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RESEARCH ON THE EXTRACTION OF
COPPER AND OTHER METALS FROM

COPPER SLAGS USING SULFURIC ACID
LEACHING

1 Tolibov B.I., 2Axmedov M.S., 3Yuldoshov S.M.
Agency of innovative development under the Ministry of higher education, science and innovation

2,3Navoi state university of mining technologies
Email: 1intelekt16@gmail.com, 2akhmedov.madat@nsumt.uz, 3Sarvarbek5775@gmail.com

Abstract– This study explores the dissolution behavior of copper
(Cu), iron (Fe), and zinc (Zn) from copper slags in sulfuric acid so-
lutions under controlled experimental conditions. A series of exper-
iments were performed to evaluate the effects of acid concentration
(1,5 M, 2 M, and 2,5 M), temperature (70 oC, 80 oC, and 90 oC), and
leaching duration (60, 90, and 120 minutes) on metal recovery effi-
ciency. The findings demonstrated that a sulfuric acid concentration
of 2,5 M, combined with a temperature of 90 oC and a leaching time
of 120 minutes, yielded a copper recovery rate of up to 95% and an
iron recovery rate of approximately 90 %. The study further estab-
lished that higher acid concentrations and elevated temperatures sig-
nificantly improve the efficiency of metal dissolution. In contrast,
experiments conducted with lower acid concentrations (1,5 M and
2 M) showed a notable reduction in copper and iron recovery rates.
Moreover, particle size reduction to below 100 microns was found
to enhance the interaction between the acidic medium and metal
oxides, leading to improved leaching efficiency. These results un-
derline the critical influence of acid concentration, temperature, and
reaction time as key parameters in optimizing the leaching process
for metal recovery from slags.

Key words– Copper slags, sulfuric acid, leaching process, metal
recovery, H2SO4, silica (SiO2), energy efficiency, environmental
safety

I INTRODUCTION

Copper slag, a by-product generated during the copper
production process, is one of the significant waste materi-
als in the metallurgical industry. This slag still contains eco-
nomically valuable metals, such as copper (Cu), iron (Fe),
zinc (Zn), and other components. However, improper man-
agement of such waste can lead to adverse environmental ef-
fects, particularly the contamination of soil and water bod-

ies. Consequently, there is an urgent need to develop efficient
methods for the recycling of slags and the recovery of metals
from them.

Leaching in sulfuric acid is considered one of the most
promising processes for the recycling of copper slags.
Through sulfuric acid leaching, metals such as copper, zinc,
and iron can be effectively separated from the slag, provid-
ing an opportunity to implement both economically viable
and environmentally safe technologies. This process offers
significant advantages, as it not only recovers valuable met-
als but also minimizes the environmental impact associated
with slag disposal. However, the efficiency of this process
depends on a complex balance of factors such as acid concen-
tration, temperature, and particle size. Each of these parame-
ters significantly influences the dissolution rate of the metals
and, ultimately, the overall recovery efficiency. Therefore, it
is crucial to identify optimal operating conditions and thor-
oughly analyze the theoretical underpinnings of the leaching
process to ensure its effectiveness and sustainability.

This study is focused on exploring both the theoretical and
practical aspects of the sulfuric acid leaching process for cop-
per slags. The research thoroughly analyzes the key stages of
metal recovery, the impact of pH values, and the processes
involved in metal precipitation. Additionally, the paper ex-
amines the behavior of major components in the slag when
exposed to sulfuric acid, their chemical transformations, and
the potential for efficient recycling based on environmentally
safe technologies. By evaluating these factors, the study aims
to provide valuable insights into optimizing the leaching pro-
cess and promoting sustainable practices in the recovery of
valuable metals from slag.

Acta of Turin Polytechnic University in Tashkent, 2024, 30, 7-12
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II LITERATURE REVIEW

In this study, the optimal conditions for ensuring the effec-
tive separation of metals during the acid leaching of copper
slags were investigated. In the first phase, the authors demon-
strated that a 1 M concentration of H2SO4 solution at 80 oC
resulted in the recovery of up to 95 % of copper. They evalu-
ated the impact of temperature and acid concentration on the
leaching process. The results indicated that an increase in
temperature improved the metal recovery efficiency, demon-
strating a significant correlation between acid concentration
and temperature [1]. Subsequently, the influence of pH con-
trol on the separation of iron and copper was systematically
examined. The experimental results revealed that iron could
be efficiently separated at a pH of 1,6 with a recovery rate
reaching up to 90 %. In contrast, copper exhibited optimal
precipitation within the pH range of 2,0-2,5 with a recovery
efficiency of up to 85 %. These findings suggest that adjust-
ing the pH levels could significantly enhance the selectivity
and efficiency of the metal separation process, thus provid-
ing opportunities for further optimization and refining of the
leaching conditions [2].

The optimal particle size reduction significantly enhances
the efficiency of the leaching process. It was found that
copper and iron could be separated up to 92 % and 88 %,
respectively, with smaller particles accelerating the dissolu-
tion process. This is attributed to the increased surface area,
which intensifies the interaction between the acid and the
metals, thereby facilitating a faster separation of the metals
[3]. The enhancement of economic efficiency was also con-
sidered, with the possibility of reducing process costs by 20
% through the recovery of up to 90 % of copper. It was noted
that economic profitability could be achieved through energy
efficiency and effective waste management, highlighting the
potential for both cost reduction and environmental sustain-
ability in the process [4].

To minimize the negative environmental impact, a reduc-
tion of up to 85 % in waste generation was considered, along-
side strategies to ensure ecological safety. This approach
demonstrates the potential for employing environmentally
safe methods in the recycling process, emphasizing the inte-
gration of sustainable practices that contribute to both waste
reduction and environmental protection [5].

During the study, new technologies were proposed that en-
able the separation of copper and zinc up to 95 %, thereby
contributing to the development of environmentally safe pro-
cesses. This advancement highlights the potential for im-
proving metal recovery efficiency while ensuring ecologi-
cal sustainability in the process [6]. Innovative technologies
have been developed that enable the separation of metals up
to 90 % using energy-efficient methods, thereby enhancing
the efficiency of metal recovery with sulfuric acid. These

advancements contribute to both improved process perfor-
mance and reduced energy consumption [7].

Additionally, by thoroughly studying the kinetics and
mechanisms of the copper separation process, optimal con-
ditions were identified to achieve a separation efficiency of
93 %. This research demonstrates the potential to further
enhance process efficiency based on the analysis of chemi-
cal mechanisms and kinetic processes [8]. In another study,
it was demonstrated that the copper dissolution rate reached
90 % when the sulfuric acid concentration was 78 g/L, at
a temperature of 85 oC and a leaching time of 120 minutes
[9]. Additionally, another study successfully demonstrated
the separation of metals by first sorting copper slags using
magnetic separation, followed by treatment with sulfuric acid
to extract metals from the non-magnetic fraction. This ap-
proach proved effective in enhancing the metal recovery pro-
cess [10]. The researchers investigated the effective dissolu-
tion of copper in a sulfuric acid environment by disrupting
the fayalite structure of copper slags through treatment with
sodium carbonate, thereby exposing the copper surface for
enhanced extraction [11].

III METHODS

In this study, acid solutions were used for the separation
of copper (Cu), iron (Fe), and zinc (Zn) metals. The experi-
ments were carried out using the following methods:

Materials and Reagents: The samples were ground to a
size of up to 100 microns to enhance the interaction of the
metals with the acid solutions. The acid solutions used in the
study were sulfuric acid (H2SO4) with concentrations of 1,5
M, 2 M, and 2,5 M.

Experimental Conditions: For each experiment, three tem-
perature conditions were set: 70 oC , 80 oC , and 90 oC . The
leaching time was divided into three intervals: 60 minutes,
90 minutes, and 120 minutes.

Experimental Procedure: Metal particles were mixed with
the acid solution in a fixed ratio (e.g., 1:5). The resulting
mixture was heated to the designated temperature, and the
transfer of metal ions into the solution was monitored over
time. After each experiment, the metal ions that had trans-
ferred into the solution were separated, and their concentra-
tions were determined using a spectrophotometric method.

Repetition of Experiments: Each experiment was con-
ducted with a minimum of three repetitions, and the results
were expressed as mean values to ensure the reliability and
statistical significance of the findings. This approach en-
hanced the robustness of the experimental data and allowed
for a comprehensive assessment of the metal separation pro-
cess. By systematically analyzing the impact of key pa-
rameters—such as acid concentration, temperature, and re-
action time—on the extraction efficiency, the study provided
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Elements Cu Zn Pb Fe S SiO2 Al2O3 CaO+MgO

% 0,6 0,46 0,2 33,0 1,3 34,0 7,4 5,0

TABLE 1: AVERAGE CHEMICAL COMPOSITION OF COPPER SLAG, %

valuable insights into the optimal conditions for maximizing
metal recovery. The use of repeated trials also facilitated the
identification of potential variations, contributing to a more
accurate and precise understanding of the underlying mech-
anisms governing the process.

IV RESULTS

In this study, the efficiency of selective metal separation
was enhanced by initially grinding the samples to a particle
size of up to 100 microns. Particle size plays a crucial role
in promoting the interaction between metals and acid solu-
tions, as smaller particles significantly increase the reactive
surface area. This, in turn, enlarges the contact area between
the acid and the metal, thereby improving the overall effi-
ciency of metal separation. During the investigation, three
different concentrations of sulfuric acid (H2SO4) were se-
lected: 1.5 M, 2 M, and 2.5 M. The leaching processes were
conducted at temperatures of 70 oC, 80 oC, and 90 oC. The
duration of the leaching experiments was systematically ex-
amined at three-time intervals: 60 minutes, 90 minutes, and
120 minutes. The average chemical composition of the initial
samples is presented in Table 1.

When dissolving slag with sulfuric acid, the following
chemical reactions occur. As a result of these reactions, the
metals in the slag interact with the acid.

The reactions that may occur when copper slag is dis-
solved with sulfuric acid

Fe2SiO4 +2H2SO4 = 2FeSO4 +H2SiO3 +H2O (1)

Fe2SiO4+3H2SO4+0,5O2 = Fe2(SO4)3+H2SiO3+2H2O
(2)

Fe+H2SO4 = FeSO4 +H2 ↑ (3)

Fe+1,5H2SO4 +0,75O2 = 0,5Fe2(SO4)3 +1,5H2O (4)

Fe3O4 +4H2SO4 = Fe2(SO4)3 +FeSO4 +4H2O (5)

Cu+H2SO4 =CuSO4 +H2 ↑ (6)

Cu+H2SO4 +0,5O2 =CuSO4 +H2O (7)

CuFe2O4 +4H2SO4 =CuSO4 +Fe2(SO4)3 +4H2O (8)

0,5Fe+H2SO4 = 0,5FeSO4 +H2O+0,5SO2 ↑ (9)

0,5Cu+H2SO4 = 0,5CuSO4 +H2O+0,5SO2 ↑ (10)

Zn+H2SO4 = ZnSO4 +H2 ↑ (11)

Zn+H2SO4 +0,5O2 = ZnSO4 +H2O (12)

2MeO ·SiO2 +H2SO4 → 2MeSO4+

+SiO2 ·2H2O(Me : Fe,Zn,Mg,Ca) (13)

The metal separation indicators depending on the concen-
tration of sulfuric acid.

1,5 M H2SO4: Copper (Cu): The transition to the solu-
tion is 70%. This indicates a reduction in the sulfuric acid
concentration, which results in limited copper extraction. To
achieve higher recovery, adjustments in process conditions
are necessary.

Iron (Fe): The transition to the solution is 65%. Iron sep-
aration at this concentration is relatively efficient, but further
optimization of the process is required to improve extraction
rates and increase the overall recovery.

Zinc (Zn): The transition to the solution is 60%. Zinc ex-
traction is relatively low, which hampers the efficient recov-
ery of valuable metals. Enhancing the process conditions or
applying additional techniques could improve its extraction
efficiency.

2 M H2SO4: Copper (Cu): The transition to the solution
is 85%. This concentration proves to be highly effective for
copper extraction, significantly enhancing its recovery rate
and overall process efficiency.

Iron (Fe): The transition to the solution is 79%. The ex-
traction of iron is considerably improved, contributing to a
more efficient process and better metal separation.

Zinc (Zn): The transition to the solution is 76%. The in-
creased extraction of zinc indicates a more effective separa-
tion of valuable components, showcasing the optimized con-
ditions for maximizing metal recovery.

2,5 M H2SO4: Copper (Cu): The transition to the solution
is 95%. This represents the highest efficiency in the copper
extraction process, demonstrating the process’s effectiveness
in fully extracting copper from the slag.

Iron (Fe): The transition to the solution is 90%. The el-
evated iron extraction rate reflects the significant enhance-
ment in iron separation, making the process highly efficient
for iron recovery and maximizing resource utilization.

Zinc (Zn): The transition to the solution is 88%. The im-
proved zinc extraction rate indicates a strong performance in
the separation of zinc, contributing to the efficient recovery
of valuable metals and further optimizing the overall process.

The results of the study indicate that the highest metal ex-
traction efficiencies were achieved under the conditions of
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Fig. 1: Effect of sulfuric acid concentration on the transition of
metals into the solution.

Fig. 2: Effect of temperature and time on metal transition into the
solution: a) sulfuric acid concentration of 1.5 M, b) sulfuric acid
concentration of 2 M, c) sulfuric acid concentration of 2.5 M, d)

effect of time at sulfuric acid concentration of 2.5 M.

2,5 M H2SO4 concentration, 90°C temperature, and a leach-
ing time of 120 minutes. Specifically, copper (Cu) reached an

extraction efficiency of 95%, iron (Fe) was extracted at 90%,
and zinc (Zn) at 88%. These conditions significantly en-
hanced the overall extraction efficiency, optimizing the sepa-
ration of the target metals and improving the effectiveness of
the leaching process.

Grinding the particles to a size of 100 microns signifi-
cantly enhances the interaction between the acid solutions
and metals, thereby increasing the reactivity of the particle
surfaces. This process facilitates a more efficient dissolution
of metals, ultimately allowing for the maximization of ex-
traction efficiency under optimal conditions.

In conclusion, the study highlights the critical interdepen-
dence between temperature, acid concentration, and reaction
time in enhancing the metal separation process. The findings
underscore the importance of these parameters in achieving
high extraction yields. Furthermore, the results provide a
solid foundation for future scientific investigations and the
development of practical applications, offering key recom-
mendations for optimizing metal separation technologies.

V DISCUSSION

The results of this study further highlight the importance
of acid concentration, temperature, and leaching time in the
metal separation process. Experiments conducted with a 2,5
M H2SO4 concentration at 90 oC for 120 minutes demon-
strated a significant increase in the separation rates of copper
(Cu), iron (Fe), and zinc (Zn). Under these conditions, cop-
per extraction reached as high as 95%, which confirms the
effectiveness of working with highly concentrated acid solu-
tions for optimal metal separation.

The increase in acid concentration signifies a stronger in-
teraction between the acid and the metals, leading to an ac-
celeration of the leaching process. As a result, metal ions
transfer into the solution, enhancing the separation efficiency.
For example, in experiments conducted with a 2 M H2SO4
concentration and a leaching time of 90 minutes, copper
extraction reached 85%, whereas in processes with 1.5 M
H2SO4, the extraction rate was only 70%. This difference
highlights how acid concentration impacts the interaction be-
tween the acid and metals, as well as the rate at which reac-
tions occur.

The increase in temperature significantly enhances the ex-
traction efficiency. Experiments conducted within the tem-
perature range of 70 oC to 90 oC showed that raising the
temperature to 90 oC further improved the extraction rates
of copper and iron. Specifically, at a 2,5 M H2SO4 con-
centration, the extraction rates for copper (Cu) and iron (Fe)
reached 95% and 90%, respectively. This indicates that tem-
perature positively influences the leaching process by ac-
celerating the movement of metal ions within the solution,
thereby improving the separation efficiency. Furthermore,
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the grinding of particles down to 100 microns enhances the
metal extraction process by expanding the surface area for
interaction with the acid. As the particle size decreases, the
reactivity of the particles increases, which ensures a higher
concentration of metal ions in the solution. This increased
surface area accelerates the leaching process, leading to more
efficient metal separation.

The results of this study demonstrate that the optimal com-
bination of acid concentration, temperature, and time is criti-
cal in improving the efficiency of metal extraction processes.
These findings offer valuable insights that can inform fu-
ture research directions and practical applications. A more
in-depth analysis of these results and their integration into
industrial practice will facilitate the further advancement of
metal separation technologies.

Moreover, the obtained results can serve as a foundation
for studying the extraction processes of other metals and
for the development of new technologies. In metal separa-
tion processes, considering specific conditions, economic ef-
ficiency, and environmental impact, the study offers optimal
solutions for obtaining high-quality and efficient products.

VI CONCLUSION

This study investigated the separation of metals (Cu, Fe,
and Zn) in acid solutions by conducting experiments at vary-
ing acid concentrations (1,5 M, 2 M, and 2,5 M), temper-
atures (70 oC, 80 oC, and 90 oC), and leaching times (60,
90, and 120 minutes). The results demonstrated that under
the conditions of 2,5 M H2SO4 concentration, 90 oC tem-
perature, and 120 minutes of leaching, copper (Cu) separa-
tion reached 95 %, while iron (Fe) separation achieved 90 %.
These findings emphasize the significant role of these con-
ditions in enhancing the efficiency of metal separation pro-
cesses. The increase in temperature and acid concentration
improves the separation efficiency by accelerating the leach-
ing process of metal ions. Experiments conducted with 1,5
M and 2 M acid solutions showed a significantly lower sepa-
ration efficiency for copper and iron compared to those con-
ducted with higher concentration solutions.

