. 

Mode 
Results of theoretical 

research 

Results 

of experimental study 
Error rate, % 

σ, MPa V, m/s Polymer coating Grooved coating 
Polymer 

coating 
Grooved coating 

1 4.8 0.3 0.0160 0.0142 0.0184 0.0159 

5–12 6–13 

2 9.6 0.3 0.0105 0.0088 0.0119 0.0064 

3 14.4 0.3 0.0085 0.0066 0.0098 0.0078 

4 19.2 0.3 0.00100 0.0076 0.0122 0.0097 

5 24 0.3 0.0140 0.0109 0.0152 0.0123 

The study results validate the effectiveness of the developed theoretical models and prove the advantage of the 

investigated journal bearings over existing ones by increasing the load capacity and reducing the friction ratio.  

Discussion and Conclusions. Theoretical research determined the required cross section of the oil-supporting 

grooves to enter the hydrodynamic lubrication mode at a given load. Then, after setting the parameters of the grooves, a 

computational model was developed describing the operation of the journal bearing in the hydrodynamic mode for a 

micropolar lubricant, taking into account the bearing profile adapted to the friction conditions. 

In the studied design, when the shaft rotates in the groove, a circulating movement of the lubricant occurs. The 

resulting force lifts the shaft, and a hydrodynamic wedge is formed in the resulting gap.  

In accordance with the target goal, the general experimental technique is validated both according to classical 

single-factor and full-factorial designs. 
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Conclusions: 

1. As a result of the study, a significant expansion of the possibilities of applying in practice computational models

of a grooved journal bearing with a polymer coating has been achieved. They provide an assessment of operational 

characteristics, i.e., the magnitude of hydrodynamic pressure, load capacity, and coefficient of friction. 

2. The use of the studied journal bearings with a groove width of 3 mm significantly increases their load capacity

(by 8–9 %) and reduces the friction ratio (by 7–8 %). 

3. The design of a polymer-coated journal bearing with a 3 mm wide groove provides stable ascent of the shaft on a

hydrodynamic wedge. 

Reference designation 

ir
v  , i

v — components of the velocity vector of the lubricating medium; υi
 — particle velocity in the micropolar 

medium; 
2 2

0

1
cos sin ..., ,

2

e
H

r
      

0r — shaft radius; 1r — bushing radius; h — groove height; е — 

eccentricity;  — relative eccentricity; 
e

 


 — bearing design parameter with standard bearing profile; 1

a
 


 — 

bearing design parameter with adapted profile; 2

h
 


 — design parameter characterizing the groove; pg — pressure at 

the ends of the interval; 1 and 2 — the angular coordinates of the groove, respectively; u
*
() and v

*
() — known

functions due to the presence of a polymer coating on the surface of the bearing sleeve.
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Abstract 

Introduction. Life expectancy is, by definition, the average number of years a person can expect to live from birth to 

death. It is therefore the best indicator for assessing the health of human beings, but also a comprehensive index for 

assessing the level of economic development, education and health systems. From our extensive research, we have 

found that most existing studies contain qualitative analyses of one or a few factors. There is a lack of quantitative 

analyses of multiple factors, which leads to a situation where the predominant factor influencing life expectancy cannot 

be identified with precision. However, with the existence of various conditions and complications witnessed in society 

today, several factors need to be taken into consideration to predict life expectancy. Therefore, various machine learning 

models have been developed to predict life expectancy. The aim of this article is to identify the factors that determine 

life expectancy. 

Materials and Methods. Our research uses the Pearson correlation coefficient to assess correlations between 

indicators, and we use multiple linear regression models, Ridge regression, and Lasso regression to measure the 

impact of each indicator on life expectancy.  For model selection, the Akaike information criterion, the coefficient of 

variation and the mean square error were used. 𝑅2 and the mean square error were used.

Results. Based on these criteria, multiple linear regression was selected for the development of the life expectancy 

prediction model, as this model obtained the smallest Akaike information criterion of 6109.07, an adjusted coefficient 

of 85 % and an RMSE of 3.85. 

Conclusion and Discussion. At the end of our study, we concluded that the variables that best explain life expectancy 

are adult mortality, infant mortality, percentage of expenditure, measles, under-five mortality, polio, total expenditure, 

diphtheria, HIV/AIDS, GDP, longevity of 1.19 years, resource composition, and schooling. 

The results of this analysis can be used by the World Health Organization and the health sectors to improve society. 

Keywords: life expectancy, machine learning, machine learning models. 

Acknowledgments. This paper has been supported by the RUDN University Strategic Academic Leadership 

Program. 

