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The research being carried out is aimed at applying nonlinear 
dynamics methods in product life cycle management to improve 
communication between processes and achieve environmental 
sustainability. The purpose of the article is to create a nonlinear 
mathematical model for analysing product lifecycle 
management. Chaotic nonlinear dynamical processes of product 
lifecycle are deterministic but have the property that even small 
uncertainties in initial conditions lead to exponentially growing 
errors in the management that limit long-term forecasts. The 
emergence of chaotic behaviour in processes of product lifecycle 
was explored, focusing on fluctuations. The study employed 
methods such as systems analysis, correlation analysis, 
nonlinear dynamics, and the Surrogate model of chaotic Lorenz 
waterwheel. It was identified that sharp technological 
innovations as the primary drivers of short-term fluctuations 
impacting fixed efficiency and effectiveness of product life cycle 
process development. The resulting nonlinear dynamic model 
allowed for flexible operation, transitioning between 
equilibrium, periodic, and chaotic states based on coefficient 
values for asset growth rates and time constants reflecting 
product life cycle process dynamics. The research results are 
valuable for companies seeking to reduce their environmental 
impact and implement circular economy principles. 
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1   INTRODUCTION  

To ensure the quality of industrial products, which are complex 
technical systems, an actual scientific direction of research is the 
justification of the effective use of technical and economic 
information at the stages of their life cycle and decision-making 
taking into account the self-coordinated interaction of processes 
during design, manufacture, and operation as an open system, 
the self-organization of which affects achieved results in meeting 
requirements [Dima 2010]. The life cycle management process 
requires considering a circular economic strategy for longevity 
when designing and building complex products, as well as 
enabling real-time collaboration between internal teams and 
external supply chain partners to ensure the manufacturability 
of designs.  

In an environment of increasing global competition and rapid 
adaptation to ever-changing market demands, companies are 
trying to be competitive through cost-effectiveness, constantly 
seeking models and methods for assessing investments and 
improvement opportunities to understand how to prioritize 
different actions and options [Duhancik 2024]. More and more 
enterprises are embracing circularity as a core focus of activity 
and innovation [Brahma 2023, Vazquez-Santacruz 2023, Wulfert 
2023]. This is facilitated by a combination of solutions such as 
product lifecycle management (PLM), circular economy and 
sustainability management tools. Effective product lifecycle 
management involves leveraging digital technologies across the 
entire ecosystem to optimize processes, eliminate complexity, 
and ensure seamless data flow across functional areas 
[Dyadyura 2017a, Abanda 2024, Yao 2024]. Through the 
integration of digital streams that include strategic 
interoperability of enterprise platforms such as 
CAD/CAM/CAE/PDM/PLM [Jurko 2011, Monkova 2013, Michalik 
2014, Panda 2014 & 2021, Baron 2016, Mrkvica 2016, Balara 
2018, Chaus 2018, Duplakova 2018, Sukhodub 2018a,b, 
Harnicarova 2019, Flegner 2019 & 2020] and others, the 
collaborative creation, management, distribution and definition 
of products is supported (Fig. 1). 

 
Figure 1. The specific business benefits of PLM solutions 
As new technologies emerge and consumer preferences change, 
the stages of product lifecycle management may shift towards 
the use of artificial intelligence and machine learning 
[Zaborowski 2007, Adamcik 2014, Svetlik 2014, Rimar 2016, 
Olejarova 2017 & 2021, Sedlackova 2017, Catlos 2018, Labun 
2018, Sukhodub 2019, Gamec 2019, Kuznetsov 2019, 
Murcinkova 2019, Pollak 2019 & 2020, Lim 2020, Straka 2021 & 
2022, Vagaska 2021, Niu 2022, Ibn-Mohammed 2023]. 
Advancements in artificial intelligence (AI), machine learning 
(ML), and the Internet of Things (IoT) facilitate enhanced data 
collection and analysis in modern enterprises. This capability 
fosters improved productivity and cost reduction prospects, 
positioning companies for greater efficiency and 
competitiveness. The pursuit of technology also creates 
opportunities for better communication. Product development 
and management are becoming increasingly tighter with cross-
functional teams working together to bring products to market 
[Zaloga 2019 & 2020, Elahi 2023]. To support this trend, new 
methods and approaches are being developed that allow 
instantaneous strategic decisions to be made in real time [Acerbi 
2020, Ding 2022, Ren 2022, Chu 2023]. These tools continue to 
make it easy for team members to collaborate no matter their 
location. As consumers become more environmentally 
conscious, companies can become more responsive to 
sustainability demands [Kivimaa 2019, Sassanelli 2020, Zhang 
2020]. Product lifecycle management systems can support this 
trend by providing tools to measure and manage sustainability 
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throughout the product lifecycle, from design to end-of-life 
disposal. This includes smart, scalable ways to measure waste or 
environmental impact [Dyadyura 2017b, Macala 2017, Pandova 
2018 & 2020]. It also means smarter and cleaner ways to transfer 
products throughout their life cycle or to consumers. The key is 
to ensure strategic alignment between stakeholders and set 
(and continuously manage) appropriate expectations. When 
making both strategic and tactical decisions, you have to take 
into account multiple goals and rely on complex and sometimes 
contradictory criteria. The disadvantage of the existing models 
of life cycle processes (Fig. 2) in cases where complex technical 
products are designed and manufactured to order (a limited 
number of products of the same type) is their fragmentary 
nature, the inconsistency of the results and the inability to 
reflect the most general, fundamental non-linear regularities of 
the organizational and technical mechanism of a sequential the 
formation of emergent properties in the period from the 
justification of their development to the end of operation and 
further disposal [Jurko 2011, Cacko 2014, Anisimov 2019, 
Harnicarova 2019]. The purpose of the research in this paper is 
to create a scientifically based basis for decision-making to 
ensure compliance of information, material and energy resource 
costs with established requirements based on the self-
coordinated interaction of processes during design, 
manufacture and operation. 