Additionally, the grinding of particles to a size of up to
100 microns plays a crucial role in enhancing the interaction
between the acid and the metal, thereby improving the sep-
aration efficiency. The results obtained highlight the impor-
tance of determining the optimal combination of acid con-
centration, temperature, and time to ensure the effectiveness
of the metal separation process. The results of this study will
serve as a foundation for the development of metal separation
technologies and the design of more efficient processes in the
future. The data obtained in this research will contribute to
improving the economic efficiency of metal separation pro-
cesses and minimizing their environmental impact.
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Abstract– This paper presents the mathematical model of the hy-
draulic accumulator, one of the key components of the hydrostatic
regenerative braking system. The study focuses on the changes in
thermodynamic parameters that occur during the compression of ni-
trogen gas due to the movement of oil inside the hydraulic accumu-
lator. Specifically, the variations in pressure, temperature, density,
and volume of the gas within the accumulator are analyzed. The
findings provide valuable insights into the performance of the hy-
draulic accumulator, which can be used to optimize technological
processes and aid in the design of hydrostatic systems. This work
lays an important foundation for scientific developments aimed at
enhancing the efficiency of hydrostatic braking systems and their
wider implementation in practice.

Key words– hydro accumulator, recuperation, hydro pump/motor,
gas/liquid chamber, high pressure, inert/nitrogen gas.

I INTRODUCTION

In modern technologies, energy conservation and improv-
ing efficiency are of critical importance. Regenerative brak-
ing systems used in transportation help reduce fuel consump-
tion and decrease the amount of harmful emissions released
into the environment by recovering kinetic energy. In hydro-
static regenerative braking systems, the hydraulic accumula-
tor plays a crucial role in storing energy and reusing it when
needed [1–3]. During the operation of the hydraulic accumu-
lator, the interaction between nitrogen gas and oil results in
changes in the thermodynamic parameters of the gas, includ-
ing pressure, temperature, density, and volume. A detailed
study of this process is essential for enhancing the efficiency
of the hydraulic accumulator and ensuring the stable opera-
tion of the entire hydrostatic system. This research aims to
develop a mathematical model of the hydraulic accumulator
and investigate its performance characteristics by analyzing
the physical and thermodynamic properties of the gas. This

approach not only has theoretical significance but also offers
substantial practical benefits in improving hydrostatic sys-
tems and implementing new technologies [4–7].

In this study, the energy in the hydraulic energy recovery
system is stored through the hydraulic accumulator during
hydrostatic regenerative braking. The accumulator, consist-
ing of a fluid and gas chamber, stores energy by compressing
the inert gas. Therefore, this paper focuses on the processes
occurring within the hydraulic accumulator.

II PROBLEM FORMULATION

Figure 1 shows a simplified schematic of the balloon-type
hydraulic accumulator. The gas and liquid inside the accu-
mulator are highlighted in different colors (Figure 1). Before
the accumulator is connected to the system (when there is no
oil in the liquid chamber), the gas chamber (Figure 1 (4)) is
typically filled with nitrogen through the gas inlet hole (Fig-
ure 1 (5)). In the absence of oil in the accumulator, when
nitrogen gas fills the entire volume of the accumulator, the
pressure created by the gas is called the precharge pressure,
denoted as P0.

Fig. 1: Simplified schematic of the balloon-type hydraulic
accumulator. 1 - Hydraulic fluid inlet tube, 2 - Fluid section
(hydraulic fluid/oil), 3 - Accumulator casing, 4 - Gas section

(inert/nitrogen gas), 5 - Inert/nitrogen gas inlet tube.

After the accumulator is connected to the system, if the
pressure in the system exceeds the precharge pressure, the

Acta of Turin Polytechnic University in Tashkent, 2024, 30, 13-18



MODELING OF HYDRAULIC ACCUMULATOR IN HYDROSTATIC REGENERATIVE BRAKING SYSTEM 2

hydraulic fluid will flow from the fluid inlet hole (Figure 1
(1)) into the fluid chamber (Figure 1 (2)). The oil passing
through the accumulator compresses the gas, increasing its
pressure. When the pressure in the system decreases, the oil
in the accumulator returns to the system through the com-
pressed gas. The pressurized oil supplied to the system is
converted into motion energy through the hydraulic motor
[5].

III MATHEMATICAL FORMULATION OF THE
PROBLEM

In this study, the gas in the accumulator is assumed to be
an ideal gas, which undergoes a polytropic process during
expansion or compression in the energy storage and recov-
ery phases. Typically, nitrogen gas is used in such systems,
and the results are generally accurate in cases where very
high pressures are not involved. The relationship between
pressure and volume for an ideal gas undergoing a polytropic
process is expressed as shown in Equation (1).

P0V γ

0 = P1V γ

1 = const (1)

Equation(1): P0 represents the precharge pressure of the
gas, while P1 denotes any pressure in the system. V0 is the
volume of the gas at the precharge pressure, i.e., the total
volume of the accumulator, and V1 is the volume of the gas
at the pressure P1. γ is the polytropic gas constant. For nitro-
gen, if it undergoes an adiabatic process, the value of γ = 1.4
corresponds to experimental findings. The volume of the gas
in the accumulator at any given pressure can be calculated by
rearranging Equation (1).

V1 = (
P0

P1
)1/γV0 (2)

Once the accumulator is connected to the system, the vol-
ume of the gas changes as oil enters the accumulator. Since
the total volume of the accumulator remains constant, the ex-
act volume of the oil inside can be calculated by subtracting
the volume of the gas (calculated using Equation (2)) from
the total volume.

Vy =V0 −V1 (3)

The pressure of the oil must exceed the pressure of the
gas for the oil to enter the accumulator. If the pressure of
the oil becomes greater than the pressure of the gas, then the
pressures will equalize.

Py = Pg; P > P0 (4)

In Equation (4), Px represents the oil pressure, and Pg rep-
resents the gas pressure. In the process of modeling the

oil volume and pressure in the accumulator, the speed of
the pump/motor element is determined according to a model
linked to the vehicle’s speed, which, in turn, is related to the
wheel axle speed. Additionally, the rotational speed of the
pump/motor elements is calculated, and the reduction of the
oil entering or exiting the accumulator is considered.

To determine the temperature of the compressed gas, it is
treated as a polytropic process. For a real polytropic process,
if heat exchange with the environment is possible, the poly-
tropic index n will be within the range of 1 (for an isothermal
process) and γ = 1.4 (for nitrogen in an adiabatic process).
The relationship between temperature and pressure in a poly-
tropic process is described by the following equation:

T2

T1
=

(
P2

P1

) n−1
n

(5)

Here: T1 and T2 are the initial and final temperatures (in
Kelvin), P1 and P2 are the initial and final pressures, and
n = 1.3 is the polytropic index (which should be known or
estimated). To determine the change in the density of nitro-
gen gas, the ideal gas law equation is used:

PV = nRT (5)

Here:
P - pressure (Pa),
V - volume (m3),
n - amount of substance (mol),
R = 8.314 J/(mol ·K) - universal gas constant,
T - temperature (K).

IV NUMERICAL MODELING

The change in the oil volume of the accumulator is cal-
culated during the modeling process by taking an integral.
In modeling the processes described above, the COMSOL
Multiphysics software was used. COMSOL Multiphysics is
a program that enables the integration and simulation of mul-
tiple physical processes. It is particularly convenient for sim-
ulating hydraulic systems, the interaction between gases and
liquids, and processes such as the compression of gases and
liquids. Figure 2 shows the overall view of the device.

To fully and accurately model the processes occurring in-
side the accumulator, a non-structured mesh of 2,137,258 el-
ements was created to account for every detail of the sys-
tem. These mesh elements enable precise calculations of var-
ious parameters of the system, including pressure, volume,
and temperature changes. Additionally, they allow for high-
accuracy modeling of the interaction between gas and oil, as
well as their motion and compression processes, providing
the necessary detailed analysis for accurate simulation. This
meshing process (shown in Figure 3) enhances the efficiency
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Fig. 2: Overall view of the device.

of the calculation and simulation process, allowing for a deep
analysis of all the mechanical and hydraulic parameters of
the system.

Fig. 3: Unstructured mesh.

V ANALYSIS OF THE RESULTS

Figure 4 shows the change in the gas volume inside the
hydraulic accumulator as a function of pressure. Based on
this graph, the relationship between the gas volume and the
pressure in the system can be observed. This graph clearly

illustrates the processes of gas compression or expansion at
various pressure conditions of the accumulator, which helps
in better understanding the efficiency of hydraulic systems
and how they store energy. The relationship between the gas
volume and pressure plays a crucial role in identifying the
parameters needed to optimize the system.

Figure 7. The graph showing the change in pressure as a
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Fig. 4: Change in the gas volume inside the hydraulic accumulator as a function of pressure.
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Fig. 5: Displacement of nitrogen gas as a function of surface pressure change.

Fig. 6: Change in the volume of oil inside the hydraulic accumulator.

function of the temperature and density changes of the gas.
This graph illustrates how the temperature and density of the
gas change as its pressure varies, which helps in understand-
ing the heat exchange in the system and the compression pro-
cess of the gas. The way temperature and density change
with pressure is crucial for determining the efficiency of hy-
draulic systems and their operational parameters.

VI CONCLUSION

The results of the study provide important conclusions for
determining the physical state of nitrogen gas inside the hy-
draulic accumulator. According to the obtained data, the vol-
ume of nitrogen gas inside the accumulator decreases by up
to 80% at a pressure of 475 atm. During this process, the
temperature of the gas increases from 300 K to 500 K, and
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Fig. 7: Graph of the change in pressure as a function of the gas temperature and density changes.

its density reaches 300 kg/m2. These results serve as a foun-
dation for a deeper understanding of the thermal-technical
parameters of the hydraulic accumulator and for improving
its operational efficiency.
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Abstract– The proposed "Learning Factory" framework devel-
oped by Tashkent Turin Polytechnic University (TTPU) is based
on the design, hardware, production, integration and management
phases, as well as three manufacturing levels: Shop Floor, Control
and Top Floor. The first layer of the outlined framework, initially
implemented and validated to teach engineering students for shop
floor activities, proposes a ’machine coding and operation’ layer for
product and process monitoring. This layer is intended to teach me-
chanical engineering students of the manufacturing process course.
The next step of the proposed framework deals with robot program-
ming in shop floor activities. To address these issues, professors
at Tashkent Turin Polytechnic University developed a teaching lab-
oratory manual for shop floor robot programming for mechanical
and industrial engineering students. This level uses RoboDK offline
robot programming and URe5 collaborative robot for case study. It
is expected that this layer will generate new competences, support
the emergence of new business models, business networks and spin-
offs in the region.

Key words– Learning factory, digitalization, robot programming,
Industry 4.0.

I INTRODUCTION

The learning factory in the era of Industry 4.0 focuses on
digitalization technologies [1]. For example, this paradigm
has identified a number of opportunities and challenges, all
of which are part of the five fields of action: horizontal inte-
gration, digital end-to-end engineering, vertical integration,
new social infrastructures and cyber-physical production sys-
tems [2]. In addition, they [3] identified the following re-
quirements as the scope for qualification.

- Digital learning techniques
- Work-related skills

- Managing and operating production systems
- Interdisciplinary Product and Process Development
- Specific Industry 4.0 skills
- Competence assessment
These demands and challenges are an indication of the im-

portance of skills and human resource development in the
near future [4]. It makes it clear that Industry 4.0 is about
much more than just technology [5]. Human resources could
be even more important in Industry 4.0 [2]. These require-
ments are transferred into the training scheme of the authors’
Industry 4.0 Learning Factory. The purpose of this paper is
to develop a probable didactic curriculum of robot program-
ming for industrial and mechanical engineering students in
the Uzbek context.

The paper is structured as follows: Section 2 outlines
a framework proposed by professors of Tashkent Turin
Polytechnic University of "Learning Factory" in the era
of "Industry 4.0" for Uzbek higher education institutions.
Section 3 discusses the developed didactic approach to
robot programming, then section 4 shows the case study
implementation of this didactic approach in the teaching
system of TTPU for mechanical and industrial engineering
students, while section 5 concludes the study with insightful
perspectives on the results and findings.

Learning factory developed by Tashkent Turin Poly-
technic University

Table 1 shows the technical and software skills required,
respectively, for each of the design requirements of Industry
4.0 for Uzbek manufacturing companies, as proposed by the
professors of Tashkent Turin Polytechnic University in 2019
[2].

This "Learning Factory" framework is developed based on
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Design requirements Software skills Technical skills

Digital end to end engineering
CAD/CAM/CAE tools Machines coding and operation

Machine Simulators Robots programming

Automation PLC, SCADA
RFID

IoT

CPPS

Tecnomatics, Siemens,

Robot DK and other Plant

Simulators

Lean Management

Factory Physics

Vertical Integration MES, MOM
Factory Physics

Operation Management

Horizontal Integration
SAP, ERP,

Cloud Computing

Operation Management

Big Data Analytics

TABLE 1: REQUIRED SOFTWARE AND TECHNICAL SKILLS FOR “INDUSTRY 4.0”

Fig. 1: “Learning Factory” Framework developed by TTPU

the analysis of the operational context of manufacturing com-
panies and their needs in Uzbekistan. The framework takes
into account the design principles of the "Industry 4.0" con-
cept, starting from the top floor activities of the manufactur-
ing units. The framework includes design, hardware, pro-
duction, integration and management layers, which serves as
a testbed for research and development projects. The devel-
oped "Learning Factory" framework is shown in Figure 1.

The proposed "Learning Factory" is part of the digital
manufacturing and industrial integration ecosystem. The
developed framework is expected to support the continu-
ous learning of local students in technical disciplines. This
framework is expected to generate new competencies, sup-
port the emergence of new business modules, business net-
works and spin-offs in the region. In addition, the proposed

"Learning Factory" framework can be used for the practical
qualification of the engineering employees of the regional
manufacturing companies. This developed "Learning Fac-
tory" framework will help to teach engineering students not
only in TTPU but also for students of other regional techni-
cal universities. Besides, the proposed "Learning Factory"
framework can be used for the practical qualification of the
engineering employees of the regional manufacturing enter-
prises.

The first layer of the outlined framework, "Machine
Coding and Operation", has been validated by its application
in an educational platform of TTPU to train mechanical
engineering students. The integrated framework teaches
shop floor activities and integrates product and process
development in the virtual environment. Therefore, this
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paper focuses on the second layer "Robot Programming" for
shop floor simulation processes.

Robot programming didactical approach
The aim of this didactical training course is to train engi-

neering students in the programming of the URe5 collabora-
tive robot using the RoboDK offline programming software.
RoboDK is a simulation and offline programming software.
Offline programming means that robot programs can be cre-
ated, simulated and generated offline for a specific robot arm
and robot controller. RoboDK can help you with manufactur-
ing operations using industrial robots. In this tutorial guide,
the following collaborative URe5 robot is used, as shown in
Figure 2.

Fig. 2: URe5 collaborative robot workstation and corresponding
CAD model

This programming didactic training is project based. The
following tutorials will be followed in order to program the
URe5 robot using RoboDK as shown in Table 2.

Topic:
Create UR5e robot station and single-point

follow programming
Pick and place programming of

the UR5e robot
Follow path for gluing engine block

using SolidWorks
Follow path and point programming

with URe5
Simulation of a 2D camera in an automated

line with a URe5 robot
Spot welding programming with

URe5 robot

II CASE STUDY

In this study, using the RoboDK simulator, the idea of pro-
gramming the URe5 robot manipulator online, i.e. from any
point on the ground, was proposed to the bachelor and mas-
ter students of the Technical University. The general idea of
this simulator is shown in Figure 3 below.

Fig. 3: URe5 robot manipulator online control simulator

This study will establish a secure connection between a PC
and the UR5e robot using OpenVPN. The aim of the project
is to create a remote connection that allows users to control
the UR5e robot from anywhere using a secure Virtual Pri-
vate Network (VPN) connection. The implementation of this
simulator has involved the following main tasks, the general
view of which is presented in the following 4 images.
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Fig. 4: Robot remote control simulator

Fig. 5: Remote connection to a real robot

Simulation and Programming: Using RoboDK’s intu-
itive GUI, robot programs are created by defining waypoints,
trajectories and desired motions for the UR5e robot. The
created programs are simulated in RoboDK to confirm their
correctness and to optimize the robot’s movements. This step
helped to identify and correct problems before deploying the
programs to the actual robot. Connect and export the pro-
grams. Once the programs had been tested and refined in
RoboDK, they were exported in the appropriate format com-
patible with the UR5e robot as shown in Fugure 5. The ex-
ported robot programs were placed on the UR5e robot, al-
lowing the necessary tasks to be performed remotely and au-
tomatically via an OpenVPN connection. When installing
and using OpenVPN, remember to follow good security prac-
tices such as using strong passwords, keeping your software
up to date and configuring appropriate firewall rules to pro-

tect your network. Note that specific steps and configura-
tion details may vary depending on your network settings,
OpenVPN version and operating system. It is always recom-
mended that you consult your OpenVPN documentation and
refer to the UR5e robot user manual for detailed instructions.
The addition of RoboDK programming has significantly in-
creased the capabilities and functionality of the project. By
integrating RoboDK with an OpenVPN connection, we were
able to perform complex tasks remotely with the UR5e robot,
ensuring accurate and efficient operations. The combination
of offline programming, simulation and deployment enabled
seamless management and automation, helping to increase
efficiency and reduce risk.
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III SUMMARY AND OUTLOOK

The paper summarizes the experience of teaching edu-
cational robotics with a focus on the methodological sys-
tem. Thus, we considered quantitative estimates of the use
of robots as tools in higher education institutions.
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Abstract– Efficient use of diesel locomotives imply, in particu-
lar, high reliability in operation, minimum maintenance and repair
costs, and maximum utilization of resource and energy potential. In
this regard, a special role is assigned to technical diagnostics. The
current reliability of a diesel locomotive at each given moment of
its use depends on a number of factors acting in the period of time
preceding this moment. For example, the reliability of a newly built
locomotive depends on the level of research and development, the
quality of manufacturing of assemblies and parts, as well as their
assembly and adjustment. The reliability of a locomotive in oper-
ation is determined not only by the above factors, but also by the
conditions in which it operates (climate, air dustiness, track layout
and profile, weight of trains, etc.), as well as by the organization of
its maintenance and repair (method of locomotive maintenance by
crews, qualification of locomotive crews, frequency of inspections
and repairs and volumes of repair work performed during these in-
spections and repairs, quality of repair work, etc.).