For citation. Brou Kouame Amos, I. Smirnov. Determinants Factors in Predicting Life Expectancy Using Machine 

Learning. Advanced Engineering Research, 2022, vol. 22, no. 4, pp. 373–383. https://doi.org/10.23947/2687-1653-

2022-22-4-373-383 

 

INFORMATION TECHNOLOGY, COMPUTER 

SCIENCE, AND MANAGEMENT

© Kouame Amos, Smirnov I., 2022 

https://doi.org/10.23947/2687-1653-2022-22-4-373-383
mailto:broukouameamos9@gmail.com
https://doi.org/10.23947/2687-1653-2022-22-4-373-383
https://doi.org/10.23947/2687-1653-2022-22-4-373-383
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2687-1653-2022-22-4-373-383&domain=pdf&date_stamp=2022-12-31
https://orcid.org/0000-0003-4490-2017


Advanced Engineering Research 2022. V. 22, no. 4. P. 373−383.  ISSN 2687−1653 

  
h
tt

p
:/

/v
es

tn
ik

-d
o
n
st

u
.r

u
 

374 

Introduction 

Human life expectancy can be understood as a statistic used in demography to estimate the average age at which 

people in a given region and at a given time can be expected to live under current conditions [1]. Life expectancy is not 

only a statistical indicator of human health, but also a means of assessing the degree of economic, educational, 

health [2] and environmental development. It should be noted that the World Health Organization (WHO) 

considers life expectancy to be a key, if not the most important, indicator of health, reflecting the instruments of 

human existence [3–6]. In the majority of the world countries, life expectancy has in fact increased. Global life 

expectancy increased from 67.2 years in 2005 to 70.8 years in 2015
1
. The United Nations and individual national 

governments now have the optimization of human life expectancy, health and well-being as their main 

objective [7–8]. The UN has been a strong promoter of human health by providing sanitary remedies, which 

greatly improves the urban environment and helps developing countries
2
. In the African region of the World Health 

Organization, life expectancy is 61.2 years, while in the European region, it is 77.5 years, giving a ratio of 1.3 between 

the two regions [9]. Analysis of the disparities in life expectancy between developed and developing countries will 

enable the United Nations to improve its health promotion and humanitarian assistance activities. It will also 

enable governments of different nations to establish more effective policies to increase life expectancy and  

improve living standards. States would be able to significantly increase the life expectancy of their population by 

investing more in the health care system [7]. According to [10], the increase in life expectancy in the United States as a 

function of per capita income is substantially related to the increase in income level. According to some researchers, the 

relevant factors affecting life expectancy are mainly environmental, social and economic factors. These vary 

according to location and involve economic development, medical and health requirements. Existing research has 

given rise to debates about the factor that determines life expectancy. In [11], the author analysed life expectancy 

in Tibet, China, and found the main factors determining life expectancy. The author in [12], thought that social 

economy played an important role in determining life expectancy in the early stages of development. However, it 

was replaced by diet and lifestyle when economic development reached a certain level. The article [13] considered 

that the determining factor in the evolution of life expectancy in Eastern Europe was lifestyle.  

In the end, several studies have identified numerous factors influencing life expectancy. However, few studies 

compared economic development with environmental factors to analyse the intensity of their impact on life 

expectancy. Several studies are trying to find out the determining factor of life expectancy. It must be said that there are 

several. Epidemiological studies in developed countries reveal large differences in life expectancy that are often highly 

complex. A current study in the United States suggests that 10 to 38 % of the differences in life expectancy can be 

explained by work-related stress. Life expectancy depends on many factors such as economic status, regional changes 

in education, gender disparities, physical and mental illnesses, alcohol consumption, GDP, health care spending, and 

many other demographic factors. Life expectancy has actually increased during the 20th and 21st centuries in 

industrialized countries [14–20]. The improvement in life expectancy in Europe is followed by a population growth in 

the over-50 age group. There were 179 million people aged 50 or over in all EU Member States in 2008, and 

195 million in 2014, with women accounting for about 55 % of the total [21–24]. 