 
 
Figure 2. The main stages of the system of the life cycle 

2   MATERIALS AND METHODS  

This study considers the modern life cycle, which is a set of 
interconnected technical, economic, social and other systems, 
the process of functioning of each of which includes obtaining 
information, its analysis, decision-making and their 
implementation. The joint interaction of the processes (Fig. 3) of 
design, manufacture and operation is studied as an open system. 
A decisive condition for ensuring the optimal final result of a 
nonlinear system of interconnected processes in the design, 
manufacture and operation of complex technical systems is the 
presence of non-equilibrium states, which are provided by 

material, energy and information flows {𝑥𝑖𝑗} acting both within 

the system of life cycle processes and under the conditions of its 
interaction with the external environment. Mathematically, the 
maximum flow problem is formulated as follows: find non-
negative values of 𝑥𝑖𝑗 , for all interacting processes, that 

maximize 

 = ∑ 𝑥0𝑗
𝑛
𝑗=1 = ∑ 𝑥𝑖𝑛

𝑛−1
𝑖=0   (1) 

subject to restrictions: 

0 ≤ 𝑥𝑖𝑗 ≤ 𝑏𝑖𝑗 , 𝑖, 𝑗 = 0, 𝑛̅̅ ̅̅̅;   𝑖 ≠ 𝑗 (2) 

∑ 𝑥𝑖𝑘 − ∑ 𝑥𝑘𝑗
𝑛
𝑗=1 = 0,   𝑛−1

𝑖=0 𝑘 = 1, 𝑛 − 1̅̅ ̅̅ ̅̅ ̅̅ ̅̅  (3) 

 
Figure 3. Schematic representation of the process of the life cycle 

Equation (1) reflects the value of the maximum flow, which is 
equal to the material, energy and information resources used 
during the interaction of life cycle processes. Condition (2) 
means that the material, energy and information flows for each 
interaction must be non-negative and do not exceed the 
throughput of the interaction. Condition (3) means that material, 
energy and informational resources for each interaction must 
comply with conservation laws. At the same time, the criterion 
for optimal management of life cycle processes is usually a set of 
technical and economic parameters, and the limitation is the 
internal environment of the enterprise and strategic goals and 
objectives of its development. 
Material, energy and information resources are maintained in 
the life cycle system. The laws of resource conservation manifest 
themselves only in the interaction of processes (at least two). 
Bandwidth refers to the maximum amount of material, energy 
and information resources that can be transferred from process 

1 to process 2  a link in one hour. 
With certain parameters of material, energy and information 
resources, the product life cycle will have chaotic results. At the 
same time, if the amount of resources during the execution of 
the process does not change, then the intensity will be a 
constant value. If the number of resources takes on different 
values, then the duration of the process can be different, and 
accordingly, the intensity will be variable. In this case, three 
states are possible. 

The requirements j

i
D  of one of the processes are greater than 

the capabilities j

i
C  of the other j

i

j

i

j

i
PCD  . This is due to 

the fact that the internal development of one of the processes 
of the life cycle system, which is supported by the connection 
with the external environment, increases its needs and, 

accordingly, continuously increases the requirements j

i
D . As a 

result, a new additional connection can be formed, which affects 

the process and contributes to increasing its capabilities j

i
C . 

The capabilities j

i
C  of one of the objects of the macrosystem 

are equal and the same capabilities of another object, which 
results in an equal position between the neighboring objects of 

the macrosystem j

i

j

i

j

i
ICD  . 

The requirements of one of the objects of the macrosystem are 

less than the capabilities of another object j

i

j

i

j

i
ОCD  , in 

this case there is an anticipatory development. At the same time, 
with the help of the object's connection with the external 
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environment, the requirements are increased, and the system 
again strives for an equilibrium state. 
In a general form, the assessment of requirements and 
capabilities can be presented 


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
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j

ii

j

i
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j
ii

j
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1

,   (4) 

where qi, gi are relative characteristics of compliance of technical 
and economic indicators of products and processes with the 
needs and capabilities of the j-th stage of the life cycle; 
ai, bi are weighting factors that take into account the importance 
of the i-th technical and economic indicators for assessing the 
requirements and opportunities of the j-th stage of the life cycle; 
N is the number of technical and economic indicators. 
The dynamics of the state change process in general can be 
described by a system of differential equations 

 
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   (5) 

where  CDf ,
1

and  CDf ,
2

 are non-linear functions with 

respect to D, C that are continuously differentiable in some 
region DOC (or in the entire plane). To solve such a system, it is 
necessary to use the phase plane method, which allows 
considering the behavior of the system on the (D, C) plane. 
Each point of the phase plane determines the state of the system 
at a given moment in time. The movement of the configuration 

point  )(),( tCtD  along the phase plane (phase trajectory) 

corresponds to a change in the state of the system. A set of 
phase trajectories defines the phase portrait of the system. The 
differential equations of the phase trajectories are of the 

),(

),(

2

1

CDf

CDf

dC

dD
   or 

),(

),(

1

2

CDf

CDf

dD

dC
  (6) 