Key words– JSC “O‘zbekiston temir yo‘llari”, diesel locomotive,
diesel crankshafts, service life of diesel locomotive, mobile diag-
nostic device

I INTRODUCTION

Globally, special attention is paid to the use of modern
technologies and methods to improve energy efficiency in
railway transport in an increasingly competitive transport
market. Globally, energy-related transport costs as a per-
centage of total railway operating costs are approximately
2.6%. At the same time, “...the main share of financial ex-
penditures on fuel and energy resources is the expenditures
on traction of trains - 72.2%”, then there is a need to de-
velop comprehensive measures for energy saving in the op-
eration of locomotives, taking into account the application of
energy-optimal modes of traction of trains [1]. In this regard,

special attention is paid to the use of energy-resource-saving
technologies and algorithms for calculating the optimal train
running schedule in terms of energy consumption, based on
minimization of the target function [2].

The republic is implementing large-scale measures to in-
troduce energy-efficient and resource-saving technologies in
various spheres of the economy, including technological
modernization of railway transport, increasing the speed of
delivery, digitalization of systems for organizing and con-
trolling train traffic, and achieving certain results. In order
to increase the level of reliability of technical means, it is
necessary both to improve designs and to improve the sys-
tem of their maintenance and repair. The number of locomo-
tives in JSC “Uzbekistan Temir Yo‘llari” is more than 500
units, of which about 50 are used for passenger traffic, and
the rest are intended for cargo transportation and shunting
operations. Almost 70% of these locomotives are diesel lo-
comotives.

The level of reliability of diesel locomotives in operation
most directly affects the performance of locomotive facili-
ties. To ensure train operation in freight and passenger traffic
in areas served by diesel locomotive traction, the locomo-
tive industry has the right to a certain optimal inventory of
diesel locomotives, which is determined by their turnover,
calculated for the maximum number of days in the month of
maximum transportation.

Thus, the reliability of locomotives, their assembly units
and parts depend on a large number of different factors,
which can be divided into three main groups:

- design and engineering;

- production and technological;

- maintenance and repair.
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II THE METHODOLOGY

The problem of ensuring reliable operation of diesel lo-
comotives has always been considered as one of the priority
directions for railway transport. When solving this problem,
improvement of thermal method of diagnostics of diesel lo-
comotive diesel crankshafts operated in conditions of JSC
“Uzbekistan Temir Yo‘llari” is of great importance. Im-
provement of efficiency and reliability of locomotives re-
quires regular control of their equipment during operation.
Modern diagnostic tools prevent malfunctions in locomotive
devices, provide reliable forecasting of changes in the techni-
cal condition of the main units of equipment, determine their
residual life, develop and improve effective methods of data
processing from the locomotive. Taking into account its real
technical condition when planning the scope of locomotive
equipment repair is one of the most important grounds for
reducing railway operation costs and cheapening transporta-
tions. The use of diagnostic methods in this process makes
it possible to determine changes in the technical condition of
thermal power units and record them when planning repair
volumes. In order to increase the level of reliability of tech-
nical facilities, it is necessary to improve both the designs
and the system of their maintenance and repair [3].

Fig. 1: Distribution of faults of diesel engine parts by components
and systems (Cr – crankshaft, CPG – cylinder piston group, F.E. –
fuel equipment, C.C. – cylinder cover, MWP – main water pump,

AWP – auxiliary water pump).

In 2009, the diesel locomotive diesel engines were mod-
ernized on the basis of the 2TE10M diesel locomotive. As
a result, a D49 diesel engine was installed instead of the
10D100 diesel, and the locomotive was named UzTE16M.
As a result, more than 100 diesel engines of UzTE16M
diesel locomotives were modernized. In recent years, during
the operation of UzTE16M diesel locomotives, a number of
crankshaft failures were detected. The crankshaft failures are
micro-cracks, cracks, nitride layer scoring and crank mecha-

nism failure. During the study, a number of crankshaft con-
dition problems were investigated and finally a new method
for assessing the technical condition of diesel locomotives
was introduced. After that, it was possible to analyses the
condition of the locomotive. The operational efficiency of
diesel locomotives is in no small measure determined by
their reliability. It is necessary to keep an eye on the units
of diesel-generator unit. It is necessary to prevent failures in
the diesel locomotive diesel engine system. During operation
there were several cases of crankshaft breakage. According
to the technological processes, surfacing and welding of the
crankshaft is prohibited. As a result, the crankshaft is re-
jected. Preserving the reliability of diesel locomotives is the
most important task of locomotive engineering. The study
relates to the reliability of diesel locomotives, and it can be
used in testing and diagnostics of the crankshaft of diesel lo-
comotives. After that, it is possible to give a prediction on
the units of a given locomotive.

The operational efficiency of diesel locomotives is largely
determined by their reliability. The problem of increasing
the level of reliability of traction rolling stock, including di-
agnosing diesel locomotive diesel engines, has always been
considered as one of the priority problems for railway trans-
port [4].

One of the main single indicators of reliability is the failure
flow parameter - ω , which is the average number of failures
of a repaired product per unit of time and characterizes the
reliability of a diesel locomotive. Complex indicators quan-
titatively characterize at least two properties that make up
reliability.

Fig. 2: Utilization indicators of UzTE16M diesel locomotives

An example (Figure 1) of a complex indicator is the avail-
ability coefficient, which simultaneously characterizes two
different properties of the reliability of diesel locomotives -
reliability and maintainability. Standardization and reliable
assessment of the reliability level must be carried out using
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complex indicators (Figure 2). The use of single indicators
(Figure 3) for these purposes (the failure flow parameter is
the most popular among specialists) can distort the true pic-
ture of the reliability state of diesel locomotives.

Fig. 3: Main reasons for unscheduled repairs of diesel locomotives
(by type of equipment)

III RESULTS AND DISCUSSION

To determine the law of conservation of energy:

cρ
∂T
∂τ

+div⃗q = QV

where c - heat capacity of the material, J/(kg · K); ρ -
density of the material, kg/m3; T - temperature, K; τ - time,
s; div⃗q = ∂qx

∂x +
∂qy
∂y + ∂qz

∂ z -divergence of the heat flux vector
q⃗; QV - volume density of internal heat sources, Wt/m3.

Do not overheat and load during operation of diesel loco-
motive diesel engines. The range of oil temperature during
operation 40-45oC at a revolution of 5.83 s−1 (350 rpm), 60-
65oC at a revolution of 14.17 s−1 (850 rpm) crankshaft. Eval-
uation of the technical condition of the determination of heat
dissipation of the crankshaft of diesel locomotives works as
follows. When the crankshaft of diesel locomotive diesel en-
gines rotates, the temperature rises and the condition of the
locomotive can be predicted. The main purpose is to timely
determine the beginning of overheating from friction sliding
surface to prevent failure and breakage of expensive part of
the diesel engine (crankshaft) by this device to measure the
thermal state of the crankshaft. Currently there are no ana-
logues of the new diagnostic system [5].

By performing this diagnosis, crankshaft journals can be
prevented from breaking. The technical condition assess-
ment of crankshaft heat dissipation determination of diesel
locomotive diesel engines is carried out as follows: 2 units
are installed, crankshaft temperature indication unit and dis-
play. Temperature sensor is installed as close as possible with

minimum clearances of the measured part of the crankshaft
for timely determination of the difference in temperature of
the sliding part relative to other crankshaft necks of this link.
The main purpose is to detect in time the beginning of over-
heating from friction of the sliding surface in order to prevent
failure and breakage of an expensive part of the diesel engine
(crankshaft) with the help of this crankshaft thermal condi-
tion measuring device [6].

Fig. 4: Diagnostics of technical condition of diesel locomotive
diesel engines crankshaft by journals. a - temperature reading of
the display of the diagnostic complex; b - graph of diesel engine

technical condition by crankshaft journals.

IV CONCLUSION

Thus, to extend the service life of diesel locomotive diesel
engines we have developed a diagnostic system to determine
the heat dissipation of the crankshaft. From the graph we
can predict that there is a fault on the 6th crankshaft journal.
During operation, we discovered this fault and prevented the
crankshaft from breaking. Introduction of modern methods
of diagnostics serve for operable condition of the locomotive.

The “Improved technique of estimation of technical con-
dition of diesel locomotive diesel crankshaft by determina-
tion of temperature indicators” is developed, which allows to
establish the main criteria of estimation of technical condi-
tion of diesel locomotive diesel crankshaft by determination
of temperature indicators, which are necessary for carrying
out planned types of repairs (TR, CR). The mobile diagnos-
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tic device for thermal method of diagnostics on the basis of
Arduino circuit for diesel locomotive diesel engines is devel-
oped, which allows to use the proposed method of mobile
control.

As a result of scientific researches, a new thermal method
of diagnostics and a new technical device allowing to esti-
mate the technical condition of crankshafts of diesel locomo-
tive diesel engines with the help of mobile diagnostics means
by means of temperature indicators determination have been
developed. At the same time as a result of implementation
of the proposed thermal method of diagnostics the economic
effect is obtained.
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Abstract– The article points to the modification and inclusion of
organomineral fillers in the composition of coatings, which improve
the properties of vibration reduction, as well as significantly in-
crease the physical and mechanical properties of coatings. In or-
der to address the problems of both mechanical wear and envi-
ronmental deterioration, this study presents a composite material
that has better corrosion resistance together with vibration damp-
ing capabilities. The study demonstrates the improved resistance of
this coating to chemical corrosives and physical vibrations using a
rigorous formulation process that incorporates sophisticated poly-
mers and nano-materials. Significant gains in component longevity
and performance are revealed by extensive testing conducted under
simulated operating settings, underscoring the coating’s potential to
completely transform maintenance procedures in the transportation
and technology industries.

Key words– Vibration-absorbing composition, fillers, coatings,
composite materials, corrosion, mechanical engineering, wear.

I INTRODUCTION

The use of multifunctional composite polymer coatings to
lower vibration and noise levels is currently receiving a lot
of interest. This makes it possible for the performance of
transportation and technological machinery to be improved,
as well as for body components and assemblies to last longer.
Vibration-absorbing coatings are a useful way of mitigating
vibrations in metal constructions with thin walls. Materi-
als with the ability to absorb and dissipate different kinds
of noise and vibrations are known as vibration-insulating
vibration-damping materials [1].

A class of materials used for vibration damping is called
vibration insulation (also known as vibration damper, vibra-
tion absorber, or "vibra"). The primary goal is to lessen the
metal (or plastic or other) panels’ vibrational amplitude.

Car bodywork can experience both chemical and electro-
chemical corrosion, with electrochemical corrosion being the
most common [2].

There are phases to metal corrosion. There are five known
phases of corrosion. Rust patches and tiny bubbles emerge in
the first step. Iron oxides (Fe2O3) develop and widespread
rusting takes place in the second stage. When corrosion
reaches its third stage, the substrate totally delaminates. The
occurrence happens quickly. As a result, coatings don’t stop
corrosion on metal. Pitting corrosion and the formation of
deep pits happen in the fourth stage. Large gapping holes
start to appear in the fifth stage, and corrosion is heavily
present on both sides of the substrate. Paint coatings are
among the most often used techniques for protecting metal
[3].

A continuous film forms on the surface of the metal with
paint coatings. This prevents the aggressive impact of the en-
vironment and protects the metal from destruction. Compos-
ite polymer coatings have higher protective properties than
paint coatings. The unique properties of composite polymer
materials have allowed their use in various industries.

Therefore, the goal of this work is to develop a vibration-
absorbing, anti-corrosion composite material and coatings
based on it for the parts of transport and technological ma-
chines.

II THE METHODOLOGY

Thermosetting polymers, such as epoxy, phenol-
formaldehyde, polyester, furan, and other oligomers [4], are
widely used to protect metals and alloys from corrosion.
Coatings based on epoxy polymer resins are resistant to
alcohols, hydrocarbons, alkalis, salt solutions, and min-
eral acids, lubricating oils. One of the disadvantages of
cured epoxy compositions based on dian resins is their
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low thermal resistance, brittleness, leading to compound
cracking, especially when casting constructions with a large
number of metal parts and during heating-cooling cycles.
To improve these operational characteristics, modifying
additives are usually introduced into the compound com-
position. Film-forming coatings from unmodified epoxy
resin are characterized by low physical-mechanical and
thermal indicators. Low thermal resistance and impact
strength, as well as lack of elasticity, limit the use of epoxy
resins as anticorrosive and electrical insulating coatings. To
eliminate these deficiencies, modifiers containing various
reactive functional groups are introduced into the epoxy
composition, which contribute to the improvement of the
operational indicators of epoxy coatings.

Therefore, ED-20 brand epoxy resin was used as the film-
forming agent. As a modifier, cottonseed resin - a byprod-
uct of the oil and fat processing plant [5,6]. Dibutyl phtha-
late (DBP) was used as a plasticizer, polyethylene polyamine
(PEPA) as a hardener, and kaolin, talc, and graphite as fillers.

The hardener PEPA is a liquid ranging from light yellow to
dark brown in color without mechanical inclusions. PEPA is
often used for mixing with epoxy resin, resulting in a ready-
to-use epoxy resin that, after curing, acquires new physico-
chemical properties. It is also used for curing paint and var-
nish products, adhesives, and other materials based on epoxy
resins.

By adding plasticizers to the polymer mixture, compos-
ites’ rheological properties can be changed, their service life
extended, the technological process accelerated, production
energy consumption decreased, material costs decreased, and
limited raw materials conserved. This is achieved through the
utilization of large-scale industrial waste in the manufactur-
ing process.

In cured composites, plasticizers lessen brittleness and
improve resilience to frost and abrupt temperature fluctua-
tions. Nevertheless, they deteriorate the dielectric proper-
ties of epoxies, diminish thermal resistance, and weaken the
material’s ability to withstand bending, stretching, and com-
pression. It takes many hours to fully prepare the resin with
DBP plasticizer, thus the epoxy resin hardener should only
be added to the mixture after plasticization is finished.

The main drawback of this plasticizer is how difficult
it is to prepare the mix because DBP does not mix well
with epoxy resin. The mixture is agitated for two hours
at 50–60oC to guarantee that the two components are well
mixed. It is advised to carry out this task in a water bath. The
mixture may boil if the composition is heated to temperatures
higher than 60oC, so the process needs to be closely watched.
Resin that has been boiled is unfit for use and cannot be re-
trieved. Boiling is indicated by the appearance of foaming
and the transparent resin turning matte white in color. Due

to the complexity of the mixing process, DBP with resin is
typically used in industrial conditions and is only applied in
household settings when there are specific requirements for
the color of the casting or coating. In household settings,
sometimes the mixing technology is ignored, and mixing is
done without heating, but the plasticizing effect achieved this
way is minimal.

III RESULTS AND DISCUSSION

Theoretical investigations have demonstrated that the
vibration-absorbing characteristics of the viscoelastic layer
influence the damping characteristics of the vibration-
absorbing coating, which are then influenced by the charac-
teristics of the polymer matrix. The viscoelastic layer’s poly-
mer binders need to have a number of qualities, including
strong adhesion, ensuring the formation of a consistently vis-
cous mastic, having a glass transition temperature that falls
within the material’s specified temperature range of opera-
tion, having high resistance to a variety of harsh environ-
ments, and, in the case of mastic-cured materials, having the
strength of the formed coating.

Following curing, epoxy polymers organize into a spatial
network that limits the mobility of macromolecules inside
them. This prevents epoxy polymers from softening that is,
from changing from a solid to a plastic state when heated.

Curable polymers exhibit vibration-absorbing qualities in
response to variations in interatomic distances and internal
rotation, which are mainly caused by the flexibility of the
inter-node fragment and segmental mobility. The potential
for the latter is dependent on how atomic groups rotate along
different axes within molecules. The methyl group CH3 is
one of the rotational movements (degrees of freedom) of
atomic groups around the polymer chain axis that are clas-
sified as processes in the current taxonomy [7].

To impart necessary vibration-absorbing properties to
polymer composite materials, solid inorganic fillers [8] are
often used.

In the work [9], the most in-demand classification of fillers
for polymer materials by the shape of the dispersed particles
is presented:

– spherical (aerosil, glass spheres, metal oxides, chalk);
– cubic (feldspar);
– prismatic (calcite, quartz, barium oxide);
– plate-like or flaky (micas, graphite, talc);
– fibrous or needle-like (glass fiber, basalt, asbestos).
It was established that materials with flaky and fibrous

fillers possess the greatest vibration-absorbing properties.
Flaky fillers include mica, kaolin, graphite, glass flakes,
aluminum powder, and others. The table presents the re-
sults of research on the physical-mechanical and vibration-
damping properties, obtained based on epoxy resin and mod-
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ified gossypol resin (GR), plasticizer, and hardener. As
known, the efficiency of damping, i.e., the vibration-damping
material, is assessed by the product of the logarithmic decre-
ment of oscillations by the dynamic modulus of elasticity -
δE.

IV CONCLUSION

It has been determined that grade ED-20 modified epoxy
resin works well as a binder for coatings that absorb vibra-
tions.

The physical-mechanical properties of the modified coat-
ing based on ED-20 with gossypol resin with organo-mineral
fillers used in obtaining composite vibration-absorbing mate-
rials have been studied in order to create vibration-damping
mechanical engineering composite polymeric materials and
coatings based on them.

It has been demonstrated that adding organo-mineral
fillers to the composition improves the viscoelastic proper-
ties of the vibration-damping composite polymeric materials
and coatings that are developed, as well as their physical-
mechanical qualities.

Composites
Properties

ED-20 ED-20+GR
Logarithmic decrement, δ 0,085 0,100
Loss modulus ”E”,MPa 350 378
Glass transition temperature
T g,K

390 400

Dynamic modulus of
elasticity E ′,MPa

4045 4050

Density ρ,g/sm3 1,26 1,28

Impact strength σud ,N.m 1.25 1,20

Adhesion strength σa,MPa 40,0 43,0

Characteristics of
vibration-damping polymeric
materials, δ · "E", MPa

350 370,2

TABLE 1: PHYSICAL-MECHANICAL AND VIBRATION-DAMPING

CHARACTERISTICS OF COATINGS MADE OF MODIFIED

GOSSYPOL RESIN (GR) AND EPOXY RESIN
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Abstract– This work shows the process of creating a digital proto-
type of a tractor using the SolidWorks simulation program. Also the
movement of a four-wheeled tractor on different slopes is shown.
Taking into account the masses of the front and rear wheels of the
tractor, loads, moment of resistance, force resistance were calcu-
lated, as well as the deflection of the wheel tire when the unstable
elastic wheel was turned on a slope under the influence of the side
component of the load was analyzed.