According to some sources, the level of economic development has a significant effect on life expectancy. Indeed, 

studies have shown that people who are financially well off and those from wealthy families tend to have a higher life 

expectancy [25, 26]. For some researchers, other economic development variables such as GDP per capita [27, 28], 

urbanisation rate [29] and level may affect life expectancy to different degrees. Some studies show that environmental 

1 United Nations Statistical Yearbook, 2017 edition. United Nations, New York; 2017. 
2 United.Nations.Economic.and.Development.website: https://www.un.org/chinese/esa/health.htm (accessed: 9 February, 2021) 

https://www.un.org/chinese/esa/health.htm
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factors are determinants of life expectancy [29]. Indeed, according to [29, 30], most environmental factors, such as 

ecological resilience and environmental sustainability, are positively correlated with life expectancy, while some 

factors, including biodiversity, are negatively correlated with life expectancy. In [31], current environmental 

conditions influence the life expectancy of the population at birth, while cumulative changes in circumstances 

continue to influence the remaining life expectancy of the population at different ages over time. J. O. Anderson 

in [32] thought that people living in an environment with high levels of particulate pollutants over a long period of 

time had higher cardiovascular morbidity, and that there was some degree of dose dependence. Other researchers 

have studied the impact of different environmental variables on life expectancy. A. Wuffle [33] compared the 

average temperature of all US states. The results showed that the lower the average temperature in November, the 

higher the life expectancy of the population in those states [34–36]. 

Therefore, through machine learning, we will determine the factors that influence life expectancy. Machine 

learning (ML) can be understood as a discipline that lies at the intersection of mathematics, statistics and computer 

science. Machine learning has played an important role in the development of artificial intelligence (AI). Thus, artificial 

intelligence, through machine learning, helps companies to prevent problems and increase profits. In the field of health, 

machine learning is still surprising researchers. It is now the most widely used tool for prediction and forecasting. 

Machine learning, which represents a cutting-edge technology due to its predictive accuracy in several problems, 

is widely used to increase life expectancy by reducing the mortality rate [17]. Indeed, given that several elements 

impact on life expectancy, the multiple regression model is of paramount importance and corresponds to the 

exploration of the specific relationship and level of impact between several factors and life expectancy.  

This paper uses multiple linear regression models and Pearson's correlation coefficient to examine the relationship 

between several variables on life expectancy and provide more help for future research on both sides. These models are 

also used as a basis for suggestions to states for improving life expectancy in order to achieve a development of human 

society.  

Materials and Methods 

The World Health Organization (WHO) Global Health Observatory (GHO) data repository tracks health status and 

many other related factors for all countries. The datasets are made available to the public for analysis of health data. 

Data on life expectancy and health factors for 193 countries were collected on the same WHO website and the 

corresponding economic data were collected on the UN website. From all categories of health-related factors, only the 

most representative critical factors were selected. It has been observed that in the last 15 years, the health sector has 

undergone enormous development, resulting in improved human mortality rates, especially in developing countries, 

compared to the last 30 years. Therefore, in this project, we considered data from the year 2000 to 2015 for 

193 countries for further analysis. The individual data files were merged into a single dataset. Initial visual inspection of 

the data revealed some missing values. As the datasets were from WHO, we did not find any obvious errors.  

Our dataset had missing data, and the missing data were for population, hepatitis B and GDP. Imputation of missing 

data using the *mice* function in the R package of the same name. 

Each variable is associated with an imputation model, conditional on the other variables in the data set: if we have 

𝑋𝑘 variables, the missing data for the variable 𝑋𝑖 will be replaced by the predictions of a model created from the other

variables.  

The final file is composed of 22 attributes, the target variable “life expectancy” and various other social factors, such 

as total expenditure on life, population, education and health factors, such as BMI, measles, etc. These data are 

available on Kaggle [18]. All predictors were then divided into several broad categories: vaccination-related factors, 

mortality factors, economic factors, and social factors. 
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Data mining 

The objective of this section is to gain a better understanding of the data by extracting information from the data. 

We mainly want to determine the relationship between the variables. 

The correlation matrix, visualized using a heat map (as shown in Figure 1), is one of the best ways to understand the 

correlation between variables. It is plotted using the R library “Reshape2” and shows us the strength of the linear 

relationships between the variables. The linear relationship between the outcome and the characteristics can be 

estimated by a correlation matrix. In multivariate analysis, it plays an important role, as it elaborates the relationship 

between the different components [19]. Looking at Figure 1, we can see that: 

the target variable Life expectancy is strongly correlated (positively or negatively) with: 

 Adult mortality (-0.70);

 HIV/AIDS (-0.56);

 Composition of income resources (0.72);

 Schooling (0.75).

There is also a very low correlation between the target variable Life Expectancy and Population (-0.02) or no 

correlation at all. 

The child deaths variable is extremely positively correlated with deaths under five years of age (1.00). 

The GDP variable and the percentage of expenditure are positively correlated (0.90). 

The Hepatitis B variable is moderately positively correlated with Polio and Diphtheria (0.49) and (0.61). 