After solving these equations, it is possible to obtain the integral 
function of the phase trajectories. Under the conditions 
𝑑𝐶 𝑑𝐷 = ∞⁄  and 𝑑𝐷 𝑑𝐶 = 0⁄ , we obtain a curve at the points of 
intersection with the phase trajectories, the latter have a 
horizontal tangent. Under the conditions 𝑑𝐷 𝑑𝐶 = ∞⁄  and 
𝑑𝐶 𝑑𝐷 = 0⁄  we get a curve at the intersection points of which 
with the phase trajectories, the latter have a vertical tangent. 
The main task of a qualitative study of this dynamic system is to 
find out the qualitative picture of the phase plane breakdown on 
the trajectory or to establish the topological structure of this 
breakdown. The topological structure refers to all properties 
that remain invariant with respect to the topological (mutually 
unique and mutually continuous) transformation of the plane 
into itself. The general results of the qualitative theory show that 
a huge number of systems behave in the same way. To 
understand the qualitative picture of the solution of system (5), 
it is enough to know not the behavior of all phase curves, but to 
find out only the position and type of special points for which the 
direction of the tangent is not determined. To find singular 
points of system (5), it is necessary to fulfill the conditions 
𝑑𝐷 𝑑𝑡⁄ = 0 and 𝑑𝐶 𝑑𝑡⁄ = 0. At the same time, system (5) takes 
the form 

0),(),(
21

 CDfCDf .  (7) 

Solving this system of equations, we obtain a set of singular 
points (Di, Ci), where i=1,...,n. The equilibrium position (special 

point) can be stable or unstable. The concept of stability of 
dynamic systems is of great practical importance. In particular, 
the nature of the evolution of the system from the state of 
equilibrium depends significantly on the stability of a special 
point. In the case of unstable equilibrium, as a result of even 
small initial deviations, the system leaves the steady state, and 
its movement becomes complicated, or it passes to another 
steady state, far from the initial one. That is why it is important 
to study the nature of the stability of dynamic systems [Zaloga 
2019 & 2020]. 
When modeling the life cycle using nonlinear dynamics methods, 
it is assumed that the design, manufacturing, and operation 

processes are characterized by the duration  (execution time) 
and the corresponding production functions Y (F,G,Q). Then the 
speed of the process per unit of time is determined by the ratio 

d

dY
dI  .   (8) 

The life cycle process system can be accurately approximated by 
a Lorentz-like system of three equations. According to the 
synergistic approach, a self-organizing system is defined by self-
consistent equations that relate the intensity of execution of the 
processes of design 𝑑𝐹/𝑑, manufacturing 𝑑𝐺/𝑑  and 
exploitation 𝑑𝑄/𝑑  with the values of the functions 𝐹, 𝐺, 𝑄, 
which can be considered as control parameter, concatenated 
field and order parameter respectively. 
The throughput of the interaction of processes is equal to the 
smallest of the throughputs of the processes included in this 
interaction, i.e. 

 = 𝒎𝒊𝒏
(𝒊,𝒋)∈𝝁

{�̅�𝒊𝒋}   (9) 

To determine the residual capacities of the interaction of 

processes and their symmetric relationships, we subtract  from 

the elements 𝒃𝒊𝒋
−, and add  to the elements 𝒃𝒋𝒊

−. 

Graphically, this can be depicted as the angular position 𝜽𝒏(𝒕) =
𝜽(𝒕) + 𝟐 ∙ 𝝅 ∙ 𝒏 𝑵⁄  where 𝜽(𝒕) is the orientation of the process 
in relation to the following processes in the life cycle (Fig. 4). 

 
 

 
Figure 4. Model of a chaotic product lifecycle management 

The use of the model for choosing effective modes of 
implementation of the compatible interaction of functional 
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subsystems allows to evaluate each variant of the design of 
complex technical products from the point of view of the 
expenditure of material, energy and information resources for 
its design, manufacture and operation. Analyzing the advantages 
and disadvantages of these options, they choose the most 
optimal one from the point of view of meeting the established 
requirements. We will study Ford's tabular algorithm [Haakman 
2021] for finding the maximum flow in the interaction of life 
cycle processes, which will consist of a number of steps. 
We record the interaction capacities of life cycle processes in a 
table of size (𝒏 + 𝟏) × (𝒏 + 𝟏), where (𝒏 + 𝟏) is the number of 
interacting processes. If the throughput of the direct connection 
between processes is greater than zero, and the inverse 
connection symmetrical to it is equal to zero, then enter the 
element 𝒃𝒊𝒋 into cell (𝒊, 𝒋), and enter zero into cell (𝒋, 𝒊); if 𝒃𝒊𝒋 =

𝒃𝒋𝒊 = 𝟎, then cells (𝒊, 𝒋) and (𝒋, 𝒊) are not filled. 

3 RESULTS AND DISCUSSION 

For the system of life cycle processes of a complex technical 
product, which is depicted in Figure 4, we find the maximum 
material, energy and information flows between process 1 and 
process N. The numbers that are written above the arcs and 
edges in Fig. 5 mean throughputs. 

 
Figure 5. Aggregate lifecycle processes and their throughputs 

We form a matrix of the throughput capabilities of the life cycle 
processes of a complex technical product (Table 1). 