Key words– 3D modeling, digital prototype, four-wheel tractor,
slope, deformation, wheel movement, elastic wheel, reactive mo-
ment, wheel deflection, wheel rolling on a slope.

I INTRODUCTION

In the modern world, it is difficult to imagine any sphere
of services and human activity without digital technologies.
Especially in the production of such capacious and expensive
products as cars, agricultural equipment, diagnostic devices
and the like. In this connection, the development and model-
ing of digital prototypes at the early stages of design greatly
facilitates subsequent calculations, the selection of necessary
indicators, and also reduces production time and errors that
may occur during assembly.

II THE METHODOLOGY

SolidWorks 2021 SP01 3D modeling software was used to
create a digital prototype, which will be used later for virtual
simulation. In particular, the required number of parts were
modeled, which were included in the final assembly of the
tractor prototype (Fig. 1).

Determination of operational qualities of tractors is di-
vided into three main groups [1]:

Fig. 1: Digital prototype of a tractor, which was modeled on
SolidWorks 2021 SP01 1-front axle; 2-front wheel; 3-front grill;
4-bonnet; 5-steering wheel; 6- back wheels cover; 7-seat; 8-back

wheel; 9-back axle; 10-transmission; 11-cluch box.

1) describing the technological (agrotechnical) adaptation
of the tractor to the technological requirements arising from
the working conditions;

2) to determine the operation and efficiency or technical
and economic indicators of the equipment;

3) ensuring driver comfort and safety or general techni-
cal regulations. When a wheel (rigid or elastic) is rolled on
an incline (deformable or non-deformable surface), unstable
and stabilized wheel roll occurs. As an example of unstable
wheel rotation, when the longitudinal plane of the wheel is
usually located at an angle (90o - a) to the horizontal plane
(Fig. 2, a) it moves.

Wheel stabilization on a slope means its movement in the
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Fig. 2: Wheel movement on a slope
a) tire profile change at an angle (90o - a)

b) changing the profile of the tire depending on the angle of the slope

transverse plane until the tractor frame is installed in a verti-
cal position relative to the horizontal plane (Fig. 2, b). This
includes the rolling of the wheels of a special steep tractor. In
this case, the longitudinal plane of the wheel, within certain
limits of the slope angle, is always perpendicular to the hor-
izontal and forms an angle (90o - a) with the surface. Wheel
rolling in a stabilized mode is achieved with the help of spe-
cial stabilizing devices installed on a steeply sloping tractor.

When rolling an unstabilized elastic wheel on a slope un-
der the action of a lateral component of the load Gz the con-
tact patch of the tire with the slope surface is distorted and
takes the form of a curved ellipse. The point of application
of the resultant reactions of the soil is shifted by the value l
from the longitudinal plane of symmetry of the wheel.

In this case, tire side slip occurs, estimated by the coeffi-
cient k. It can be assumed with a reasonable degree of accu-
racy that the displacement l directly proportional to tire side
slip k [2].

III RESULTS AND DISCUSSION

Based on the provided data, it was calculated in Python
software [5,6].

g= 9.807m/s2; α = 20◦; b= 0.255m; r f rontle f t = 0,43m;

rbackle f t = 0,785m; mbackle f t = 1525kg; mbackright = 1475kg;

m f rontle f t = 895kg; m f rontright = 855kg :

e =
b
6
=

9
6
= 0.0425;

Gbackle f t = mbackle f t ·g = 14955.6750 kg · m
s2 ;

Gbackright = 14465.325 kg · m
s2 ;

Where rdα the dynamic radius of an unstabilized wheel as
it rolls down a slope.

Here the weight of the tractors on each wheel is calculated.
Component soil reaction Rz prevents the wheel from slip-

ping under the action of the load component Gz. Normal to
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the surface component of the soil reaction Ry perceives the
load Gy, i.e. Rz = Gz and Ry = Gy.

In the longitudinal plane, when a wheel rolls on a slope in
an unsteady regime, forces and moments act on the wheels,
similar to the case of wheels moving on a plain.

Since we can assume that the contact area of an unsta-
bilized wheel on a slope, other things being equal, remains
approximately the same as when the wheel is rolling on a
horizontal surface, and only its shape is distorted (Fig. 2,
a), in the first approximation for calculating forces and mo-
ments acting on the wheels in the longitudinal plane when
working on a slope, you can use the formulas given in [1] for
the driven and driving wheels.

It should be borne in mind that if normal loads are approx-
imately equal for the right and left wheels of a tractor operat-
ing on a plain, then when working on a slope, these loads are
redistributed: a greater load acts on the wheel located lower
along the slope than on the upper one. The redistribution of
loads is directly proportional to the angle of the slope.

In addition, it is necessary to take into account the fact
that when an unstabilized elastic wheel rolls on a slope, sig-
nificant radial and tangential deformations occur, which con-
sumes much more energy than when the same wheel rolls
on a horizontal surface. To take into account the resistance
of an unstabilized elastic wheel on a slope, resulting from
tire deformation, you can use the formula proposed by E.A.
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Omelyanov: when rolling the driven elastic stabilized wheel
on the deformable surface of the slope, other than the rolling
resistance forces due to the formation of a track, it is neces-
sary to take into account the loss of energy for normal and
tangential deformation of the tire. Therefore, the formulas
for determining the rolling resistance of an elastic wheel on
a slope in the driven mode have the form [3, 4]: by bα = b,
B = 7:

Fresistence2 = B ·Gy ·
√

Gy

ρtyre ·D2
given

,

B = 7; ρtyre = 80Pa; Dgiven = 1.8m

Where B-coefficient depending on the tire design.

Gy back le f t = mback le f t ·g · cosα = 14043.3788 kg · m
s2 ;

Considering that the rolling resistance force of the wheel
due to the deformation of the soil on the plain is determined

by the formula Fresistance = 0.5 ·G ·
√

G
k·b·D2 , we obtain a for-

mula for determining the rolling resistance of an elastic un-
stabilized wheel in the driven mode:

Fresistance back le f t = 0.5 ·Gy back le f t · 3

√
Gy back le f t

k ·b ·D2
given

=

= 81178220.5829 kg · m
s2 ;

Fresistance back le f t = Fresistance1 +Fresistance2 =

0.5 ·Gy back le f t · 3

√
Gy back le f t

k ·b ·D2
given

+

+B ·Gy back le f t · 3

√
Gy back le f t

ρtyre ·D2
given

=

= 81550196.8136kg · m
s2 ;

Where Dgiven- reduced diameter of elastic wheel; ρtyre- tire
air pressure; b- wheel width; Gy normal load; k coefficient of
volumetric collapse of the soil.

In this, the tractor’s ground contact force, resistance
forces, and weight of each wheel were calculated.

When a stabilized wheel rolls on a slope, the surface of
the contact patch is not only distorted in shape, but also de-
creases in width by (b− bα) Suffice it to say that, accord-
ing to experimental data, when the slope is steeper than 20◦,
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less than half of the wheel width remains in contact with the
ground. As a result, the contact pressure diagram, traction
properties of the wheel, as well as the tire profile change, but
to a lesser extent than the tire profile of an unstabilized wheel.
On fig. 2, b) shows the change in the tire profile depending
on the angle of the slope.

Therefore, the formulas for determining the rolling resis-
tance and tangential force of an elastic wheel when working
on a slope require clarification.

It should be noted that the distortion of the shape and di-
mensions of the contact leads to a shift in the resultant reac-
tions of the soil R in the transverse plane by the value e up the
slope. As a result, a tilting moment arises in the transverse
plane

Mtilting = Ge = Re.

However, this moment will be significantly less than the
moment of an unstabilized wheel when working on a slope.

For a tractor with wheels stabilized in the transverse plane,
it can be assumed that the load on the right and left wheels
is distributed approximately evenly (if the overturning mo-
ment is not taken into account). Consider the rolling of a
driven rigid stabilized wheel on a deformable slope surface.
Assume that the wheels are moving under the action of a
pushing force Fpushing in steady state, i.e. υ = const. Friction
in the wheel bearings is neglected due to its smallness. A
vertical load normal to the horizon acts on the wheel G (Fig.

Fig. 3: Scheme of forces and moments acting on a stabilized wheel

3). From the side of the soil, reactions act on it, the resultant
R which is attached at point O.

Let us decompose the resultant of soil reactions into com-
ponents along the axes X and Y (Fig. 3, a). The prod-
uct Yc represents the rolling resistance moment of the wheel
X = 16170H; Mresistance, i.e. Mresistance =Yc = X · rdα . Com-
ponent of the resultant soil reactions X represents the rolling
resistance force due to rutting. In addition, a reactive mo-
ment acts on the wheel in the transverse plane Maxle from
the weight of the tractor frame, which keeps the wheel from
tipping over under the action of a pair of force X and Y , i.e.
Maxle = Mtilting = Ye = Ge.

The moments of resistance of each wheel of the tractor
were calculated.

From fig. 3b it can be seen that the rut depth along the
width of the wheel b after its passage does not remain con-
stant compared to the rut depth when the wheel is rolling on
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a horizontal surface or the unstabilized wheel is rolling on a
slope. The displacement e of the reaction Y in the transverse
plane depends on many factors, and primarily on the verti-
cal load, wheel parameters and the physical and mechanical
properties of the soil.

It can be assumed that the point O of application of the
resultant soil reactions R (as well as its vertical component Y
and horizontal component X) will be located in the center of
gravity of the plot ABCD of soil reactions ∆R acting in the
plane I − I (see Fig. 3, b) [2].

With some approximation, the plot of soil reactions ABCD
can be replaced by a trapezoid. Then

e =
b
6

e =
b

6 ·hmax
· (hmax−h0);

When h0 = 0 plot of soil reactions ∆R takes the form of a
triangle and e = b

6 .

It depicts the movement of tractors on different slopes.
There we can see the twists and turns of different roads.

IV CONCLUSION

The development, creation and design of a digital proto-
type is a very time-consuming process that takes a lot of time.
But the further use of such a prototype greatly facilitates sub-
sequent processes. In particular, the calculations performed
show how the wheels are deformed when driving on various
slopes and curvature of such a heavy structure as a tractor.
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Abstract– This paper presents a study on cubic spline interpola-
tion, focusing on its application in modeling smooth and continuous
curves for engineering graphics. Cubic splines are a series of third-
degree polynomial functions connected at control points, ensuring
smooth transitions that are critical in fields such as CAD, computer
graphics, and animation. This research addresses the challenges
encountered when modeling with irregular control points and non-
uniform intervals, which can cause traditional cubic spline interpo-
lation methods to generate oscillations or lose continuity. By in-
vestigating the mathematical framework of cubic splines, includ-
ing boundary and continuity conditions, we propose an adaptive ap-
proach that improves interpolation performance in these challeng-
ing configurations. Computational experiments validate the effec-
tiveness of the method, demonstrating smoother and more accurate
curve representations in edge cases. This adaptive cubic spline in-
terpolation approach provides an enhanced solution for geometric
modeling, enabling more reliable and visually accurate results in
engineering applications.

Key words– cubic spline interpolation, geometric modeling,
smooth curves, irregular control points, boundary conditions.

I INTRODUCTION

Cubic spline interpolation is an essential tool in geomet-
ric modeling, widely used for constructing smooth curves
through a sequence of control points. Its ability to ensure
continuity in both the first and second derivatives makes it
ideal for applications in engineering graphics, where pre-
cision and smooth transitions are paramount. This inter-
polation technique is applied in various fields, including
computer-aided design (CAD), digital animation, and virtual
simulations, where accurate curve representations are needed

to meet visual and functional requirements [1][2].
However, traditional cubic spline methods often face chal-

lenges when dealing with irregularly spaced control points or
non-uniform intervals [3]. Such irregularities can lead to os-
cillations, inconsistencies in curvature, and deviations from
the intended curve shape, particularly at endpoints. Standard
boundary conditions, such as “natural” and “clamped” con-
ditions, are not always effective in these cases [4].

This paper explores an adaptive boundary condition
method for cubic spline interpolation, designed to improve
curve smoothness and continuity in scenarios with irregu-
lar control points and varying interval lengths. The pro-
posed approach dynamically adjusts boundary conditions to
account for local variations, addressing limitations in tra-
ditional spline methods [5]. By refining these conditions,
the adaptive method enhances spline performance, achieving
more accurate and reliable curve representations for complex
geometric models.

II MATHEMATICAL MODEL OF THE PROBLEM

Cubic spline interpolation involves constructing a se-
quence of polynomial functions that approximate a tar-
get function f (x) across defined intervals between con-
trol points. For a given set of n + 1 control points
(x0,y0),(x1,y1), ...(xn,yn), a cubic spline interpolation aims
to define a cubic polynomial Pi(x) for each interval [xi,xi+1]
such that:

Pi(x) = ai +bi(x− xi)+ ci(x− xi)
2 +di(x− xi)

3

where ai,bi,ci, and di, are coefficients determined based
on continuity and boundary conditions.
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To achieve smooth transitions, each polynomial segment
must satisfy continuity conditions for the first and second
derivatives at the control points:

1. Continuity of the Function: Pi(xi+1) = Pi+1(xi+1), en-
suring that segments join without gaps.

2. Continuity of the First Derivative: P
′
i (xi+1) =

P
′
i+1(xi+1), enforcing consistent direction across seg-

ments.

3. Continuity of the Second Derivative: P
′′
i (xi+1) =

P
′′
i+1(xi+1), ensuring that curvature remains continuous.

Boundary conditions are essential for defining the behav-
ior of the spline at the endpoints. Common choices include:

• Natural Boundary Conditions: Set the second deriva-
tives at the endpoints to zero (P

′′
0 (x0)) = 0 and

(P
′′
n−1(xn) = 0), producing a “natural” or “free” spline.

• Clamped Boundary Conditions: Specify the first deriva-
tives at the endpoints, providing more control over the
slope at the beginning and end of the spline.

To determine the coefficients ai,bi,ci, and di, for each in-
terval, we set up a system of linear equations derived from
these continuity and boundary conditions. The result is a
tridiagonal matrix that, once solved, provides the values of
these coefficients [6].

In cases with irregular control point spacing or non-
uniform intervals, traditional boundary conditions may lead
to oscillations and undesired curve behavior [7]. To address
these issues, this paper proposes an adaptive boundary condi-
tion that dynamically adjusts based on local interval spacing
and control point distribution. Specifically, we define an ir-
regularity measure Ri for each interval as:

Ri =
max(∆xi)

min(∆xi)

where ∆xi = xi+1 − xi represents the interval spacing. The
boundary conditions are then modified to account for the ir-
regularity, with the second derivative at the endpoints scaled
by Ri to reduce oscillations:

P
′′
0 (x0) =− 6

R0

y1 − y0

∆x2
0

, P
′′
n (xn) =− 6

Rn−1

yn − yn−1

∆x2
n−1

This adaptive method ensures smoother transitions across
irregular intervals, improving the accuracy of cubic spline
interpolation in challenging configurations [8].

III SCHEMATIC DESCRIPTION OF A CUBIC
SPLINE INTERPOLATION

The schematic process of cubic spline interpolation
involves calculating polynomial functions that transition
smoothly between control points, thereby creating a continu-
ous and accurate curve representation. This section details
the adaptive approach’s steps, starting from the establish-
ment of control points and spanning through the application
of adaptive boundary conditions.

Step 1: Establishing Control Points and Interval Spac-
ing

Given control points (x0,y0,),(x1,y1,), ...,(xn,yn,), the first
task is to evaluate the spacing between each pair of consec-
utive points. Irregular intervals are characterized by large
variations in spacing, which may lead to undesirable oscilla-
tions in the spline curve. To account for this, an irregularity
metric Ri is computed for each interval based on the local
spacing:

Ri =
max(∆xi)

min(∆xi)

Step 2: Setting Up Polynomial Equations
For each interval [xi,xi+1], a cubic polynomial Pi(x) is de-

fined:

Pi(x) = ai +bi(x− xi)+ ci(x− xi)
2 +di(x− xi)

3

The coefficients ai,bi,ci, and di, are determined based on
the continuity requirements of the function and its derivatives
up to the second order at each control point. This ensures that
each polynomial segment smoothly transitions into the next,
maintaining consistency in slope and curvature.

Step 3: Applying Adaptive Boundary Conditions
In traditional cubic spline interpolation, boundary condi-

tions such as “natural” or “clamped” are applied uniformly
across all segments. However, with irregular control points,
this can result in visible oscillations. The adaptive bound-
ary approach modifies the second derivative at the endpoints
based on the irregularity metric Ri For example:

• At the first control point x0:

P
′′
0 (x0) =− 6

R0

y1 − y0

∆x2
0

• At the last control point xn:

P
′′
n (xn) =− 6

Rn−1

yn − yn−1

∆x2
n−1

These adjusted boundary conditions counteract the effects
of irregular spacing, reducing oscillations and enhancing
curve stability.
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Step 4: Solving for Coefficients
Once the boundary conditions are established, we con-

struct a system of equations incorporating the continuity and
boundary conditions for each polynomial segment. The re-
sulting tridiagonal matrix is solved to obtain the coefficients
ai,bi,ci, and di, for each polynomial.

Step 5: Constructing the Spline
The final spline function S(x) is constructed by summing

each segment’s polynomial:

S(x) =
n−1

∑
i=0

Pi(x)

This function provides a continuous and smooth curve that
passes through each control point, with improved accuracy
and reduced artifacts in irregular configurations.

t q y P0,0(x) P0,1(x) P1,0(x) P1,1(x)
0 0 yi 1 0 0 0
1 0 yi+1 0 1 0 0
0 1 y

′
i 0 0 1 0

1 1 y
′
i+1 0 0 0 1

TABLE 1: VALUES OF BOUNDARY CONDITIONS

IV RESULTS AND DISCUSSION

The proposed adaptive boundary condition method was
tested through computational experiments to evaluate its ef-
fectiveness compared to traditional cubic spline interpola-
tion. The experiments were conducted on both synthetic and
real-world datasets with varying control point irregularities
and non-uniform intervals.

Experiment 1: Synthetic Data with Irregular Control
Points

A synthetic dataset was generated with control points
spaced at irregular intervals, creating high variation in Ri.
Using traditional cubic spline interpolation, the resulting
curves displayed oscillations and deviations near irregularly
spaced control points. In contrast, the adaptive boundary
condition method significantly reduced these oscillations,
achieving smoother transitions. Quantitatively, the adaptive
approach reduced the maximum oscillation amplitude by up
to 30% compared to the traditional method.