The variables diphtheria and polio are strongly positively correlated (0.67). 

The HIV/AIDS variable is negatively correlated with resource composition (-0.25). 

The thinness variable 10 ... 19 years is very strongly positively correlated with the thinness variable 5 ... 9 years (0.94). 

The variable Schooling and the income composition of resources are very strongly correlated (0.8). 

Fig. 1. Visualisation of the correlation matrix by heat map (the authors' figure) 
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By examining the correlation coefficients in Figure 1, we detect potential predictors of life expectancy. For each 

numerical variable that is potentially predictive of life expectancy, we will run a simple linear regression between it and 

the life expectancy variable, display the Pearson correlation coefficient and its P  

y = a𝑥 + 𝑏. y is the dependent variable and x is the independent variable. a and b are the model parameters (a is the 

slope of the fitted line and b is the intercept). 

From the result of this exploratory analysis on our data, we concluded that adult mortality, HIV/AIDS, BMI, income 

composition, and education are the most important factors in predicting life expectancy. This selection was made on the 

basis of the Pearson correlation coefficient and p-value (as shown in Figures 2, 3, 4, 5, 6).  

 The correlation between the variable infant mortality, GDP, alcohol, percentage of expenditure, hepatitis B,

measles, under-five deaths, polio, total expenditure, diphtheria, population, age 1–19, age 5–9, and life expectancy is 

statistically significant as their p-values are less than 0.001, but the linear relationship between these variables is weak 

with a Pearson correlation coefficient of less than 0.5. Under these conditions, the variables child deaths, GDP, alcohol, 

percentage of expenditure, hepatitis B, measles, under-five deaths, polio, total expenditure, diphtheria, population, 

leanness 1–19 years, leanness 5–9 years, cannot be considered as a predictor of life expectancy. 

 There is a strong negative correlation between the variables Adult Mortality and Life Expectancy with a Pearson

correlation coefficient of –0.7 and statistically significant since the p-value is less than 0.001. In other words, as adult 

mortality increases, life expectancy decreases. Under these conditions, the adult mortality variable can be considered a 

predictor of life expectancy. 

 There is a negative correlation between the variables HIV/AIDS and life expectancy with a Pearson correlation

coefficient of -0.56 and statistically significant since the p-value is less than 0.001. As the number of people affected by 

HIV/AIDS increases, life expectancy decreases. Under these conditions, the HIV/AIDS variable can be considered a 

predictor of life expectancy. 

 There is a positive correlation between the BMI and life expectancy variables with a Pearson correlation

coefficient of 0.56 and statistical significance since the p-value is less than 0.001. Under these conditions, the BMI 

variable can be considered a predictor of life expectancy. 

 There is a strong positive correlation between the variables Income composition of resources and life expectancy

with the Pearson correlation coefficient of 0.69 and statistically significant as the p-value is less than 0.001. The graph 

shows that as the composition of income increases, life expectancy increases. Under these conditions, the variable 

Income composition of resources can be considered as a predictor of life expectancy. 

 There is a strong positive correlation between the variables Education and Life Expectancy with a Pearson

correlation coefficient of 0.72 and statistically significant as the p-value is less than 0.001. The graph shows that the 

higher the education, the higher the life expectancy. Under these conditions, the education variable can be considered a 

predictor of life expectancy. 

 
 

Fig. 2. Correlation between life expectancy and HIV/AIDS variable (the authors' figure) 
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Fig. 3. Correlation between life expectancy and the adult mortality variable (the authors' figure) 

Fig. 4. Correlation between life expectancy and the income composition variable (the authors' figure) 
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Fig. 5. Correlation between life expectancy and the BMI variable (the authors' figure) 

Fig. 6. Correlation between life expectancy and the education variable (the authors' figure) 
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Methodology 

In order to determine the variables that predict life expectancy, different regression models are used, namely, 

multiple linear regression, rigid regression and lasso regression. We will then examine the criteria for selecting (p – 1) 

explanatory variables from the k available explanatory variables. These criteria are: Mallows' Cp criterion, the 

coefficient of determination,  𝑅2 The Bayesian information criterion (BIC), the Akaike information criterion (AIC).