Table 1. Calculation results (Preliminary phase) 

 (*) (1) (1) (2) (3) 

Process i Process 
1 

Process 
2 

Process 
3 

Process 
N-1 

Process 
N Process j 

Process 1  17 19-   
Process 2 0  4 12  
Process 3 0+ 4  8 (9-) 

Process N-1  12 6  24 

Process N   0+ 0  

 
First stage. 
1. Using Table 1, we find any path with positive throughput from 
process 1 to process N. To do this, mark the column (Process 1) 
(*). In the row (Process 1), positive elements are located in 
columns (Process 2; Process 3). Therefore, we mark these 
columns at the top with the number 0 (the number of the row in 
question). Next, we look through the row elements whose 
numbers coincide with the numbers of the marked columns. 
Looking through the line (Process 2) we mark the column 
number 2 (Process N-1); Looking through the next line (Process 
3), we mark column 3 (Process N). Since process N-1 is a sink, the 
marking process is completed and the required interaction is 
(Process 3; Process 4). We mark the element 𝑏3N−1 = 9 with a 

“” sign, and the element 𝑏N−13 = 0, symmetrical to it, with a 
“+” sign. Since the column (Process 3) is marked with number 1, 

we mark the element 𝑏13 = 19 with a “” sign, and the element 
𝑏31 = 0  with a “+” sign. As a result, we get the interaction 𝜇1 =
(𝑃𝑟𝑜𝑐𝑒𝑠𝑠1 −  𝑃𝑟𝑜𝑐𝑒𝑠𝑠3 − 𝑃𝑟𝑜𝑐𝑒𝑠𝑠N − 1). 
2. Determine the bandwidth of the found interaction: 

1 = 𝑚𝑖𝑛{𝑏13
− , 𝑏3𝑁−1

− } = 𝑚𝑖𝑛{19,9} = 9 
3. The capacity of the arcs of the found interaction is reduced 
by 𝑖 = 9, and the interactions symmetrical to them are 
increased by the same amount. We obtain Table 2. 

Table 2. 1st stage calculation results 

 (*) (1) (1) (2) (N-1) 

Process i Process 
1 

Process 
2 

Process 
3 

Process 
N-1 

Process 
N Process j 

Process 1  17- 10   
Process 2 0+  4 12-  
Process 3 9 4  8 0 

Process N-1  12+ 6  24- 

Process N   9 0+  
 
Second stage. 
1. Having marked the columns of table 2 and arranging the signs, we find 
the path 𝜇2 = (𝑃𝑟𝑜𝑐𝑒𝑠𝑠1 −  𝑃𝑟𝑜𝑐𝑒𝑠𝑠2 − 𝑃𝑟𝑜𝑐𝑒𝑠𝑠N − 1 − 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 N). 

In this case, the elements 𝑏12, 𝑏2𝑁−1, 𝑏N−1N will be marked with the 

“” sign, and the symmetrical elements 𝑏21, 𝑏𝑁−12, 𝑏NN−1 will be 
marked with the “+” sign. 

2. Path capacity 𝜇2 

2 = 𝑚𝑖𝑛{𝑏12
− , 𝑏2𝑁−1

− , 𝑏𝑁−1𝑁
− } = 𝑚𝑖𝑛{17,12,24} = 12 

3. Changing the interaction capacities to 2, we obtain Table 3 

Table 3. 2nd stage calculation results 

 (*) (1) (1) (3) (N-1) 

Process i Process 
1 

Process 
2 

Process 
3 

Process 
N-1 

Process 
N Process j 

Process 1  5- 10-   
Process 2 12  4 0  
Process 3 9+ 4  8- 0 

Process N-1  24 6+  12- 

Process N   9 12+  
 

Third stage. 
1. Having marked the columns, we find 𝜇3 = (𝑃𝑟𝑜𝑐𝑒𝑠𝑠1 −
 𝑃𝑟𝑜𝑐𝑒𝑠𝑠3 − 𝑃𝑟𝑜𝑐𝑒𝑠𝑠N − 1 − 𝑃𝑟𝑜𝑐𝑒𝑠𝑠N) 
2. Interaction flux value 𝜇3 

3 = 𝑚𝑖𝑛{10,8,12} = 8 
3. Having calculated the new interaction capacities, we obtain 
Table 4. 

Table 4. 3rd stage calculation results 

 (*) (1) (1)   

Process i Process 
1 

Process 
2 

Process 
3 

Process 
N-1 

Process 
N Process j 

Process 1  5 2   
Process 2 12  4 0  
Process 3 17 4  0 0 

Process N-1  24 14  4 

Process N   9 20  
 

Fourth stage. 
The column (Process 1) is marked with a sign (*). Looking 
through the 1st row, we mark the columns (Process 2, Process 3) 
with number 1. Continuing to look through the rows, we make 
sure that the columns (Process N-1, Process N) cannot be 
marked. Therefore, there is no longer any positive-bandwidth 
interaction from (Process 1) to (Process N). 
The subset R forms labeled processes (Process 1, Process 2, 
Process 3) (Table 4), the subset R - unlabeled processes (Process 
N-1, Process N). The cut with the minimum capacity forms an 
interaction whose initial processes belong to the subset R, and 
the final processes belong to the subset R̅. Thus, the cut with the 
minimum throughput 
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(𝑅∗, �̅�∗) = {(Process 2, Process N −
1), (Process 3, Process N − 1), (Process 3, Process N)}.  
Indeed, by removing the interactions of the cut, we block all the 
relationships between the initial process and the final one. Cut 
throughput 

𝑏(𝑅∗, �̅�∗) =  𝑏2𝑁 + 𝑏3𝑁−1 + 𝑏3𝑁 = 12 + 8 + 9 = 29 
The final stage. 
We subtract the corresponding elements of Table 4 from the 
elements of Table 1, and we obtain Table 5. 