Figure 1 illustrates the values of polynomials at an arbi-
trary point in a given interval, demonstrating how the adap-
tive method achieves smoother transitions compared to the
traditional approach. This figure shows polynomial values
plotted across an interval, highlighting the reduced oscil-
lations in the adaptive spline due to dynamically adjusted
boundary conditions.

Fig. 1: Values of polynomials at an arbitrary point in a given
interval

Experiment 2: Real-World CAD Model
The adaptive boundary method was applied to a CAD

model with complex geometric shapes that required high pre-
cision in curve representation. The control points were de-
rived from object boundaries with varying point densities.
Traditional cubic spline interpolation struggled to accurately
represent the shape, particularly in areas with densely clus-
tered control points. The adaptive method, however, main-
tained smooth transitions and provided an accurate fit to the
intended curve. Visual inspection confirmed that the adap-
tive method produced fewer artifacts and maintained shape
fidelity better than the traditional approach.

Error Analysis and Performance Evaluation
To quantify the accuracy of the adaptive method, we cal-

culated the mean squared error (MSE) of the spline’s second
derivative across segments. The adaptive method yielded a
25% lower MSE compared to the traditional method, indi-
cating better continuity in curvature. Additionally, computa-
tional performance tests revealed minimal overhead for the
adaptive adjustments, making this approach feasible for real-
time applications.

The results suggest that the adaptive boundary condition
method is highly effective in mitigating issues associated
with irregular control points and non-uniform intervals. By
dynamically adjusting to local irregularities, the adaptive
method enhances the reliability of cubic spline interpolation
in complex geometric modeling scenarios.

V CONCLUSION

This study presents an adaptive boundary condition
method for cubic spline interpolation, specifically designed
to handle edge cases involving irregular control points and
non-uniform intervals. Traditional cubic spline interpola-
tion often struggles in such cases, leading to oscillations and
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deviations that compromise accuracy and smoothness. The
proposed adaptive method addresses these issues by dynam-
ically adjusting boundary conditions based on an irregularity
metric, achieving smoother transitions and greater stability
in challenging configurations.

Computational experiments demonstrate that the adaptive
method significantly reduces oscillations and improves accu-
racy compared to traditional approaches. The results con-
firm the suitability of this adaptive cubic spline interpola-
tion approach for applications requiring precise curve model-
ing, such as CAD, computer graphics, and engineering sim-
ulations. Future work may explore integrating the adaptive
method with other spline techniques or machine learning
models to further enhance its performance in complex en-
vironments.

The adaptive boundary condition method offers a valuable
enhancement to cubic spline interpolation, enabling more re-
liable and visually accurate curve representations in engi-
neering applications.
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Abstract– The article focuses on the importance of preserving his-
torical heritage, in particular architectural buildings. According to
the principle of the State Academic Bolshoi Theater named after.
Alisher Navoi, we trace the history of creation and the need to pre-
serve this monument for our future generations. In conclusion, the
preservation of the originality of historical architectural objects will
be noted.

Key words– conservation, Islamic architecture, decorative ele-
ments, architectural monuments, preservation of historical monu-
ments.

I INTRODUCTION

Over the course of thousands of years, ancient civiliza-
tions developed on the territory of Uzbekistan. They in-
teracted with other regions of the world. This was espe-
cially facilitated by the emergence of the Great Silk Road.
Uzbekistan, through which trade routes passed, exchanged
not only goods, but also cultural aspects of nationalities such
as China, Iran and many others [1,20].

A number of cities in Uzbekistan, such as Samarkand,
Bukhara, Termez, Tashkent, received an impetus in devel-
opment, both cultural and financial.

At one time, such states as the state of the Great Kushans,
Samanids, Temurids, Sheibanids and others developed here,
from whose reign hundreds of outstanding monuments have
been preserved on the territory of the republic. Most of the
surviving monuments date back to the Islamic period [2,182].
However, against the backdrop of the actively growing ur-
banization of cities, the conflict between history and moder-
nity arises especially clearly.

II MAIN PART

Uzbekistan, located at the intersection of the Great Silk
Road, actively developed its architecture. Islam, which came
to the territory in the 8th century AD. [2, 197] made a signif-
icant change in the culture of that time, in particular in archi-
tecture. The synthesis of local culture and the newly infused
religion contributed to the visual image of such elements as
domes, portals, arches, columns, muqarnas (stalactites), pan-
jara (carved grilles in window openings).

In 1865, after the seizure of the territory of Uzbekistan by
Tsarist Russia, a new round in the development of architec-
ture began. In 1918, at the congress of the Turkestan region
in Tashkent, the Turkestan Autonomous Soviet Socialist Re-
public was proclaimed. A plan was developed for the state
and economic construction of the country [3, 98].

In the 30s of the last century, the direction of “classics and
the East” was chosen [4,87]. One of the brightest and most
beautiful architectural pearls of this period can be called the
State Academic Bolshoi Theater named after. Alisher Navoi.
The author of this project is Aleksey Viktorovich Shchusev,
whose project won the competition for the construction of
the State Theater; works were also presented here: 1- K.V.
Babievsky with A.I. Petelin, 2- B.K. Skornyakov, as well as
the Moscow project D. Friedman. As Shukur Askarov writes
in his book “Architecture of the CIS Countries”, the project
was initially classical, and later it began to be supplemented
with national features (Figure 1).

“The construction of the theater took place in two stages.
On September 1, 1940, the building was founded, but was
subsequently interrupted due to the Second World War. The
construction of the theater resumed only in 1943.” [5.15] The
project was completed in 1947, the date coinciding with the
500th anniversary of Alisher Navoi. Folk artists Usto Shirin
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Fig. 1: a) Shchusev’s project. Photo from the book Askarov Sh. D.; Arhitektura Usbekistana I stran SNG;
b) Skornyakov’s project. Photo from the Central Archive of Uzbekistan.

c) Project by D. Friedman. Photo from the Central Archive of Uzbekistan.
d) Project by K.V.Babievsky and A.I.Petelin. Photo from the Central Archive of Uzbekistan.

Muradov, Abdulla Boltaev, Kuli Jalilov, B. and D. Juraevs,
Tashpulat Arslankulov, Ismatulla Nigmatov, A. also took part
in the design of the theater. Abdurakhmonkhodzhaev, M.
Isamukhamedov, M. Radzhabov[6, 66](Figure 2).

The ensemble with the theater also includes the “Butter-
milk” fountain, which was built 3 years later, in 1950. The
authors of the “Buttermilk Fountain” project are V. Volchek
and V. Arkhangelsky. In an octagonal dark marble pool
stands an open cotton boll, depicting a plant pattern based
on cotton [7].

National materials such as ganch, brick and marble were
used in the project. Initially, the project was planned to be
made of red burnt brick, but later they came to the conclusion
that light brick would more aesthetically emphasize national
decorative elements.

“Traditional facades of monumental buildings were of-
ten flanked by guldasta towers, completed with illuminated
fonus lanterns. In the Navoi Theater, above the portal there
is a Peshtak Portal, which completes a series of turrets re-
sembling stylized guldastas, of a slightly elongated shape.”
[8.37] (Figure 3).

The next striking element of the decor of the Alisher Navoi
Theater, which gives us a reference to Islamic architecture, is
the muqarnas (stalactites) decorating the building’s cornice
along the entire perimeter. Most architectural monuments,

Fig. 2: a) Tashkent. Alisher Navoi Theater. Western view. Photo
by Kim Tatyana 2014

b) Tashkent. Alisher Navoi Theater. Western view. Photo by Kim
Tatyana 2014
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Fig. 3: a) Tashkent. Kukeldash Madrasah. Photo from the Internet.
https://www.advantour.com/rus/uzbekistan/tashkent/kukeldash-madrassah.htm

b) Tashkent. Light lantern of Kukeldash madrasah. Photo from the Internet.
https://www.advantour.com/rus/uzbekistan/tashkent/kukeldash-madrassah.htm

c) Tashkent. Decorative element of the Alisher Navoi Theater. Western view. Photo by Kim Tatyana 2014

Fig. 4: a) Tashkent. Fragment of the cornice of the Alisher Navoi Theater. Western view. Photo by Kim Tatyana 2014
b) Bukhara. Kalyan Minaret. Photo by Kim Tatyana 2014.

c) Samarkand. Entrance portal of the Gur Emir mausoleum. Photo from the Internet
https://www.advantour.com/rus/uzbekistan/samarkand/gur-emir.htm

starting from the 8th century AD, are decorated with stalac-
tite vaults of varying structural complexity. For example, the
Kalyan minaret, which dates back to the 12th century AD,
whose lantern is surrounded by muqarnas. The entrance por-
tal of the Gur Emir mausoleum (XV century AD) is also dec-
orated with stalactites (Figure 4).

“The decorative columns on the facade of the building are
also a stylization of national decor. Askarov’s book states
that Shchusev was inspired by the columns of the mihrab of
the 12th century Bukhara Namazgokh mosque. Taking the
mehrab columns as a basis and decorating their capitals and
bases with marble carvings, the theater columns became an
undoubted decorative aesthetic element in the design of the
building’s facade.” [1, 88], (Figure 5).

“It is necessary to note the role of carved decor in the aes-
thetic appearance of the theater. Medallions, cornices, win-
dow frames, column capitals, and balconies are decorated

with carvings. The shape of the frames in which the pattern
on the wall of the balcony on the southern side is enclosed is
similar to the ornament of the panel in Ishratkhana.” [8.42],
(Figure 6).

III CONCLUSION

In conclusion, it should be noted that the identification of
the people through the preservation of our history is an im-
portant part of the education of patriotism. National style
is a culture created over centuries by our ancestors, which
includes such material heritage as architectural monuments.
An important component in preserving our heritage is the
correct approach to the restoration and conservation of ob-
jects. Also, the knowledge of the younger generation about
the history and reasons for the creation of cultural objects is
the foundation that lays cultural values in young minds. To
work with youth, it is necessary to preserve every stage of
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Fig. 5: a) Tashkent. Fragment of the capitals of the columns of the Alisher Navoi Theater. Western view. Photo by Kim Tatyana 2014
b) Bukhara. Namazgoh Mosque. 12th century Mihrab decor. Photo by Yusupova M.A. 2012

c) Bukhara. Namazgoh Mosque. 12th century Column capital. Photo by Yusupova M.A. 2012

Fig. 6: a) Decorative element of the southern balcony of the Alisher Navoi Theater. Western view. Photo by Kim Tatyana 2014.
b) Mausoleum of Ishratkhan Samarkand. Panel in the central room. Magazine N-4(56) MoziydanSado.

c) Tashkent. Fragment of the decor of the Alisher Navoi Theater. Western view. Photo by Kim Tatyana 2014
d) Samarkand. Decor of the mausoleum in the Shahi Zinda ensemble. Photo by M.A. Yusupova, 2006.

the development of our people. In particular, the architecture
of the 30s is a crucial part of the transition from medieval
architecture to Soviet architecture.
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Abstract– This article presents the process of mathematical model-
ing of heat distribution in the walls of buildings, addressing the so-
lution of the heat conduction differential equation based on bound-
ary conditions, the determination of heat flux density through the
wall, and the characteristics of temperature change concerning wall
thickness.

Key words– Fourier, temperature, heat, wall, energy, sun, panel,
reserve, building, construction, process, system, natural, air, con-
ductor, water, accumulator, supply, collector, equation.

I THE MAIN PART

The differential equation of heat conduction (Fourier’s
equation) represents the transfer of heat through conduction
in a generalized form.

To apply this equation in specific cases, it is necessary to
know the initial temperature distribution within the object at
the beginning of the time interval and the initial conditions.
In addition, the following factors should be known: the geo-
metric shape and dimensions of the object, the physical pa-
rameters of the object and the environment, and the bound-
ary conditions that specify the temperature distribution on
the surface of the object. Together with the differential equa-
tion, all these factors provide a comprehensive description
of specific heat conduction processes and are referred to as
boundary conditions or uniqueness conditions. Usually, the
initial temperature distribution is provided for time t.

As mentioned above, boundary conditions can be pre-
sented in three ways. The first type of boundary condition
provides the temperature distribution on the surface of the
object at any time. The second type specifies the density of
the heat flux at each point on the surface of the object at any
time.

The third type of boundary condition defines the temper-
ature of the surrounding environment and the principles of
heat transfer between the surface of the object and its sur-
roundings.

Solving the differential equation of heat conduction based

on uniqueness conditions allows the determination of the
temperature field across the object at any point in time.

In the first type of boundary condition, steady-state heat
conduction applies. We assume that the thermal conductivity
coefficient λ of a flat single-layer wall is independent of tem-
perature. The wall maintains constant temperatures T1 > T2
on its external surfaces; the temperature only varies in the di-
rection perpendicular to the wall surface, y = x, which means
the temperature field is one-dimensional, with a temperature
gradient dT/dx.

Fig. 1: A homogeneous, single-layer wall

A homogeneous, single-layer wall with a thickness dx
made from materials like brick, metal, wood, etc., is illus-
trated in Diagram 1.

We determine the heat flux density passing through the
wall and analyze the characteristics of temperature change
with respect to wall thickness. Within the wall, we separate
an elementary layer of thickness dx, bounded by two isother-
mal surfaces. For this layer, Fourier’s equation is as follows:

q =−λ
dT
dx

Acta of Turin Polytechnic University in Tashkent, 2024, 30, 45-47



MATHEMATICAL MODELING OF HEAT DISTRIBUTION PROCESSES IN WALLS 2

or dT =− q
λ

dx T =− q
λ

dx+ c (1.1)

The integration constant c is determined from the bound-
ary conditions: when x = 0, T = T1. From this, c = T1 and
thus the equation takes the following form:

T =− q
λ

x+T1 (1.2)

From this equation, we can determine the heat flux density
passing through the wall under consideration. Substituting
the value x = δ into this equation gives T = T2 from which

q =
λ

δ
(T1 −T2) =

λ

δ
∆T (1.3)

In a flat wall, the heat flux density is directly proportional
to the thermal conductivity coefficient λ , the temperature
difference (T1 − T2), and inversely proportional to the wall
thickness δ . It should be noted that the heat flow is deter-
mined not by the absolute temperature values but by their
difference, the thermal gradient T1 −T2 = ∆T .

The ratio λ/δ is referred to as the thermal transmittance
of the wall, with units of (Vt/(m2(grad). Equation (1.3) can
be rewritten in an alternative form as follows:

q =
T1 −T2

δ

λ

(1.4)

The ratio of wall thickness to the thermal conductivity co-
efficient, δ

λ
, is called the thermal resistance of the wall.

From formula (1.3), the total amount of heat Q transferred
through the flat surface S of the wall over time t can be de-
termined.

Q = qS · t = λ

δ
∆T St (1.5)

If we substitute the value of q from formula (1.3) into for-
mula (1.2), we can obtain the equation of the temperature
curve.

T = T1 −
∆T
δ

x (1.6)

This equation resembles a linear equation. Therefore,
when the value of λ is constant, the temperature changes
linearly across the thickness of a homogeneous wall. If λ

depends on temperature, the calculation formulas become
somewhat more complex.

The heat conduction of a flat, multi-layered wall. In
practice, the process of heat transfer through a multi-layered
flat wall made of materials with different thermal conductiv-
ities is of considerable importance. For example, the metal
wall of a steam boiler, coated with slag on the outside and
scale on the inside, forms a three-layer structure.

Fig. 2: Flat three-layer wall

We examine the process of heat transfer through a flat,
three-layer wall (Diagram 2) by means of thermal conductiv-
ity. All layers of this wall are tightly adhered to one another.
The thicknesses of the layers are designated as δ1, δ2, and δ3
with the thermal conductivity coefficients of each material
denoted as λ1, λ2, and λ3 respectively. The temperatures of
the external surfaces, T1 and T4, are known, while T1 and T3
are unknown.

Since we are considering a steady-state condition, the heat
flux density q remains constant in magnitude and is the same
for all layers. Therefore, for each wall layer, the following
can be written based on formula (1.3):

q =
λ1

δ1
(T1 −T2); q =

λ2

δ2
(T2 −T3); q =

λ3

δ3
(T3 −T4);

From this equation, the temperature change in each layer
can be determined.

T1 −T2 = qδ1/λ1
T2 −T3 = qδ2/λ2
T3 −T4 = qδ3/λ3

 (1.7)

T1 −T4 = ∆T = q[ δ1
λ1

+ δ2
λ2

+ δ3
λ3
]

From this,
From this ratio, the magnitude of the specific heat flux qqq

passing through a multi-layer wall can be determined.

q =
T1 −T2

δ1
λ1

+ δ2
λ2

+ δ3
λ3

(1.8)

For an n-layer wall, formula (1.8) is written in the follow-
ing form.

q =
T1 −T4

∑
n
i=1 δi/λi
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(1.8) From the equation, it follows that the total thermal
resistance of a multi-layer flat wall is equal to the sum of the
thermal resistances of each layer.

R = δ1/λ1 +δ2/λ2 +δ3/λ3 + ....δn/λn.

Based on formulas (1.7) and (1.8), the values of the un-
known temperatures T2 and T3 can be determined.

T2 = T1 −qδ2/λ2 T3 = T2 −qδ2/λ2 = T1 −q[
δ1

λ1
+

δ2

λ2
]

or
T3 = T4 = qδ3/λ3.

When λ = const, the temperature distribution in each layer
of the wall follows a linear law; for a multi-layer wall, how-
ever, it takes the form of a broken (piecewise linear) line.

II REFERENCES

[1] Kahhorov S.Q., Samiev K.A., Juraev H.O. Modeling of
processes in solar devices. Monograph. – Tashkent:
ITA PRESS, 2014. – 208 p. [Uzbek]

[2] Duffie J., Beckman W. Solar engineering of thermal
processes. – New York. Wiley, 1991. – 919 p.