Multiple linear regression 

Multiple linear regression is an immediate generalization of simple linear regression. In multiple linear regression, 

the function F that we want to estimate no longer depends on a single variable, but on several. If we have n pairs of the 

form (𝑋𝑖 = (𝑥𝑖,1, 𝑥𝑖,2, ........, 𝑥𝑖,𝑚) є𝑅𝑚, 𝑦𝑖 є 𝑅𝑚), with 𝑦𝑖  the result obtained for the observation 𝑋𝑖 = (𝑥𝑖,1, 𝑥𝑖,2, ........,

𝑥𝑖,𝑚), then the function we wish to estimate will be of the general form below :

F (𝑋𝑖 = (𝑥𝑖,1, 𝑥𝑖,2, ........, 𝑥𝑖,𝑚) = 𝑎1𝑥𝑖,1 + 𝑎2𝑥𝑖,2 + ...+ 𝑎𝑚𝑥𝑖,𝑚 + 𝑎0. (1) 

The objective is to estimate the vector A = 𝑎1, 𝑎2 , ..., 𝑎𝑚 , 𝑎0 so that the function F is as close as possible to 𝑦𝑖  .

As with simple linear regression, the least squares method can be used to find the vector A, and the function to be 

minimized will be defined as follows:  

E = ∑ [𝑛
𝑖=1 𝑦𝑖  – F (𝑥𝑖,1, 𝑥𝑖,2, ........, 𝑥𝑖,𝑚)]2. (2) 

One of the most difficult aspects of abundant regression algorithms is to determine how to converge to the 

configurations (𝑎1, 𝑎2 , ..., 𝑎𝑚, 𝑎0) that yield errors Ɛ = �̂�𝑖 – 𝑦𝑖   and avoid the trap of over-learning.

The best-known approach to minimizing the error calculation function E while avoiding over-learning is the 

introduction of the concept of regularization.  

There are two regularizations widely used with regression models: the Lasso regularization and the Ridge 

regularization. 

Lasso and Ridge regression 
Lasso regression is a regression model in which the selection and regulation of variables take place simultaneously. 

This method uses a penalty that affects the value of the regression coefficients. With Lasso regularization, the error 

function to be minimized becomes: 

𝐸𝐿𝑎𝑠𝑠𝑜 = ∑ [𝑛
𝑖=1 𝑦𝑖  – F (𝑥𝑖,1, 𝑥𝑖,2, ........, 𝑥𝑖,𝑚)]2 + λ∑ |𝑚

𝑖=0 𝑎𝑖 |. (3) 

The difference between E and 𝐸𝐿𝑎𝑠𝑠𝑜  is that in 𝐸𝐿𝑎𝑠𝑠𝑜  we have added the term λ∑ |𝑚
𝑖=0 𝑎𝑖|2  to further sanction

solutions with values of (𝑎1, 𝑎2 , ..., 𝑎𝑚, 𝑎0).

 Ridge regression is a regularised regression algorithm that performs an L2 regularisation by adding an L2 penalty, 

which is equal to the square of the magnitude of the coefficients. With Ridge regularization, large values of (𝑎1, 𝑎2 , ...,

𝑎𝑚, 𝑎0) are more protected, and the error function to be minimized becomes:

𝐸𝑅𝑖𝑑𝑔𝑒  = ∑ [𝑛
𝑖=1 𝑦𝑖  – F (𝑥𝑖,1, 𝑥𝑖,2, ........, 𝑥𝑖,𝑚)]2 + λ∑ 𝑎𝑖

2𝑚
𝑖 .  (4) 

We note that in both the Lasso and Ridge regularization cases, when the value λ is set to 0, then E = 𝐸𝐿𝑎𝑠𝑠𝑜 = 𝐸𝑅𝑖𝑑𝑔𝑒.

Mallows' Cp criterion 

Mallows' Cp is a selection criterion between several regression models. It compares the accuracy and bias of the full 

model with those of models containing a subset of predictors. Mallows’ Cp criterion is defined from the following 

formula: 

𝐶𝑝 = 
𝑆𝐶𝑟𝑒𝑠

𝛿2̂  – (n –2p). (5)

But the problem is that we can no longer estimate 𝛿2 by 𝑠2 = 
𝑆𝐶𝑟𝑒𝑠

𝑛−𝑝
because 𝐶𝑝 would always be equal to p and then it

would no longer be interesting [9]. So, in practice, we estimate 𝛿2 by the 𝑠2 of the model that involves all k explanatory

variables of the available model, then we choose among the models the one for which Mallows' Cp criterion is closest 

to p. 

The coefficient of determination 𝑹𝟐

The website 𝑅2 is the simplest to use. However, with the introduction of new variables, it increases monotonically

even if they are weakly correlated with the explained variable. It is therefore advisable to turn to the use of other criteria 

such as the adjusted 𝑅2adjusted criterion, Mallows’ Cp, the AIC and AICc criteria, the BIC criterion.