Table 5. 4th stage calculation results 

Process i Process 
1 

Process 
2 

Process 
3 

Process 
N-1 

Process 
N Process j 

Process 1  12 17   
Process 2 -12  0 12  
Process 3 -17 0  8 9 

Process N-1  -12 -8  20 

Process N   -9 -20  

The positive elements of Table 5 characterize the magnitude of 
interaction flows between processes. Therefore 𝑥12 = 12,  
𝑥13 = 17, 𝑥2𝑁−1 = 12, 𝑥3𝑁−1 = 8, 𝑥3𝑁 = 9, 𝑥𝑁−1𝑁 = 20, and 
for all other interactions the fluxes are equal to zero. The value 
of the maximum flow is equal to the sum of the elements of the 
1st row or the sum of the elements of N column of Table 5. 

 = ∑ 𝑥0𝑗 = 12 + 17 = ∑ 𝑥𝑖4 = 9 + 20 = 29

3

𝑖=0

4

𝑗=1

 

As can be seen, ∗ = 𝑏(𝑅∗, �̅�∗). The relationships of the cut 
(R^*,R ̅̂ *) are saturated with flow (𝑥2𝑁−1 = 𝑏2𝑁−1 = 12, 𝑥3𝑁−1 =
𝑏3𝑁−1 = 8,  𝑥3𝑁 = 𝑏3𝑁 = 9. 
Taking into account information about the previous state of the 
processes at the stages of the life cycle significantly changes their 
current state. In order to ensure the technical and organizational 
unity of the execution of the totality of works at the stages of the 
residential complex, a hierarchical system of indicators of the 
effective use of functional subsystems has been developed, 
which determines the final result - the value of the production 
output. In this context, it is possible to apply lean production 
methods to increase productivity due to the elimination of losses 
[Lis 2023].  
Thus, the expansion of the scale and the complication of 
information relationships at the stages of the life cycle requires 
the improvement of decision-making methods to ensure the 
compliance of complex technical products with the established 
requirements. Increasing customer requirements for the quality 
of products and the dynamism of the design, manufacturing and 
operation processes necessitate the maximum use of all 
potential opportunities for observation, assessment and 
decision-making when using technical and economic 
information. The basis for ensuring compliance of product 
characteristics with specified requirements is a single integrated 
information model of the life cycle, which allows describing 
process interrelationships and acts as a single source of 
information for decision-making. The need to improve the life 
cycle processes of complex technical products to improve quality 
and reduce cost creates conditions for applying a system 
approach and special methods of decision-making regarding the 
effective use of technical and economic information. 

CONCLUSIONS 

With the development of modern industry, the objects of life 
cycle management of technical systems are becoming 
increasingly complex, which creates many new problems 
associated, for example, with a large number of time-varying 
parameters, long time delays, high non-linearity of processes 
and complex communication between input and output 

parameters. In today's conditions of intensive development of 
information technologies, consumer requirements for products 
and services are constantly changing. Reliable technical and 
economic information about the consistency of process results 
is necessary to make informed decisions about ensuring that 
products comply with the established requirements. Even if 
practitioners want to implement new production technologies, 
they lack comprehensive tools to support their decisions 
regarding both cost and sustainability. The need for further 
development of an interdisciplinary approach, methodology, 
theory and practice of researching universal manifestations of 
the transition from ordered to unstable and chaotic modes of 
functioning of the system of life cycle processes of complex 
technical products based on modern system concepts 
determined the direction of scientific research in this work. 
Models of the life cycle of production are used to estimate how 
to plan the expenditure of information, material and energy 
resources. The paper proposes scientifically based approaches 
to increase the efficiency of the use of technical and economic 
information at the stage of manufacturing complex products. 
This can be especially important for businesses seeking to 
comply with regulations or consumer demand for more 
environmentally friendly products. The greatest effect should be 
expected in a comprehensive approach to the use of the 
considered models with an orientation to the possibility of 
building process structures that are self-organizing, which will 
allow us to count on the so-called synergistic effect. 

ACKNOWLEDGMENTS 

This work was supported by the project VEGA 1/0226/21 of 
Scientific Grant Agency of the Ministry of Education, science, 
research and sport of the Slovak Republic and the Slovak 
Academy of Sciences. 

REFERENCES 

[Abanda 2024] Abanda, F.H., et al. Digital twin for product versus 
project lifecycles’ development in manufacturing 
and construction industries. J Intell Manuf, 2024. 
https://doi.org/10.1007/s10845-023-02301-2. 

[Acerbi 2020] Acerbi, F., Taisch, M. A literature review on circular 
economy adoption in the manufacturing sector. J. 
Clean. Prod., 2020, 123086. 

[Adamcik 2014] Adamcik, F., et al. Modeling of Changes in Flow 
Air Fuel Effected by Changes in Environmental 
Conditions. Nase More, 2014, Vol.  61, No.1-2., pp. 
40-42. ISSN 0469-6255. 

[Anisimov 2019] Anisimov, V.M., Anisimov, V.V., Krenicky, T. 
Properties Prediction of Linear Block-Polyurethanes 
Based on the Mixtures of Simple Oligoethers. 
Management Systems in Production Engineering, 
2019, Vol. 27, Issue 4, pp. 217-220. DOI: 
https://doi.org/10.1515/mspe-2019-0034.  

[Balara 2018] Balara, M., Duplakova, D., Matiskova, D. 
Application of a signal averaging device in robotics. 
Measurement, 2018, Vol. 115, No. 2, pp. 125-132. 

[Baron 2016] Baron, P., Dobransky, J., Kocisko, M., Pollak, M., 
Cmorej, T. The parameter correlation of acoustic 
emission and high-frequency vibrations in the 
assessment process of the operating state of the 
technical system. Acta Mechanica et Automatica, 
2016, Vol. 10, No. 2, pp. 112-116.  