[3] Juraev T.D. Solar thermal devices. Textbook. –
Bukhara: Dizayn-Press, 2012. – 107 p. [Uzbek]

[4] Kahhorov S.Q., Juraev H.O. Heliotechnology in physics
education. – T.: Fan, 2009. – 191 p.[Uzbek]

[5] Kahhorov S.Q., Juraev H.O., Jamilov Y.Y., Hamdamova
N.M. Renewable energy sources. – Bukhara: Durdona,
2021. – 224 p. [Uzbek]

[6] Khayriddinov B.E., Kholmirzayev N.S., Sattorov B.N.
Physical foundations of the use of solar energy. Educa-
tional and methodological manual. – T.: Science, 2011.
– 240 p. [Uzbek]

[7] Ganiyev A.G., Avliyokulov A.K., Almardanova G.A.
Physics, Part I: Textbook for academic lyceums and vo-
cational colleges. – T.: “Teacher” NMIU, 2005. – 384
p. [Uzbek]

Acta of Turin Polytechnic University in Tashkent, 2024, 30, 45-47



Acta of Turin Polytechnic University in Tashkent, 2024, 30, 48-51

Published Online December 2024 in Acta TTPU (http://www.acta.polito.uz/)

Artificial Intelligence in Education (AI): Changing
the learning process, Advantages and

Disadvantages of Artificial Intelligence in
Education.

Komilov M., Salokhiddinov M., Yoqubov B.
Turin Polytechnic University in Tashkent

Abstract– This article explores the advantages and challenges of
incorporating artificial intelligence (AI) into education. On the
positive side, AI minimizes human errors, operates continuously
without interruptions, efficiently handles repetitive tasks, acceler-
ates decision-making, and personalizes learning experiences. It also
supports the creation of customized textbooks, facilitates virtual
reality-based learning, and provides real-time decision evaluations.
AI technologies are transforming education by making it more in-
teractive, effective, and adaptable to individual needs. Additionally,
AI creates inclusive opportunities for students with special needs,
enabling flexible and personalized learning approaches that signif-
icantly enhance educational quality when used appropriately. De-
spite these benefits, AI also presents several challenges. These in-
clude high implementation costs, concerns about data privacy and
security, reliance on incomplete or inaccurate data, and the inabil-
ity of AI to replicate personal interactions. Furthermore, AI may
occasionally lead to poor decisions, weaken interpersonal relation-
ships, reduce job availability, and increase unemployment rates. It
also raises risks related to data breaches and misuse by hackers. To
maximize AI’s advantages while addressing its limitations, it is cru-
cial to implement safeguards and adopt measures to mitigate poten-
tial risks. Such steps ensure that AI technologies improve education
without causing unintended negative impacts.

Key words– AI in education, benefits and challenges, personalized
learning, data privacy, smart technologies, and automated systems.

I INTRODUCTION

Governments around the world are increasingly prioritiz-
ing education for the younger generation. Providing mod-
ern knowledge and creating favorable conditions for per-
sonal and intellectual growth are essential in the 21st cen-
tury. Rapid advancements in science and technology have
made it nearly impossible to imagine life without modern
innovations. Concepts like artificial intelligence (AI) have

become integral to society, transforming various aspects of
life, including education. In Uzbekistan, significant efforts
are being made to enhance the education system at all level-
primary, secondary, and higher education. These efforts in-
clude establishing new institutions and upgrading existing
ones to ensure young people are equipped with the necessary
skills for future success. AI, a rapidly evolving technology,
is designed to mimic human behavior and perform tasks with
high accuracy, similar to humans. AI applications span mul-
tiple areas, including data processing, language recognition,
image and sound interpretation, and decision-making. AI
systems rely on data analysis and software tools to deliver
efficient and intelligent solutions. Recognizing the impor-
tance of AI, the President of Uzbekistan issued Resolution
No. PQ-4996 on February 17, 2021. This directive focuses
on accelerating the adoption of AI technologies and fostering
innovative business models, products, and services. It also
emphasizes the creation of a sustainable and efficient ecosys-
tem for AI integration, ensuring its practical implementation
across various sectors.[8] (Figure 1).

Fig. 1: Singular intellect structural scheme

II THE MAIN PART

In today’s world, digital technologies have become inte-
gral to our lives, and without them, imagination and progress
would be constrained. One of the most significant advance-
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ments in this domain is Artificial Intelligence (AI), a field
that involves the development of computer systems and pro-
grams designed to replicate human abilities in specific areas.
These abilities encompass skills such as learning, logical rea-
soning, problem-solving, understanding, feeling, speaking,
and decision-making. AI technologies enable the automa-
tion and optimization of complex tasks, offering substantial
assistance to humans. Furthermore, AI has become a piv-
otal force in various fields, including science and education,
where it creates new opportunities for improvement. In ed-
ucation, AI plays a critical role in enhancing processes, per-
sonalizing learning experiences, and increasing overall effi-
ciency.[1].

Artificial Intelligence (AI) plays a crucial role in education
through several innovative applications, including:

Personalized Learning: AI enables the development of
tailored educational plans for each student by assessing their
learning progress and performance. It allows for the creation
of personalized courses and assignments through online ed-
ucation platforms, catering to individual needs and levels of
understanding [6];

Intelligent assistants: AI-powered assistants are being
designed to support both teachers and students. These sys-
tems provide explanations, answer questions, and assist with
tasks and study materials, enhancing the learning experience
[6];

Automatic evaluation systems: AI-based systems have
been developed to automatically assess written assignments
and tests. This automation not only saves time for teachers
but also ensures a fair and efficient evaluation process [1];

Education process analysis: AI facilitates the analysis
of educational data, providing valuable insights into student
performance, challenges, and learning progress. This infor-
mation helps identify areas for improvement and supports the
enhancement of the overall educational system [1];

Virtual Reality (VR) and Augmented Reality (AR)
technologies: powered by Artificial Intelligence (AI), of-
fer students immersive and interactive learning experiences.
These technologies create opportunities for realistic and en-
gaging study environments, making educational materials
more compelling and easier to grasp [2];

Additionally, AI-driven language learning platforms, such
as Duolingo, provide interactive and efficient methods for
language acquisition. These AI-based programs enhance the
learning process, enabling users to engage in a more dynamic
and effective approach to mastering new languages.

Artificial Intelligence (AI) is playing an increasingly sig-
nificant role in scientific fields through various applications:

1. Data Analysis and Forecasting: AI facilitates the anal-
ysis of large volumes of scientific data, enabling the
identification of patterns and trends. It is particularly

useful in complex modeling and forecasting tasks across
fields like climatology, genomics, and astrophysics,
where AI enhances prediction accuracy and efficiency.

2. Robotics and Automation: In laboratory settings,
robots and automated systems powered by AI are used
to conduct experiments, transfer data, and analyze re-
sults. These AI-driven processes have improved effi-
ciency and accelerated scientific research.

3. Collaborative Research Development: AI strength-
ens collaboration among researchers, improving com-
munication and knowledge exchange within the scien-
tific community. By facilitating easier sharing of in-
sights, AI contributes to the advancement of collective
scientific knowledge.

4. Artificial Intelligence Bots: AI bots, or intelligent
agents, are programs designed to communicate with hu-
mans using natural language. These bots perform spe-
cific tasks or solve problems and often take the form of
chatbots, voice assistants, or virtual assistants. They can
ask questions, understand responses, and provide rele-
vant answers. AI bots also offer substantial potential in
education, particularly in personalizing and streamlin-
ing learning processes.

• Personalized Learning Programs: AI bots can de-
sign individualized study plans based on students’
knowledge levels, learning speeds, and interests,
providing tailored educational experiences.

• Automated Evaluation: AI bots can automatically
assess tests and assignments, saving teachers time
and allowing them to focus more on student en-
gagement.

• Educational Assistance: AI bots can help students
better understand subjects by offering explana-
tions, providing additional information, or assist-
ing with language learning.

• Data Analysis and Tracking: AI bots track stu-
dents’ progress and analyze performance data,
providing teachers with reports on individual dif-
ficulties and achievements. This allows for the
adaptation of teaching strategies to improve learn-
ing outcomes.

• Interactive Learning Environments: AI bots serve
as virtual educators, engaging students in interac-
tive conversations and offering quick solutions to
their questions, increasing motivation and provid-
ing a more personalized learning experience.
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SI education scenarios With SI-dependent techniques

Students and schools’ evaluation
Adapted education method and personalized

study approach, academic analysis
There is little paper and exam

evaluation and evaluation
The image identifies the computer vision

and prediction to do system

Personalized smart study
Data search or Bayesian knowledge

interference, intelligent study systems,
learning analysis

Smart school
The face determines speech detection,

virtual labs, A/R, V/R, hearing and feel
Online and mobile
remote education

Edge computing, virtual customization
assistants, in real-time analysis to do

TABLE 1: IN EDUCATION, ARTIFICIAL OF INTELLECT IS A MAIN SCENARIO AND SUPPORTIVE MAIN TECHNOLOGIES.

While AI applications in education hold great promise for
enhancing the quality and accessibility of education, issues
such as privacy, security, and ethics must be addressed to
ensure the responsible use of these technologies.

In education Artificial Intellect’s technical aspects
The use of Artificial Intelligence (AI) in education in-

corporates intellectual education systems, innovative virtual
learning environments, and data analysis for prediction and
decision-making. In the field of education, AI plays a cru-
cial role by addressing the growing demands for personal-
ized learning experiences. The main scenarios and support-
ing technologies of AI in education are outlined in Table 1
[3]. AI’s increasing influence is due to its significant role
in meeting educational needs. Intellectual education systems
provide both teachers and students with personalized instruc-
tion and feedback, optimizing their learning experience and
time. These systems rely on various technologies, particu-
larly statistical models and cognitive learning theories, to en-
hance learning outcomes and efficiency. AI technologies aim
to improve the overall value and effectiveness of the learning
process.

The study of cars, data mining, and knowledge modeling
in education involves the analysis, recommendation, and un-
derstanding of information, which is then processed by Arti-
ficial Intelligence (AI) systems using various methods. Typ-
ically, AI-based educational systems analyze content, data,
and intelligence through algorithms, which are organized
into two main components: the system model and smart tech-
nologies. The system model consists of three key elements:
the student model, the teaching model, and the knowledge
model. As illustrated in Figure 2, the mapping of collected
educational data plays a critical role in structuring and iden-
tifying association rules, which are essential for improving

learning outcomes. The core functionality of the AI system
depends on its ability to leverage these technologies effec-
tively.

Fig. 2: The three key elements of the system model

The development of Artificial Intelligence (AI) requires
significant attention, particularly in ensuring its proper appli-
cation in the future, while also considering legal and ethical
implications. It is crucial to address these concerns to guar-
antee the safety and well-being of future generations. With-
out a clear understanding of how AI will be used, it is im-
possible to ensure its responsible deployment. Therefore, it
is essential to analyze the potential negative effects and con-
sequences of AI in education, focusing on the following as-
pects:

Digital Divide: Not all students have equal access to mod-
ern technologies and the internet, which creates significant
disparities in educational opportunities. This digital divide
can exacerbate inequalities, particularly for children from
low-income families or rural areas, potentially leaving them
behind in terms of access to educational resources and op-
portunities.[7];
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Information confidentiality and security: AI systems
process large amounts of personal information about stu-
dents, raising concerns regarding data security and confiden-
tiality. Improper handling or misuse of this data could lead
to breaches of privacy, potentially causing harm to students
and their families. Such issues could result in a loss of trust
in these systems and may have legal repercussions [7];

Teacher Unemployment Risk: The automation of cer-
tain tasks by AI systems in education may lead to job dis-
placement for teachers, reducing their numbers and poten-
tially lowering the quality of education. This could result in
a diminished role for human educators in the learning pro-
cess.

Standardization in Education: AI systems may con-
tribute to the standardization of education, which, while
efficient, could limit personalized and individualized ap-
proaches. This may hinder the development of students’ cre-
ativity and critical thinking skills, making education more
monotonous and less engaging.

Issues of Justice and Impartiality: AI systems may per-
petuate biases in their data, such as gender, racial, or eco-
nomic discrimination, which could lead to inequities in edu-
cational opportunities and undermine fairness within the sys-
tem.

Over-Reliance on Technology: Excessive dependence on
AI tools may reduce students’ ability to think independently
and solve problems, potentially leading to a decline in their
analytical skills. Over-reliance on AI may foster passivity, as
students could become overly dependent on technology for
knowledge acquisition.

Teacher-Student Relationships: The integration of AI
systems in education could weaken human connections be-
tween teachers and students, negatively affecting motivation
and emotional well-being. The lack of personal and emo-
tional support may diminish the quality of the educational
experience.

In conclusion, while AI in education offers significant ben-
efits, it is important to approach its implementation with cau-
tion. When applied responsibly, AI technologies can enhance
the quality and efficiency of the educational process. How-
ever, attention must also be given to privacy, security, and
ethical issues to mitigate potential negative effects.

III CONCLUSION

Artificial Intelligence (AI) technologies are bringing sig-
nificant changes to the field of education, with the poten-
tial to revolutionize learning through personalized instruc-
tion, interactive platforms, and intelligent assistants. AI en-
ables the creation of individualized study plans that cater to
each student’s needs and learning pace. Interactive educa-
tion platforms provide students with opportunities to acquire

knowledge remotely and independently, while intelligent as-
sistants help automate lesson delivery and analyze student
performance, tracking progress and achievements. However,
the integration of AI in education also introduces challenges.
Not all students have equal access to modern technologies,
leading to a digital divide. Concerns regarding the confi-
dentiality and safety of personal information arise, as data
violations or misuse could harm students. Additionally, AI
systems may perpetuate biases, which could undermine fair-
ness and justice in the education system. Over-reliance on AI
tools may also hinder students’ development of independent
thinking and problem-solving abilities, reducing their capac-
ity for critical analysis. To maximize the benefits of AI in ed-
ucation and mitigate its negative effects, a cautious approach
is necessary. It is crucial to ensure equal access to technol-
ogy, safeguard data privacy, foster students’ creativity and
independent thinking, and maintain justice and impartiality
in educational systems. Regular monitoring, updates, and the
implementation of strong regulations and safety measures are
essential to minimize the risks and enhance the quality and
efficiency of the educational process. With proper infrastruc-
ture and governance, AI can significantly improve the learn-
ing experience.
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Abstract– This paper presents a data-driven approach to develop a
mathematical model of a traction battery used in small class electric
vehicles. The methodology includes the analysis of experimental
data, approximation of the electromotive force (EMF) and internal
resistance dependencies on the state of charge (SOC) using regres-
sion analysis, and scaling of the model for a full battery considering
series and parallel cell connections. The proposed model provides
high prediction accuracy, which is confirmed by experimental test
results. The obtained model can be applied to optimize the battery
management of electric vehicles, to improve their energy efficiency
and performance.

Key words– mathematical model, traction battery, SOC, electric
vehicle

I INTRODUCTION

With the development of the electric vehicle industry, the
need to improve the performance and reliability of traction
batteries has increased[1]. Accurate modelling of the bat-
tery performance of a small class electric vehicle designed
for use in urban environments is crucial to improve perfor-
mance, extend battery life and reduce operating costs[2]. To
achieve these goals, it is necessary to develop mathematical
models that can accurately predict the behaviour of batteries
in different operating modes[3], [4], [5].

Although there are many mathematical models designed to
describe the performance of traction batteries, many of them
either require complex measurements or do not accurately
account for dynamic changes in parameters such as voltage,
current and state of charge (SOC)[6]. These limitations can
lead to incorrect energy storage calculations and limit the use
of electric vehicle models in real life [7].

Traditional battery modelling approaches include the Rint
model, RC-based equivalent circuits and more complex mod-

els based on electrochemical principles. However, such mod-
els often assume fixed parameters and are unable to account
for variability due to operating conditions and battery ageing.
In contrast, data-driven approaches such as machine learn-
ing and regression analysis provide flexible tools for accurate
modelling without the need for a deep understanding of the
battery’s internal structure [8].

The aim of this work is to find a data-driven method to
develop a mathematical model of the traction battery used in
small class electric vehicles. In order to achieve this goal, the
following objectives were set:

1. To create a lithium-ion cell model that uses machine
learning to predict the main battery performance param-
eters.

2. To evaluate the accuracy of the model that has been de-
veloped and compare it with traditional methods.

3. To scale the lithium-ion cell model to obtain a mathe-
matical model of the traction battery that corresponds
to the volt-ampere characteristics of a small class elec-
tric vehicle battery.

Methodology. An integral part of any electrically driven
vehicle is the traction battery, which acts as the main energy
source for the electric drive [9]. In the process of study-
ing and evaluating the dynamic (traction-speed and braking)
characteristics of the car and its fuel-energy efficiency, it
is necessary to apply such a model of the traction battery,
including such fundamental parameters as realisable power
(given to the traction of the car or to charging), energy capac-
ity, efficiency of charge-discharge cycles and the correspond-
ing limitations on them. The input to such a model can be
the required terminal power, and the outputs can be the SOC
(state of charge), voltage, and current delivered/received.

Acta of Turin Polytechnic University in Tashkent, 2024, 30, 52-56



A DATA-DRIVEN APPROACH TO DEFINE A MATHEMATICAL MODEL OF THE TRACTION BATTERY USED IN SMALL CLASS ELECTRIC VEHICLES 2

Guided by Thevenin’s theorem, power supplies can be
represented as an open circuit containing a voltage source
with electromotive force EMF E and an internal resistance.
Due to the different charging and discharging behaviour of
power supplies, the traction battery model implies differ-
ent resistances for charging Rzar and discharging Rraz, re-
spectively. Multiple studies show that in such models, the
EMF and resistances are directly related to the state of
charge of the battery SOC, i.e., E = f (SOC), Rchg = f (SOC),
Rdchg = f (SOC). Taking into account the above mentioned,
the model shown in Fig. 2. 11 allows to determine the output
voltage at the battery terminals Vbat .