The adjusted coefficient of determination  𝑅2 is the evolved version of the coefficient of determination  𝑅2.

The adjusted  𝑹𝟐 determines the amount of variance of the dependent variable, which can be explained by the

independent variable. On the basis of the fitted value  𝑅2  value, one can judge whether the data in the regression

equation are appropriate. The higher the  𝑅2 the higher the fitted value, the better the regression equation because it

implies that the independent variable is chosen to determine the dependent variable. 

The Bayesian information criterion BIC 

The Bayesian Information Criterion (BIC) is derived from the Akaike Information Criterion (AIC) and is defined 

by : BIC = -2 log ( L) + k log (n). It is more parsimonious than the AIC criterion because it penalises the number of 

variables present in the model more. According to [9], the AIC was introduced to retain the variables relevant to the 

forecast, whereas the BIC criterion aims at selecting the statistically significant variables in the model. 
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The Akaike Information Criterion (AIC) 

The Akaike Information Criterion (AIC) is a mathematical method that is applied to models estimated by a 

maximum likelihood method to assess how well a model fits the data from which it was generated. AIC is applied to 

analysis of variance, multiple linear regression, logistic regression and Poisson regression.  The AIC criterion is defined 

by : 

AIC = 2K – 2Log (L),  (6) 

where L is the maximised likelihood and k is the number of model parameters. With this criterion, the deviance of the 

model -2 log ( L) is penalised by two times the number of parameters. 

Therefore, the AIC represents a compromise between bias, which decreases with the number of parameters, and 

parsimony, the desire to describe the data with as few parameters as possible. 

The rigour would dictate that all models compared should derive from the same ‘complete’ model included in the list of 

models compared.  

The best model is the one with the lowest AIC. When the number of parameters k is large compared to the number 

of observations n, i.e., if N/k < 40, it is recommended to use the corrected AIC. The corrected Akaike information 

criterion, AICc, is defined by:  

AICc = AIC + 
2𝐾(𝐾+1)

𝑛−𝐾−1
. (7) 

Results 

Our analysis has shown that life expectancy increases over the years, and that it is on average higher in developed 

countries than in developing countries. 

This study has also led us to the conclusion that the model chosen for the selection of life expectancy predictors is 

multiple linear regression (Table 1), as this model obtained the lowest Akaike information criterion of 6109.07, an 

adjusted coefficient of 85% and an RMSE of 3.85. 𝑅2 of 85 % and an RMSE of 3.85.

These measures were better than those of the Lasso and Ridge regression models. According to this model and 

following the p-value of less than 2.2𝑒−16, all variables are significant, except for: Alcohol, Hepatitis B, Measles,

Population, Slimness.1.19, Slimness.5.9. This means that we can do without these variables to explain life expectancy. 

However, applying the Akaike information criterion to the multiple linear regression model, the variables that best 

explain life expectancy are: adult mortality, infant deaths, percentage of expenditure, measles, under-five deaths, polio, 

total expenditure, diphtheria, HIV/AIDS, GDP, thinness. 1.19 years, income composition, and school enrolment. 

       Table 1 

Models Adjusted  𝑅2 RMSE 

Multiple Linear Regression 0.85 3.85 

Lasso Regression 0.82 3.85 

Ridge Regression 0.82 3.91 

Conclusion 

Before analysing this data set, we had the impression that life expectancy could be increased if we had more money. 

This is because it takes money to be healthy and to receive appropriate medical treatment. Moreover, if a country is 

economically developed (GDP), all its citizens can afford appropriate medical treatment. This would mean that life 

expectancy depends largely on economic factors. However, after analysing this dataset, we have concluded that life 

expectancy is mainly affected by adult mortality, infant mortality, percentage of expenditure, measles, under-five 

mortality, polio, total expenditure, diphtheria, HIV/AIDS, GDP, wasting. 1.19 years, income composition, and 

schooling. This makes sense because if a person is educated enough to recognize health problems, they can make 

appropriate lifestyle changes, including but not limited to diet and exercise, which would ideally extend their life 

expectancy. Education can change a person's perception and help them understand the benefits of being fit and its 

impact on health. In addition, a higher level of education could be linked to a higher income, and a higher income 

would mean higher spending on health and fitness. Thus, education is directly or indirectly a good predictor of life 

expectancy. Various machine learning models have been used for training. Among these models, the multiple linear 

model has proven to be very effective in determining both the coefficient of determination and the errors. This model 

can therefore be used for the prediction of life expectancy. 
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Abstract  

Introduction. To develop new system modules of software to help employees with disabilities, it is required to work out 

an architectural solution for the interaction of all parts of the system.  As a result of the analysis and design, it is 

necessary to obtain a software architecture that must meet a number of standard requirements. First of all, it should be 

safe. To do this, you should take into account the error logging system, event auditing, the possibility of disabling the 

functionality immediately after putting it into commercial operation, internal mechanisms for validating client input 

requests and server responses. This study is aimed at the development of basic system maintenance options, the analysis 

of exception cases under interacting with the user for further evaluation of the architecture efficiency, and the direct 

project development. 