[Brahma 2023] Brahma, A., Wynn, D.C. Concepts of change 
propagation analysis in engineering design. Res Eng 
Design, 2023, Vol. 34, pp. 117-151. 

https://doi.org/10.1515/mspe-2019-0034


 

 

MM SCIENCE JOURNAL I 2024 I JUNE 

7330 

 

[Cacko 2014] Cacko, P., Krenicky, T. Impact of lubrication interval 
to operating status of bearing. Applied Mechanics 
and Materials, 2014, Vol. 616, pp. 151-158. ISSN 
1660-9336. 

[Catlos 2018] Catlos, M., et al. Continual Monitoring of Precision 
of Aerial Transport Objects. In: 13th International 
Scientific Conference on New Trends in Aviation 
Development (NTAD); Kosice, 30-31 August, 2018. 
New York: IEEE, pp 30-34. ISBN 978-1-5386-7918-0. 

[Chaus 2018] Chaus, A.S., Pokorny, P., Caplovic, E., Sitkevich, 
M.V., Peterka, J. Complex fine-scale diffusion coating 
formed at low temperature on high-speed steel 
substrate. Applied Surface Science, 2018, Vol. 437, 
pp. 257-270. ISSN 0169-4332. 

[Chu 2023] Chu, C.-H., Pan, J.-K. A Systematic Review on 
Extended Reality Applications for Sustainable 
Manufacturing Across the Product Lifecycle. Int. J. of 
Precis. Eng. and Manuf.-Green Tech., 2023. 
DOI: 10.1007/s40684-023-00567-8. 

[Dima 2010] Dima, I.C., et al. Using the expert systems in the 
operational management of production. In: Recent 
Advances in Mathematics and Computers in 
Business, Economics, Biology & Chemistry. Book 
Series: Mathematics and Computers in Science and 
Engineering, 2010, p. 307. ISBN 978-960-474-194-6. 
ISSN 1792-4308. 

[Ding 2022] Ding, T., et al. A novel manufacturing service model 
transformation method based on product 
lifecycle. Peer-to-Peer Netw. Appl., 2022, Vol. 15, pp. 
1638-1652. 

[Duhancik 2024] Duhancik, M., Krenicky, T., Coranic, T. Design 
and Testing of a Measurement Device for High-
Speed Bearing Evaluation. Applied Sciences, 2024, 
Vol. 14, 508. https://doi.org/10.3390/app14020508.  

[Duplakova 2018] Duplakova, D., et al. Determination of optimal 
production process using scheduling and simulation 
software. Int. J. of Simulation Modelling, 2018, Vol. 
17, No. 4, p. 447. 

[Dyadyura 2017a] Dyadyura, K., Hovorun, T.P., Pylypenko, O.V., 
Hovorun, M.V., Pererva, V.I. Influence of roughness 
of the substrate on the structure and mechanical 
properties of TiAlN nanocoating condensed by 
DCMS. In: Proc. of IEEE 7th Int. Conf. on 
Nanomaterials: Applications and Properties 2017, 
NAP 2017, 01FNC10. 

[Dyadyura 2017b] Dyadyura, K.O., Sukhodub, L.F. Magnesium-
based matrix composites reinforced with 
nanoparticles for biomedical applications. In: Proc. 
of IEEE 7th Int. Conf. on Nanomaterials: Applications 
and Properties 2017, NAP 2017, 04NB14. 

[Elahi 2023] Elahi, M., et al. A comprehensive literature review 
of the applications of AI techniques through the 
lifecycle of industrial equipment. Discov Artif Intell., 
2023, Vol. 3, 43. 

[Flegner 2019] Flegner, P., Kacur, J., Durdan, M., Laciak, M. 
Processing a measured vibroacoustic signal for rock 
type recognition in rotary drilling technology. 
Measurement, 2019, Vol. 134, pp. 451-467.  

[Flegner 2020] Flegner, P., Kacur, J., Durdan, M, Laciak, M. 
Statistical Process Control Charts Applied to Rock 
Disintegration Quality Improvement. Applied 
Sciences, 2020, Vol. 10, No. 23, pp. 1-26. 

[Gamec 2019] Gamec, J., et al. Low Profile Sinuous Slot Antenna 
for UWB Sensor Networks. Electronics, 2019, Vol. 8, 
No. 2, pp 1-11. ISSN 2079-9292. 

[Haakman 2021] Haakman, M., et al. AI lifecycle models need to 
be revised. Empir Software Eng, 2021, Vol. 26, 95. 

[Harnicarova 2019] Harnicarova, M., et al. Study of the influence 
of the structural grain size on the mechanical 
properties of technical materials. Materialwissen-
schaft und Werkstofftechnik, 2019, Vol. 50, No. 5, 
pp. 635-645. 

[Ibn-Mohammed 2023] Ibn-Mohammed, T., et al. Toward 
artificial intelligence and machine learning-enabled 
frameworks for improved predictions of lifecycle 
environmental impacts of functional materials and 
devices. MRS Communications, 2023, Vol. 13, 
pp. 795-811.  

[Jurko 2011]  Jurko, J., Gajdos, M., Panda, A. Study of changes 
under the machined surface and accompanying 
phenomena in the cutting zone during drilling of 
stainless steels with low carbon content. 
Metalurgija, 2011, Vol. 50, No. 2, pp. 113-117. 

[Kivimaa 2019] Kivimaa, P., Boon, W., Hyysalo, S., Klerkx, L. 
Towards a typology of intermediaries in 
sustainability transitions: A systematic review and a 
research agenda. Res. Policy, 2019, Vol. 48, pp. 1062-
1075. 