Fig. 1: Equivalent circuit model of traction battery

According to Kirchhoff’s second law, the battery EMF E
can be expressed as follows depending on the mode of oper-
ation:

1. In the process of charging the traction battery:

E =Vbat − IbatRchg (1)

It is common practice to use the power balance in the cal-
culation of individual vehicle components. Multiplying the
left and right parts of equation (1) by the electric current
flowing from the traction battery through the terminals into
the windings of the electric machine, we get the expression

EIbat =Vbat Ibat − I2
batRchg (2)

The left-hand term of equation (2) is the power required
from the battery Pbat during the charging process. The first
term of the right-hand side of the equation (Vbat Itab) includes
the output power at the battery terminals Ptab. In other words,
it is the power of the electrical machine in generator mode
Pgen, corrected by the efficiency of the machine ηgen(PEM =
Pgenηgen) :

EIbat = Pbat − I2
batRchg (3)

2. In the process of discharging the traction battery:
Using the same concept implemented to describe the bat-

tery power balance during the discharge process, but with

minor adjustments, we can imagine that the electromotive
force of a traction battery is equal to the sum of the terminal
voltage and the voltage drop due to the presence of the bat-
tery internal resistance corresponding to the discharge mode
[8]:

E =Vbat + IbatRdchg (4)

Similar to the analysis of the charging process, the dis-
charging process can also be studied by means of a power
balance, leading to the following expression:

EIbat =Vbat Ibat + I2
batRdchg = Pbat + I2

batRdchg (5)

In this situation, the power at the battery terminals Pbat
depends on the required power of the electrical machine Pmot
and its corresponding efficiency ηmot :

Pbat =
Pmot

ηmot
(6)

Equations (3) and (5) are quadratic equations from the
variable Itab. Denoting Itab for the charging and discharg-
ing process as Ichg and Idchg, respectively, the roots of the
quadratic equations (7) and (8) can be found:

Ichg =
E −

√
E2 −4RchgPtab

2Rchg
(7)

Idchg =

√
E2 +4RdchgPtab −E

2Rdchg
(8)

An important aspect of traction battery modelling is to
study the change in the degree of charge of the battery both
during the charging and discharging process. The dynamics
of the degree of charge can be represented in the form of an
expression:

SOC = SOC0 −
∫ t∗

0 Idchgdt
Qnom.Ah

+

∫ t∗
0 Idchgdt
Qnom.Ah

(9)

where SOC0- state of battery charge at the moment of
counting start, t∗- final counting time expressed in seconds,
Qnom.Ah- nominal capacity expressed in Ampere-seconds.
Studies of the dynamics of traction batteries have shown that
depending on the value of the electric current during the dis-
charge process, the nominal capacity of the battery is sub-
ject to changes. In the scientific circle this phenomenon is
called the Peukert effect [10]. But due to the fact that mod-
ern electrically driven cars use lithium-ion and lithium-iron-
phosphate batteries, the Peukert number is close to one and
is not considered in equation (9).

Results. In the current study, experimental data of a given
Panasonic 18650 lithium-ion cell [2] were used.
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Fig. 2: Dependences of EMF and internal resistances on the degree of charge of one cell of a lithium-ion battery

According to the data shown in Figure 2, the electromo-
tive force of the battery and its internal resistances during
the charging and discharging process depend on the state of
charge. These dependencies can be described mathemati-
cally:

E(SOC) = 47.25SOC5 −129.79SOC4 +129.25SOC3−

−57.88SOC2 +11.79SOC+2.62 (10)

Rchg(SOC) = 0.0002SOC4 −0.0017SOC3 +0.0019SOC2

−0.0005SOC+0.0008 (11)

Rdchg(SOC) = 0.0005SOC4 −0.0028SOC3 +0.0028SOC2

−0.0006SOC+0.001 (12)

The solid lines in Fig. 2 show the approximating curves
of the experimental results on the stands, as represented as
‘o’[11]. The approximating lines were obtained by regres-
sion analysis. To obtain the above equations, the fundamen-
tal criteria for regression were the coefficient of determina-
tion R2 and the sum of squares of the regression residuals
(Table 1).

The above-mentioned considerations about the depen-
dences of EMF and internal resistance of the battery have
been presented for a single cell. In order to increase the EMF

Regression

analysis

criterion

Value for

E(SOC)

Value for

Rchg(SOC)

Value for

Rdchg(SOC)

R-squarred 0.98 0.89 0.92

Sum of

regression

residuals

0.12 1.58e-8 3.7e-8

RMS error 0.04 1.5e-5 2.72e-5

TABLE 1: RESULTS OF REGRESSION ANALYSIS TO FIND THE

DEPENDENCES OF EMF AND INTERNAL RESISTANCES ON THE

STATE OF CHARGE OF ONE CELL OF LITHIUM-ION BATTERY

and capacity of the traction battery, it is necessary to perform
the so-called battery scaling by connecting its cells in parallel
and in series. When several cells are connected in series, the
EMF and internal resistance increase in proportion to their
number Nser. When connected in parallel, the total internal
resistance decreases inversely proportional to the increase in
the number of cells Npar, while the EMF remains unchanged.

Rchg = Rchg.cell
Nser
Npar

Rdchg = Rdchg.cell
Nser
Npar

E = EcellNser
Qnom.Ah = Qnom.Ah.cellNpar

(13)
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Fig. 3: Dependences of EMF and internal resistances on the degree of charge of the traction battery of an electric vehicle

The Li-Ion traction battery used in the research object
has a capacity of 13.8kWh (131.4Ah) and a terminal volt-
age equal to 105V. Taking into account that the maximum
voltage of one battery cell is 4.2V, we can state that 25 cells
(Nser) must be connected in series to achieve the desired fi-
nal voltage. To achieve the battery capacity claimed by the
manufacturer, the cells must be connected in parallel. A typ-
ical Li-Ion cell with a voltage of 4.2V has a capacity in the
region of 3Ah. This allows us to calculate that 44 cells must
be connected in parallel (Npar = 44). Thus, the traction bat-
tery of the object of study consists of 25 modules (which, in
turn, consists of 44 cells connected in parallel) connected in
series. Fig. 2.13 shows the traction battery characteristics
obtained by scaling the characteristics of one cell according
to Eqs (13).

Conclusion. The study developed a data-driven approach
to develop a mathematical model of the traction battery of
small class electric vehicles. The main results include the
following statements:

1. Model construction considering real battery charac-
teristics
The developed model successfully integrated the data
on the dependence of the electromotive force (EMF)
and internal resistances on the state of charge (SOC).
The use of regression analysis methods allowed to ob-
tain approximating curves with high accuracy, which is
confirmed by the coefficients of determination (up to
0.98).

2. Application of battery scaling approach.

In order to create a model of a complete traction bat-
tery, scaling was implemented to take into account the
series and parallel connection of cells. This allowed the
modelling of a battery with realistic performance char-
acteristics corresponding to the object of study.

3. The effectiveness of the proposed approach

The proposed methodology has proven its effectiveness
for modelling the dynamic characteristics of batteries
used in urban electric vehicles. The data obtained al-
lows for a more accurate prediction of the battery be-
haviour under different operating conditions, which im-
proves the planning of battery charging and discharging.

4. Practical applicability.

The model can be used to optimise battery management
systems in small electric vehicles. It can also be the
basis for developing new energy management strate-
gies that contribute to improving the overall energy ef-
ficiency of electric vehicles.

Thus, the proposed approach not only meets modern re-
quirements for modelling traction batteries, but also opens up
opportunities for further research, including adaptation of the
model to batteries of other types and expansion of its appli-
cation to energy management systems for electric vehicles.
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Abstract– The development of the electric vehicle industry in the
world, as well as in Uzbekistan, is one of the promising directions
in the field of transportation aimed at improving the environment.
The development of this industry requires the solution of a num-
ber of problems, including the development of legal and regulatory
documents, the formation of solution methods and the development
of infrastructure. The formation of infrastructure for electric vehi-
cles requires the creation of new markets for innovative products
and therefore needs active support in various production and social
sectors of the state. The development of charging infrastructure, the
increase of charging stations and the supply of electricity to these
charging stations so competently, and the charging of electric ve-
hicles with minimal energy losses is a relevant area. This paper is
devoted to analyze and study the energy losses in charging of elec-
tric vehicles [1].

Key words– Electric transportation, electric vehicle charging sta-
tions, energy losses, electric vehicles, charging station infrastruc-
ture development prospects, transportation.

I INTRODUCTION

The most common problems associated with electric ve-
hicle technology are operational in nature. The lithium-ion
batteries used in these devices have a capacity that steadily
decreases with time and successive charging cycles. As a
result, the battery is increasingly connected to a car charger
and must be replaced on a regular basis, which is quite ex-
pensive. However, the experience with electric vehicles in
the US and Europe shows, among other things, that car bat-
tery life has exceeded the expectations of manufacturers and
users. Despite the fact that electric cars are inferior to inter-
nal combustion engine cars in terms of range, their sales are
increasing every year [2].

II THE MAIN PART

Losses that are unavoidable to avoid when charging elec-
tric vehicles are there when charging any electric vehicle.
The process of charging a Wuling Mini EV from a home
socket to 100% was studied and the losses were recorded and
analyzed with a wattmeter.

Table 1, summarizes the distinctive features and specifica-
tions of the Wuling Mini EV electric vehicle.

Motor - electric motor 20 kW
Type of fuel Electric

Electric motor power, kW 20

Electric motor torque, N*m. 85

Mileage without recharging, km 170

Battery capacity, kWh. 13.9

Number of electric motors 1

Charging time, h 9

Battery type Lithium-ion

Maximum speed, km/h 100

TABLE 1: PARAMETERS AND INDICATORS DECLARED BY THE

MANUFACTURER

Our research on this topic has established that when charg-
ing from a conventional household outlet through a standard
1.5-1.8 kW unit, only 70-90% of the energy taken from the
grid reaches the battery. If a 7 kW wall-mounted home
station is used, the energy loss will not exceed 5-10 per-
cent, which means that the electric car will take 90-95% of
the kilowatt-hours displayed by the home electricity meter.
Charging with minimal losses is carried out at powerful DC
charging stations.

The difference is due to thermal leakage of energy in the
cable, charger, inverter, vehicle internal wiring and the bat-
tery itself. Some energy is also drawn from the car’s on-
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#
Battery

SOC

Difference in battery
charge,

before and after

Temperature of the
environment in
degrees Celsius

Total
capacity kWh

Charge of
capacity kWh

1. 9 9 33 1,242 1,242
2. 20 11 34 2,76 1,518
3. 31 11 38 4,278 1,518
4. 43 12 43 5,934 1,656
5. 52 9 43 7,176 1,242
6. 62 10 46 8,556 1,38
7. 72 10 38 9,936 1,38
8. 83 11 37 11,454 1,518
9. 95 12 37 13,11 1,656
10. 100 5 36 13,8 0,69

TABLE 2: CHARGING PROCESS OF THE BATTERY PACK TAKING INTO ACCOUNT TEMPERATURE 33-46◦C WULING MINI EV

Fig. 1: Dependence of Wuling traction battery charging density process on time in the ambient temperature range of 33-46◦C.

#
Initial experiment

time
Final experimental

time
Total charging
time in hours

Charging time
in hours

Initial
battery SOC

1. 10:00 11:00 1 1 0
2. 11:00 12:00 2 1 10
3. 12:00 13:00 3 1 21
4. 13:00 14:00 4 1 32
5. 14:00 15:00 5 1 43
6. 15:00 16:00 6 1 52
7. 16:00 17:00 7 1 61
8. 17:00 18:00 8 1 73
9. 18:00 19:00 9 1 83

10. 19:00 19:00 9,68 0,68 95

TABLE 3: WULING MINI EV TIME-BASED BATTERY CHARGING PROCESS
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# Battery SOC
Difference in battery

charge, before
and after

Temperature of the
environment in
degrees Celsius

Total
capacity

kWh

Charge of
capacity

kWh
1. 10 10 35 1,38 1,38
2. 21 11 38 2,898 1,518
3. 32 11 41 4,416 1,518
4. 43 11 42 5,934 1,518
5. 52 9 44 7,176 1,242
6. 62 10 37 8,556 1,38
7. 73 12 35 10,212 1,656
8. 83 10 34 11,592 1,38
9. 95 11 32 13,11 1,518

10. 100 5 31 13,8 0,69

TABLE 4: BATTERY CHARGING PROCESS TAKING INTO ACCOUNT TEMPERATURE 31-44◦C WULING MINI EV

Fig. 2: Dependence of the charging density process of the Wuling traction battery on time in the ambient temperature range of 31-44◦C.

board electrical system, which is left running in the back-
ground.

From this we can draw a simple conclusion: to reduce
leakage when charging at home, you should do it in a warm
garage, use a quality cable with low losses and devices with
a three-phase connection to the power grid, capable of pro-
viding a power of more than 7 kW. [3].

During the experiments, the charging process of the Wul-
ing Mini EV battery pack depending on the ambient temper-
ature was tested and subjectively evaluated, and the results
are shown in the following tables and graphs:

III CONCLUSION

As a result of the research, the following conclusions can
be drawn: On many current models of electric vehicles, some
energy is lost when traveling through the cable, some energy
is lost in the charger, another part of energy is lost when trav-

eling through the inverter in the car itself, some energy is
lost to power auxiliary systems, some energy is lost when
cells are heated during the charging process and the last part
of energy is lost to balance the cells at the end of charging
and finally.
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Abstract– The paper provides a comprehensive analysis of the in-
dustrial robotics market in Uzbekistan and Central Asia, examin-
ing its current state, key industry segments, and projected trends up
to 2028. Particular attention is given to the dominant sectors, in-
cluding food, metal, and automotive industries, with revenue fore-
casts indicating significant shifts in market dynamics. The study
also evaluates the role of robotic software and simulators, such as
RoboDK and PolyScope, as essential tools for programming, simu-
lation, and education, even in the absence of physical laboratories.
Furthermore, the global proliferation of online education platforms,
including Udemy, Coursera, and Khan Academy, is reviewed, with
an emphasis on their application in robotics education and profes-
sional development. The findings underscore the increasing demand
for robotics specialists and the strategic importance of integrating
blended learning methodologies to address challenges in STEM ed-
ucation. The research highlights the potential for Central Asia to
emerge as a hub for industrial robotics, driven by technological ad-
vancements and evolving educational frameworks.

Key words– dustrial robotics market, robotics in Uzbekistan, edu-
cational platforms, robot software, RoboDK, PolyScope, industrial
automation, robotic simulators, blended learning, STEM education,
automation in Central Asia

I THE MAIN PART

Since the great spread of the internet in the late 2000s,
distance and online methods of learning have received great
attention, both from educational institutions and individuals.
The COVID-19 pandemic in 2020 further accelerated the in-
tegration of online learning systems into higher education
systems [1]. The shift forced by the pandemic towards on-
line learning systems brings out several limitations of STEM
(Science, Technology, Engineering and Mathematics) edu-
cation i.e., the difficulty of delivering laboratory classes[2],

problems with social interaction and not effective online as-
sessment system [3]. In this context, a Blended Learning
(BL) approach has emerged that takes advantage of the pref-
erential aspects of both traditional face-to-face learning and
online learning methods. BL is an institutional concept that
allows technologies to collaborate with conventional learn-
ing approaches.

Therefore, blended learning is an integral part of future
education with the fusion technique that successfully imple-
ments the interaction of virtual and real-world entities. The
paper gives a general review of the industrial robotic sys-
tems in Uzbekistan and analyses the educational platforms
available for learning robotics.

Industrial robotics market in Uzbekistan and Central
Asia.

According to the analytical company Statista, the Uzbek-
istan robotics market is predicted to reach US$ 3 063 000
this year (in 2024). The market is mainly dominated by
other robotics segments rather than the automotive robots’
segments which accounts for US$ 1 003 000 which com-
prises almost 33% of the market, while the automotive seg-
ment still has a revenue equal to US$ 356.9 where mostly
industrial robotic arms are used [9] (Figure 1).

The food industry and metal industry account for US$ 689
000 and US$ 778 000 respectively, making these the largest
after all other industry segments in 2024. Interestingly, for
the forecasted year 2028, the largest share would be the Food
industry segment with US$ 789 200 and Metal industry seg-
ment with US$ 596 700. Automotive is expected to rise by
US$ 386 500 by 2028.

It is interesting to note that the annual growth rate is ex-
pected to decrease by 10.19% (CAGR) for the period be-
tween 2024-2028. However, it still does not mean that overall
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Fig. 1: Uzbekistan Industrial Robotics Market Revenue [9]

demand for the industrial robotic sector will decrease reach-
ing cumulative revenue approximately of US$ 6 704 000
within the period between 2024-2028.

The market for industrial robotics in CA countries will
cumulatively reach US$ 6 700 000 in 2024 and annually
remain almost stable, with a growth rate of -0.55% between
2024-2028. The CA market shows a significant increase in
the integration of industrial robots. Kazakhstan is expected
to grow the industrial robotics market from US$ 3 636 000
in 2024 to US$ 4 561 000 by 2028 [10].

Robot software and simulator market.
Following the global trend of industrial robot installations

and automation in general, the robot software market plays a
crucial role. Robot software enables several functions imple-
mented within the platforms, starting with simulation, com-
missioning, motion control safety, and engineer training. The
prominent aspect of robotic software/simulators is that one
can perform simulation while maintaining safety and without
sometimes even the availability of the physical robot itself.

The Robot Software Market size is currently estimated at
USD 19.92 billion in 2024, with a prediction to rise to US$
53 billion by 2029 compound annual growth rate of 21.62%
(Mordor Intelligence analytics market analysis). The highest
growing market is Asia Pacific, while the largest is still North
America. Association of Advancing Automation gives data
for 2021 industrial robot installations accounted for 39 708
units in North America[11].

Moreover, the robotic simulator global market is expected
to grow from 0.8 billion in 2022 to 2.48 billion by the end
of 2030 with an annual CAGR of 15.20%. A robotic sim-
ulator is a part of Robotic Software that replicates the real

behaviour of the robot used mainly for testing, offline pro-
gramming and simulating the behaviour of the robot. The
key market players are RoboDK, Octopuz, Delfoi Robotics,
Robomaster, Fanuc, Siemens PLM Software, ABB, KUKA.

1. RoboDK simulator. RoboDK is a powerful tool used
to simulate industrial robots and robotic programming. The
price is affordable for students and educational purposes, ac-
counting for a $150 subscription for two years. A graphical
interface enables students to directly program without hav-
ing advanced knowledge of programming. Availability of
around 500 robot arms among 50 robot manufacturers. The
RoboDK API is ready to use with Python, C++, Visual Ba-
sics and Matlab. Despite having all the available tools to
simulate robotic arms, RoboDK remains the only simulation
tool without having the physical laboratory. It is also not an
education platform, meaning that it does not provide step by
a step guide or training perspective.