Materials and Methods. The architectural decision was carried out using the Unified Modeling Language (UML), 

which helps to build visual images of the life cycle and interaction of all components of the system. The syntax of the 

UML deployment diagram was used to study the interaction of the main modules of the future system, and the syntax of 

the UML sequence diagram was used to process the lifecycle. A use case diagram was also applied to describe the main 

use cases. To study the interaction of the main modules of the future system, the UML deployment diagram syntax was 

used. For life cycle processing, the UML sequence diagram syntax was applied. In addition, a use case diagram was 

applied to describe the base use cases. 

Results. An architecture that has a scheme for the interaction of individual modules and systems, as well as options for 

using the software package for the future implementation of the software product, has been developed. The proposed 

system architecture meets the requirements of security, reliability (fault tolerance), and performance. The authors have 

fixed the functional requirements of the system of assistance to employees of enterprises with hearing problems for the 

possibility of their employment and work on the telecommunication Internet. Basic variations of system maintenance 

have been developed. 

Discussion and Conclusions. Building a competent architecture provides taking into account cases that go beyond the 

normal use of the system, and applying a fuzzy model to determine the system efficiency. Further in-depth description 

of deployment and operation options will enable to implement an efficient and productive system. 
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Introduction. Previously, the causes of disability among the population with disabilities were investigated 

through expert evaluation using the method of pairwise comparisons by Thomas L. Saati. As a result, it has been 

discovered that for improving the ability to work, it is required to develop a comprehensive system that would solve 

the problem of hearing loss and make it possible to work in remote support centers, where understanding the 

interlocutor is mandatory [1]. Before evaluating the efficiency, you need to work out all possible options for system 

maintenance. This will determine the service architecture efficiency associated with the performance of each module of 

the desired level of service. To reduce labor costs at the development stage, it is required to determine in advance 

exception cases when the module is working with transcription. 

The scientific novelty of this study is the efficiency of the architecture in terms of tasks to be solved (service 

options). 

The assessment was carried out using a fuzzy model of expert opinions in this field. It goes beyond the scope of 

discussion of this article.  

To develop the architecture, you need to consider the following parameters: 

– cross-platform — the software product should cover the main operating systems; 

– fault tolerance — the system should work stably in case of interruptions in operation; 

– security — the system must support logging, monitoring and auditing of user events; 

– horizontal scalability — with an increase in the number of clients, the software product must work at the same 

speed by increasing the number of servers; 

– performance — the system should work without delays in real time. 

Planning and describing the software architecture is an important and necessary step before the direct development 

of a client-server application. The system should have a module for speech recognition and translate it into text, thereby 

allowing people with hearing problems to work on remote support. 

Materials and Methods.  

UML is a special modeling language that is used in the development of the architecture of computing systems, 

software, network architecture, and in the construction of business processes
1
 [2, 3].  

The following schemes were used to describe the project architecture: 

1. Sequence diagram describes the process of receiving calls and processing them from the point of view of an 

employee of the organization
2
. 

2. Use case diagram describes the use cases of the system. 

3. Deployment diagram describes the architecture of the system. 

                                           
1 Khammatova LA. Universal UML Modeling Language, Basic Diagrams and Usage Problems. In: ‘Proryvnye nauchnye issledovaniya: problemy, 
zakonomernosti, perspektivy”, Coll. of Papers XIII Int. Sci.-Pract. Conf. Penza, 2019. P. 88–90. (In Russ.) 
2 Teslenko IB, Tsarev AO. Osobennosti informatsionnogo proektirovaniya s ispol'zovaniem yazyka UML. In: “Innovatsionnoe razvitie sotsial'no-

ehkonomicheskikh sistem: usloviya, rezul'taty i vozmozhnosti”, Proc. V Int. Sci.-Pract. Conf. Orekhovo-Zuyevo, 2017. P. 174–177. (In Russ.) 
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Research Results. The construction of UML diagrams made it possible to determine the system service quality 

criteria, to take into account exception cases and ways of processing them, and the construction of a deployment 

diagram — to determine the system efficiency using a fuzzy model.   