[Labun 2018] Labun, J., et al. Possibilities of Increasing the Low 
Altitude Measurement Precision of Airborne Radio 
Altimeters. Electronics, 2018, Vol. 7, No. 9, pp. 1-9. 
ISSN 2079-9292. 

[Lim 2020] Lim, K.Y.H., Zheng, P. , & Chen, CH. A state-of-the-art 
survey of Digital Twin: techniques, engineering 
product lifecycle management and business 
innovation perspectives. J Intell Manuf., 2020, Vol. 
31, pp. 1313-1337. 

[Lis 2023] Lis, A.M., Rozkwitalska, M., Lis, A. Sustainability 
objectives and collaboration lifecycle in cluster 
organizations. Qual Quant, 2023, Vol. 57, pp. 4049-
4068. 

[Macala 2017] Macala, J., Pandova, I., Panda, A. Zeolite as a 
prospective material for the purification of 
automobile exhaust gases. Mineral Resources 
Management, 2017, Vol. 33, No. 1, pp. 125-137. 

[Michalik 2014] Michalik, P., Zajac, J., Hatala, M., Mital, D., 
Fecova, V. Monitoring surface roughness of thin-
walled components from steel C45 machining down 
and up milling. Measurement, 2014, Vol. 58, pp. 416-
428. ISSN 0263-2241. 

[Monkova 2013] Monkova, K., Monka, P., Jakubeczyova, D. The 
research of the high speed steels produced by 
powder and casting metallurgy from the view of tool 
cutting life. Applied Mechanics and Materials, 2013, 
Vol. 302, pp. 269-274. 

[Mrkvica 2016] Mrkvica, I., Neslusan, M., Cep, R., Sleha, V. 
Properties and comparison of PVD coatings. 
Technical Gazette, 2016, Vol. 23, No. 2, pp. 569-574. 

[Murcinkova 2019] Murcinkova, Z., Vojtko, I., Halapi, M., 
Sebestova, M. Damping properties of fibre 
composite and conventional materials measured by 
free damped vibration response. Advances in 
Mechanical Engineering, Vol. 11, No. 5, 
1687814019847009. 

[Niu 2022] Niu, X., Wang, M., Qin, S. Product design lifecycle 
information model (PDLIM). Int J Adv Manuf 
Technol., 2022, Vol. 118, pp. 2311-2337. 

[Olejarova 2017] Olejarova, S., Dobransky, J., Svetlik, J., Pituk, M. 
Measurements and evaluation of measurements of 
vibrations in steel milling process. Measurement, 
2017, Vol. 106, pp. 18-25. 

https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitationReport&qid=3&SID=D5T3w1ouGA84EUei9r9&page=1&doc=7
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitationReport&qid=3&SID=D5T3w1ouGA84EUei9r9&page=1&doc=7
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitationReport&qid=3&SID=D5T3w1ouGA84EUei9r9&page=1&doc=7
https://www.scopus.com/record/display.uri?eid=2-s2.0-85065476938&origin=resultslist
https://www.scopus.com/record/display.uri?eid=2-s2.0-85065476938&origin=resultslist
https://www.scopus.com/record/display.uri?eid=2-s2.0-85065476938&origin=resultslist
https://www.scopus.com/sourceid/27304?origin=resultslist
https://www.scopus.com/sourceid/27304?origin=resultslist
https://www.scopus.com/authid/detail.uri?authorId=27267745200
https://www.scopus.com/authid/detail.uri?authorId=27267712000
https://www.scopus.com/authid/detail.uri?authorId=36105646300
https://www.scopus.com/authid/detail.uri?authorId=6508130308
https://www.scopus.com/authid/detail.uri?authorId=36105518300
https://www.scopus.com/authid/detail.uri?authorId=36105646300


 

 

MM SCIENCE JOURNAL I 2024 I JUNE 

7331 

 

[Olejarova 2021] Olejarova, S., Krenicky, T. Water Jet 
Technology: Experimental Verification of the Input 
Factors Variation Influence on the Generated 
Vibration Levels and Frequency Spectra. Materials, 
2021, Vol. 14, 4281. 

[Panda 2014] Panda, A., Prislupcak, M., Pandova, I. Progressive 
technology diagnostics and factors affecting 
machinability. Applied Mechanics and Materials, 
2014, Vol. 616, pp. 183-190. 

[Panda 2021] Panda, A., Anisimov, V.M., Anisimov, V.V., 
Dyadyura, K., Pandova, I. Increasing of wear 
resistance of linear block-polyurethanes by thermal 
processing methods. MM Science Journal, 2021, Vol. 
October, pp. 4731-4735. 

[Pandova 2018] Pandova, I., et al. Use of sorption of copper 
cations by clinoptilolite for wastewater treatment. 
Int. J. of Environmental Research and Public Health, 
2018, Vol. 15, No. 7, 1364. 

[Pandova 2020] Pandova, I., et al. A study of using natural 
sorbent to reduce iron cations from aqueous 
solutions. Int. J. of Environmental Research and 
Public Health, 2020, Vol. 17, No. 10, 3686. 

[Pollak 2019] Pollak, M., Kascak, J., Teliskova, M., Tkac, J. Design 
of the 3D printhead with extruder for the 
implementation of 3D printing from plastic and 
recycling by industrial robot. TEM Journal, 2019, Vol. 
8, No. 3, pp. 709-713. 

[Pollak 2020] Pollak, M., Torokova, M., Kocisko, M. Utilization of 
generative design tools in designing components 
necessary for 3D printing done by a robot. TEM 
Journal, 2020, Vol. 9, No. 3, pp. 868-872. 