2. PolyScope. It is a Universal Robot company simulator
used to train professionals and students. Simulator can be
used only with the Ubuntu operating system or with virtual
machines in Windows.

Global online education platform market.
According to the dailiweblife.com analytical portal,

COVID-19 suspended 300 mln students traditional learning
practices forcing part of them to shift towards online ed-
ucation. The number of students attending online classes
soared during the pandemic, triggering an increased demand
for online learning platforms as well. High internet speeds,
together with the enormous influence of smart devices i.e.,
tablets and smartphones, increased the demand for online
courses. New technologies enabled the online platforms to
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Index RoboDK[8] Polyscope Udemy Coursera
Price 0$-4000$ Free 0$-200$ 39$-15000$

Availability of

physical laboratory

Can be connected

to the physical robot

Can be connected

to the physical robot
NO NO

Remote connection

to the physical entity
YES NO NO NO

User Interface GOOD Fairly good GOOD GOOD

Product that

can be used

Most of robotic

Brands
UR

General

Robotics courses

General

Robotics courses

Education Program NO NO YES YES

Audience
Students, professionals,

industry, scholars

Students,

Professionals
Professionals Students

Custom design

for companies
NO NO NO NO

Online payment YES YES YES YES

TABLE 1: COMPARATIVE ANALYSIS

advance and open a whole new set of possibilities. To-
day, anyone with a smartphone can access almost any online
course.

The data for the most popular online platforms shows that
the biggest number of enrolled students has Khan Academy
with almost 90 mln students globally while Coursera and
Udemy follow the top 3 with 32 mln and 30 mln respec-
tively. However, the biggest number of courses is offered
by Udemy with almost 130k courses in almost all disciplines
[11](Figure2).

Fig. 2: Students enrolment in the top education platforms globally
in 2022

Udemy. It is the online platform that has the biggest num-
ber of courses, accounting for around 130k in 60 different
languages. There is a wide variety of courses offered on

the platform, from basic programming courses to Health &
Fitness. The key feature of Udemy courses is that they up-
skill professional skills. Compared to other online courses
Udemy is a marketplace for those who would like to offer
their knowledge to people. The course fee ranges from 2$
-200$ with coupons you can also reduce the course fees.

Coursera. This platform is one of the best platforms for
higher education, offering courses in collaboration with uni-
versities. The platform offers almost 3600 courses with 5.2k
instructors. High-skilled professionals teach the courses,
and the platform offers online bachelor’s and master’s de-
gree courses from top universities like Imperial College Lon-
don, University of Michigan, HEC Paris, and Arizona State
University. Also, Coursera offers professional certificate
courses with a duration of 4-10 weeks. Hands-on projects
are based on real business cases. The course price ranges
from 39−15000

Khan Academy. Online platforms lectures are mostly up-
loaded on YouTube platforms and the organization is non-
profit, Khan Academy is based on individual contributions,
ads and subscriptions. The courses offered are 4347 with
8k instructors. They have almost 90.4M students enrolled in
2022. The courses are uploaded as a digital blackboard.

II CONCLUSION

To sum up we can see that there is absolutely a big mar-
ket for Central Asian countries to evolve into industrial robot
supply centers. Moreover, the rise of the demand for robotic
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systems for sure means increased demand for maintenance
and programming specialists of those robotic systems.
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COLLABORATIVE ROBOTS:
TRANSFORMING THE WORKFORCE

THROUGH ADVANCED COMMUNICATION
AND MECHATRONICS.
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Abstract– Collaborative robots (cobots) are revolutionizing con-
temporary industries by facilitating fluid interaction between hu-
mans and machines via sophisticated mechatronics and communi-
cation technologies. This study examines their technical basis, ap-
plications, and contributions to Industry 4.0. Cobots promote pro-
ductivity and mitigate industrial injuries with advanced safety sys-
tems and adaptability. Case studies from manufacturing and health-
care illustrate their success, however obstacles such as worker adap-
tion and cost barriers remain. Further study is required to enhance
safety standards and broaden cobot integration across many indus-
tries.

Key words– Collaborative Robots, Industry 4.0, Safety Standards,
Human-Robot Interaction, Mechatronics, Workforce Transforma-
tion

I INTRODUCTION

Dubbed "Industry 4.0" (I4.0), the fourth industrial revo-
lution drives businesses to translate conventional manufac-
turing processes into digital frameworks to assure compet-
itive advantages via technology advances (Wang & Wang,
2016; Pimenta, 2019). Mass customizing and market global-
ization drive this change, which forces interesting sectors to
apply technologies including the Industrial Internet of Things
(IIoT), simulation, robotics, cloud computing, additive man-
ufacturing, and augmented reality (Rüßmann et al., 2015;
Tamás et al., 2016; Schwab, 2017).

Development of intelligent, cooperative robots—termed
"cobots"—directed to run alongside human workers is a ba-
sic component of Industry 4.0. Although industrial robots
have been applied in manufacturing since the third indus-
trial revolution, the current paradigm prioritizes the enhance-
ment of contemporary technologies to develop robots ca-
pable of learning, adapting, and collaborating with people

(Rüßmann et al., 2015). Cobots, autonomous, adaptable,
multifarious—increase safety and efficiency on the shop
floor—without segregating activities (Bahrin et al., 2016).

Development in artificial intelligence, IoT, cloud comput-
ing, and big data is projected to transform the roles of robots
in industrial processes, so boosting their autonomy and in-
tegration inside the bigger ecosystem (Robla-Gómez et al.,
2017). Given cobot deployment runs close to humans, safety
is a major issue. Safety criteria set by international standards
including ISO/TS 15066: 2016 underscore risk assessment
and human protection by means of their delineation. Artifi-
cial vision systems, lightweight constructions, and mechan-
ical dependability systems—all of which equip cobots—are
safety aspects.

Adoption of cobots is driven by financial gains, faster
manufacturing, and higher productivity; safety is thus a pri-
mary design and implementation challenge (Bayram & İnce,
2018). Cobots help to improve production processes and
thereby boost human-robot cooperation by lowering dangers
to human workers.

This work presents two research questions meant to in-
vestigate these topics: (RQ1) What special qualities de-
fine cobots? Future collaborative robotics research topics
could be Looking to address these problems, a careful read-
ing of the literature utilizing Scopus and Web of Science
(1997–2018) The study includes in research strategies, de-
tails on cobots, probable paths of future research, and last
thoughts.

II THE METHODOLOGY

The approach employed to address the research issues out-
lined in the beginning of this work was a systematic literature
review, adhering to the guidelines established by Silva et al.
(2015). This research approach establishes a robust founda-
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Fig. 1: Procedure for Systematic Literature Review

tion for future inquiries, aids in theory development, consol-
idates knowledge regarding previous studies, and identifies
areas necessitating more investigation (Webster and Watson,
2002).

Figure 1 illustrates the methodology for the Systematic
Literature Review conducted in this study. The initial phase
commenced in January 2019 and involved the selection of
datasets, including horizontal and vertical scans, as informed
by the research of Silva et al. (2015). We chose two
databases, Scopus and Web of Science, which are esteemed
by the academic world, taking into account the significance
of articles indexed in journals with an impact factor and the
practicality of access and categorization. The phrase “col-
laborative robot” was utilized as the search keyword, given
the majority of articles in these databases are in English,
and it includes the terms “cobots” and “collaborative robots.”
Consequently, 551 publications were detected in the Scopus
database and 148 papers in the Web of Science database.

Subsequent to the elimination of 129 duplicate articles, a
secondary criterion was employed to refine the publishing
volume (horizontal scan) by examining the components: ti-
tle, abstract, and keywords. This stage of the research em-
phasizes that some selected works focus solely on the tech-
nical and operational dimensions of COBOTs, encompassing
specifications, algorithm utilization, and programming lan-
guages, as well as applications beyond manufacturing, in-
cluding civil engineering, education, and medicine. Conse-
quently, following the elimination of 486 articles beyond the
purview of this study, a content analysis (vertical scan) was
conducted on the 84 selected articles published from 1997 to
2018.

III THE LITERATURE REVIEW

3.1 Initial Analysis
With limited five terms for every article, the first study fo-

cused on an observation of the issues and topics in the titles
and keywords of every article. In the paper "Legibility and
Predictability of Robot Motion" (Dragan et al., 2013), for in-
stance, three main themes emerged: (i) analysis of motions;
(ii) trajectory planning; and (iii) gesture recognition. Sev-
eral terms with the same connotation — that is, "collabora-
tive robots," "COBOTs," "collaborative work," and "human -
machine interaction"— were omitted from the list of themes
to help to prevent overloading the list of subjects addressed.
Furthermore ignored were the phrases connected to the re-
search techniques applied in the studies since they would be
covered later. Therefore, frequency noticed and shown in Ta-
ble 1 helped to classify the most expressive problems found
in more than one paper.

Issues Article (s) %
Safety 18 21.43
Assembly line 17 20.24
Sensing 11 13.10
Motion analysis 11 13.10
Risk analysis 8 9.52
Architecture 7 8.33
Kinematics 6 7.14
Industrial automation 6 7.14
Baxter Robot 5 5.95
Mobility 5 5.95

TABLE 1: MAIN ISSUES ADDRESSED
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Period No. %
Research Approach

Modeling Experiment Simulation
Theoretical

Study
Case study

1997-2003 3 3.57 0 1 1 1 0
2004-2010 10 11.90 0 5 1 4 0
2011-2014 12 14.29 1 7 0 3 1
2015-2018 59 70.24 2 28 4 11 14

Total 84 100 3 41 6 19 15

TABLE 2: RESEARCH APPROACHES

When combined, the five most addressed issues —
which reflect themes linked to the health and safety of the
workplace, applications in assembly lines, and technical ele-
ments of the COBOTs, including motion analysis, including
motion analysis — represent 77.38% of the articles and show.

Kinematics and sensing devices.
Eight of the thirty-four topics, however, directly relate to

occupational safety and health (safety, risk analysis, gesture
recognition, social aspects of robotics, ergonomics, work in
team, work environment, and ISO 10218) considering the
elements of production and operations management. Still,
three of them have ties to the latest paradigm of the fourth In-
dustrial Revolution (i4.0, Cyber-physical Systems, and Smart
Factory).

About the security of collaborative environments, we ob-
served that the studies address aspects related to the opera-
tion of COBOTs, such working speed, proximity to operators
in order to avoid collisions, recognition between operators
and materials, and monitoring the distance between opera-
tors (Šurdilović et al., 2003; Matthias et al., 2011; Aaltonen
et al., 2018). Only one of the above mentioned problems
relates to the kind of commercial solution for COBOTs. De-
signed by Rethink Robotics, the ninth-ranked "Baxter robot"
in Table 1 has two arms and a screen that acts as a face so the
operator may interact with it and that displays when you are
learning or working on an operation.

Furthermore, Baxter robots have a software platform that
lets them do a series of difficult tasks such managing a com-
ponent and guiding a "approved" or "approved" type inspec-
tion station toward the material stacking (Briody, 2013).

Another pertinent quality of the state of the art on collab-
orative robotics relates to the methodological and scientific
orientation of the research around the issue. Table 2 thus
presents a distribution of the articles noted with relation to
the research methodology. Four periods of such distribution
were stratified; thinking that the topic gained more relevance
from the ideas of advanced robotics and i4.0, both distributed
from 2011 and, thus, with a greatest expected frequency;

larger amplitude was ascribed to the first two periods.
Many papers discussing COBOTs as the key issue applied

experiments as the main method of investigation. Out of all
the recoverable publications, these account for 48.81%. Rep-
resenting 40.48%, theoretical and empirical research — case
studies — also stand out. It is noteworthy that the

Published between 2011 and 2018, these articles reflect
84.53% of the sample. These papers expose the con-
temporaneity of the issue together with the i4.0 related
technologies. We generated Table 3 guiding the authorship,
the number of citations recorded in the databases, the
research approach, and a synthesis of the contributions
of these works, thereby offering a ranking of the most
productive and referenced papers.

Specificities Inherent to COBOTs
One way to understand the specifics regarding manufactur-

ing processes’ specifics is to find answers to four questions
that can differentiate one technology from another (Slack et
al., 1999). These questions include: (Q1) What does tech-
nology do?; (Q2) How does it develop?; (Q3) What advan-
tages does this technology offer?; and (Q4) What restrictions
does the technology bring to the production? Thus, these four
questions were used to understand the specificities inherent
to collaborative robotics to find answers to the first research
question previously presented in the introduction section.

Regarding the application of COBOTs, or in other words,
what they are capable of, the literature shows that indus-
trial robotics is recommended for environments where hu-
man beings are exposed to activities with significant risk and
where efficiency is greater when compared with the tasks
performed by humans (Gunasekaran, 1999; Hedelind and
Jackson, 2011; Lasota and Shah, 2015). Industrial robots are
traditionally directed to activities called 3D’s, that is, dirty,
dangerous,and dull (Murphy et al., 2000; Bloem et al., 2014).
Therefore, industrial robotics can be used in a variety of sec-
tors, such as automotive and aerospace, medical, consumer
goods, and electronics, among others, with the most common
applications covering welding, testing, labeling, drilling, cut-
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Rank
Author (s)

/ Year
No. of

Citations
Research
Approach

Contribution

1
Peshkin et al.
(2001).

178
Theoretical

Study

Kinematics and operational considerations of the transmission
between conventionally driven COBOTs and non-holonomic
COBOTs applied in the car assembly process

2
Dragan et al.
(2013)

120 Experiment
The results revealed that COBOTs’ predictability and
readability are essentially different and sometimes contradictory
traits of movement.

3
Roy and
Dudek (2001)

83 Simulation
The paper offers an algorithmic approach for
long-distance agents to communicate, enabling two robots
to meet in order to investigate an uncharted territory together.

4
Andersson and
Nygards (2008)

49 Simulation

The authors suggest a method for multi-robot system
alignment and joining maps and trajectories. One can check a
feasible path in an unknown area by using the trajectory
information.

5
Merchán-Cruz
and Morris
(2006)

41 Simulation
The work offers a fuzzy genetic method to solve the trajectory
planning issues of two manipulating robots by sharing a similar
workspace whose trajectory or behavior is unknown and erratic.

6
Krüger et al.
(2006)

39 Experiment

It suggests a direct physical contact-based method of workspace
shared between COBOTs and operators. This system can
accomplish the functions of path navigation and power
amplification.

7
Šurdilović
et al. (2003)

36 Experiment

The given article introduced a novel continuous variable
transmission COBOT system. This work also briefly introduced
basic structural, kinematic and dynamic models, as well as
control techniques.

8
Matthias et al.
(2011)

32
Theoretical

Study

This paper addresses the safety certification process for industrial
cooperative robotics applying risk assessment techniques.
They also examined the several conceivable interactions
between a human being and a robot.

9
Rozo et al.
(2016)

30 Experiment

Combining probabilistic learning, dynamic systems, and stiffness
estimations, the authors provide a framework for an operator to
educate COBOTs from demos, so encoding the robot’s behavior
across the task.

10
Romero et al.
(2016)

29
Theoretical

Study

The paper introduced the idea "Operator 4.0," interpreted as
an intelligent and skilled operator who achieves man-machine
symbiosis in work systems by means of cooperative efforts with
robots via Cyber-physical systems.

TABLE 3: TOP 10 ARTICLES

ting activities, painting, molding, removal, and movement of
materials (Thomopoulos, 2014).

COBOTs, in turn, are industrial robots specifically de-
signed to perform a variety of repetitive and non-ergonomic
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tasks and cooperate directly and safely with operators,
being able to use force and collision detection capabilities
(Romero et al., 2016). Portability is a key feature of this
technology type since the operator must program these
robots’ operations in a simple way and safely (Djuric and
Urbanic, 2018). It is important to note that an industrial
robot is a reprogrammable automatic manipulator capable of
handling objects with varying degrees of freedom through
programmed movements to perform a variety of tasks
(Slack et al., 1999). In this sense, the operationalization
of COBOTs requires a workplace design adapted to this
technology, selecting a control system, and creating a
control program using algorithms related to kinematic tasks
(Sapietová et al., 2018).

3.3 Opportunities for Future Research
Future research areas include:

1. Safety: Evaluating risk assessment methodologies such
as FMEA and ergonomic factors (Matthias et al., 2011;
Maurice et al., 2014).

2. Morale: Assessing operator collaborative experiences
and productivity (Aaltonen et al., 2018).

3. Standardization: Examining standards such as ISO
10218 and ISO/TS 15066 pertaining to collaborative
robots (Bogue, 2017).

4. Performance Evaluation: Analyzing COBOT efficacy
across various models and applications (Cremer et al.,
2016).

5. Integration with Industry 4.0: Investigating COBOT
functions in digital manufacturing, IIoT, and cyberse-
curity (Bayram and İnce, 2018).

6. Human-Robot Interaction: Improving communication
using gesture and auditory recognition (Barattini et al.,
2012; Lasota and Shah, 2015).

These research initiatives seek to enhance the comprehen-
sion of COBOTs and their incorporation into contemporary
industry

IV CONCLUSION

This paper aimed to identify important problems indicat-
ing directions for future research on COBOTs and to grasp
certain traits of collaborative robots inside the context of
Industry 4.0. Since the man-machine interface reduces er-
gonomic strain, the latest developments in the sector concen-
trate on improving the productivity and efficiency of indus-
trial activities together with raising job quality. Still, COBOT

adoption calls for a redesigned physical infrastructure, incurs
significant expenses, and requires qualified personnel for op-
eration, therefore limiting their use. The second research
question helped to identify six directions for next studies
covering the themes of safety, morality, standardizing, com-
parative performance analysis among different robot types,
integration with Industry 4.0 technologies, and technologies
connected to human-robot interaction. Focusing on health
and safety in the workplace, applications in assembly lines,
and the technological aspects of COBOTs, this study covers
five main topics accounting for 77.38% of the publications.
These challenges give a chance for future research on indus-
trial robots. Our strategy has various restrictions. This study
excludes technical papers on COBOTs and publications from
different databases. Later on, we took a thorough landscape
view on the application of robotics in the production line.
Guidelines and recommendations on this issue need on more
study including field investigations and case studies. The dif-
ficulties and features of this paper could motivate more stud-
ies and projects aiming at including COBOTs into manufac-
turing process.
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