 

Fig. 1. Diagram of system use cases (the authors' figure) 

Figure 1 shows a use case diagram developed by the authors of this article, which demonstrates that the main remote 

support requests come for the following reasons: complaints about the provision of services by the enterprise, 

consultation, and ordering services. At that, it should be borne in mind that the system of automatic generation of 

subtitles may work incorrectly for some reasons, i.e., it could not recognize speech, filtering of prohibited words was 

not passed, etc. In this case, you should switch the client to a robotic system or another operator. 

The robotic system is an automatic voice generation module with its own life cycle, which enables to inform the 

client about technical problems during a call. The module also provides switching to another free operator at the will of 

the client or taking a queue in case of a heavy load at a given time. 
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Fig. 2. Employee workflow diagram (the authors' figure) 

igure 2 shows a workflow diagram from the point of view of an employee of the organization. After the standard 

authorization procedure, a call from the client may be received in the employee's personal account via a broadcast 

channel. If the call is accepted, a continuous information transmission channel is established between the client and the 

employee. The received data is transmitted in real time to the processing module, where text subtitles are generated 

using a set of transformations and methods. 

In case of a conversion error, the client switches to a robotic system, and the employee is notified that voice 

processing is impossible. All actions (events) of the client and employee are marked in the speech recognition and 

logging module.  
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Fig. 3. System component deployment diagram (the authors' figure) 

Figure 3 shows a microservice architecture project deployment diagram [4, 5], which consists of three blocks: 

Internet. Visual modules for user-client interaction (User Interface, UI) are located on the Internet. It is worth 

noting that the client’s channels for implementation are represented by three platforms: IOS, Android, Web; whereas 

the employee has only a Web channel. Principally, this is due to the fact that an employee does not usually need such 

applications for mobile operating systems because of the kind of work and security. 

Data Gateway. The key task of the gateway is to provide the transfer of information from the Internet to the local 

network, where the primary servers are deployed, and back. This gives a number of advantages. First, there is a 

common point for transmitting all data. It is not possible to interact with the server bypassing the security gateway. 

Secondly, all requests can be checked for compliance with the originally laid format. Thirdly, the gateway allows load 

balancing between nodes, thereby achieving fault tolerance. If one node stops functioning, all requests are automatically 

distributed among other nodes. Fourthly, the system can be easily scaled. If the number of requests grows over time, it 

is enough to add a new node and the performance will remain at the same level.  

Nodes. It is a complex system consisting of services interacting with each other. The major ones include services for 

receiving requests from a client and an employee. Their task is to receive a request, process it and set up interaction 

with each other using special components — sockets that allow data exchange in real time. These components receive 

data about the client and employee from special services that interact with a relational database using the SQL 

language [6]. For fault tolerance and speed, the database also has several nodes, but at least two. All user and client 

actions are transmitted to the speech recognition and logging services using message queues. This gives some 

advantages — asynchronous data transmission and safety of all information in case of a service failure. At that, storing 

such information in a relational database is impractical due to the uniformity and simplicity of the structure. For this 

reason, it is advisable to use a document-oriented NoSQL DBMS [7, 8]
3
. It is worth noting that independent databases 

in each of the nodes provide high performance, and the consistency and relevance of data is implemented through a 

mechanism, whose replication will be described in detail in the following studies. The “Master-Slave” mechanism in 

                                           
3 Popov VB, Gavrikov IV. Tekhnologii “NOSQL” v algoritmakh analiza bol'shikh dannykh i iskusstvennom intellekte. In: “Problemy informatsionnoi 

bezopasnosti”, Coll. of Papers V All-Russian Sci.-Pract. Conf. with international participation. Simferopol, Gurzuf, 2019. P. 158–160. (In Russ.) 
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relational and non-relational databases is required for possible vertical scaling and minimizing resource costs in case of 

an increase in the load on a single node. 

All requests from the Internet to the local network occur over the HTTP protocol using the following methods: 

 GET — in case of receiving information from any of the modules;

 POST — in case of creating records in any of the modules;

 PUT — in case of a change in any of the modules.

Requests to the stored information occur within transactions to provide data integrity [9–11]. 

Discussion and Conclusions. Architecture development, using the language of graphical description, enables to 

visually describe the functional requirements for the system, evaluate its effectiveness and reduce the number of errors. 

The use case diagram made it possible to identify the need to develop a robotic system, as well as to identify many 

service options for a fuzzy model in case of exception situations during voice transcription. The deployment diagram 

helped to determine the effectiveness of the functions performed by each internal service, and the sequence diagram 

helped to determine the product lifecycle. 
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