[Ren 2022] Ren, S., et al. An Advanced Operation Mode with 
Product-Service System Using Lifecycle Big Data and 
Deep Learning. Int. J. of Precis. Eng. and Manuf.-
Green Tech., 2022, Vol. 9, pp. 287-303. 

[Rimar 2016] Rimar, M., Smeringai, P., Fedak M., Kuna S. 
Technical and software equipment for the real time 
positioning control system in mechatronic systems 
with pneumatic artificial muscles. Key Engineering 
Materials, 2016, Vol. 669, pp. 361-369. 

[Sassanelli 2020] Sassanelli, C., Urbinati, A., Rosa, P., Chiaroni, 
D., Terzi, S. Addressing Circular Economy through 
Design for X approaches: A Systematic Literature 
Review. Comput. Ind., 2020, Vol. 120, pp. 1-23. 

[Sedlackova 2017] Sedlackova, N.A, et al. Synthesis Criterion of 
Ergatic Base Complex with Focus on its Reliability. In: 
14th IEEE Int. Sci. Conf. on Informatics; Poprad, 14-
19 November, 2017. New York: IEEE, pp. 318-321. 
ISBN 978-1-5386-0889-0. 

[Straka 2021] Straka, L., Pitel, J., Corny, I. Influence of the main 
technological parameters and material properties of 
the workpiece on the geometrical accuracy of the 
machined surface at WEDM. Inter. J. of Advanced 
Manuf. Technology, 2021, Vol. 115, No. 9-10, 
pp. 3065-3087.  

[Straka 2022] Straka, L., Gombar, M., Vagaska, A., Kuchta, P. 
Efficiency Optimization of the Electroerosive Process 
in µ-WEDM of Steel MS1 Sintered Using DMLS 
Technology. Micromachines, 2022, Vol. 13, 1446. 

[Sukhodub 2018a] Sukhodub, L., Dyadyura, K. Design and 
fabrication of polymer-ceramic nanocomposites 
materials for bone tissue engineering. Journal of 
Nano- and Electronic Physics, 2018, Vol. 10, No. 6, 
06003. 

[Sukhodub 2018b] Sukhodub, L., Panda, A., Dyadyura, K., 
Pandova, I., Krenicky, T. The design criteria for 
biodegradable magnesium alloy implants. MM 
Science J., 2018, Vol. December, pp. 2673-2679. 

[Sukhodub 2019] Sukhodub, L., et al. Hydroxyapatite and zinc 
oxide based two-layer coating, deposited on Ti6Al4V 
substrate. MM Science J., 2019, Vol. December, pp. 
3494–3499. 

[Svetlik 2014] Svetlik, J., Baron, P., Dobransky, J., Kocisko, M. 
Implementation of Computer System for Support of 
Technological Preparation of Production for 
Technologies of Surface Processing. Applied 
Mechanics and Materials, 2014, Vol. 613, p. 418. 
DOI: 10.4028/www.scientific.net/AMM.613.418. 

[Vagaska 2021] Vagaska, A., Gombar, M. Mathematical 
Optimization and Application of Nonlinear 
Programming. Studies in Fuzziness and Soft 
Computing, 2021, Vol. 404, pp.  461-486. 
DOI: 10.1007/978-3-030-61334-1_24. 

[Vazquez-Santacruz 2023] Vazquez-Santacruz, J.A., et al. 
Towards an integrated design methodology for 
mechatronic systems. Res Eng Design, 2023, Vol. 34, 
pp. 497-512. 

[Wulfert 2023] Wulfert, T. Boundary resource management in 
innovation ecosystems: The case of e-commerce. 
Electron Markets, 2023, Vol. 33, 27. 

[Yao 2024] Yao, X., et al. Enhancing wisdom manufacturing as 
industrial metaverse for industry and society 5.0. J 
Intell Manuf., 2024, Vol. 35, pp. 235-255. 

[Zaborowski 2007] Zaborowski, T. Ekowytwarzanie. Gorzow, 
2007, 100 p. 

[Zaloga 2019] Zaloga, V., Dyadyura, K., Rybalka, I., Pandova, I. 
Implementation of Integrated Management System 
in Order to Enhance Equipment Efficiency. 
Management Systems in Production Engineering, 
2019, Vol. 4, pp. 221-226. 

[Zaloga 2020] Zaloga, V., Dyadyura, K., Rybalka, I., Pandova, I., 
Zaborowski, T. Enhancing efficiency by 
implementation ofintegrated management system 
in order to align organisationalculture and daily 
practice. Management Systems in Production 
Engineering, 2020, Vol. 28, No. 4, pp. 304-311. 

[Zhang 2020] Zhang, A., Zhong, R.Y., Farooque, M., Kang, K., 
Venkatesh, V.G. Blockchain-based life cycle 
assessment: An implementation framework and 
system architecture. Resour. Conserv. Recycl., 2020, 
Vol. 152, 104512. 

CONTACTS: 

Prof. Eng. Anton Panda, PhD. 
Faculty of Manufacturing Technologies with a seat in Presov 
Technical University of Kosice 
Sturova 31, 080 001 Presov, Slovakia 
e-mail: anton.panda@tuke.sk 

https://www.scopus.com/authid/detail.uri?authorId=36105646300
https://www.scopus.com/authid/detail.uri?authorId=56367455900
https://www.scopus.com/authid/detail.uri?authorId=36105518300
https://www.scopus.com/record/display.uri?eid=2-s2.0-84907336844&origin=resultslist
https://www.scopus.com/record/display.uri?eid=2-s2.0-84907336844&origin=resultslist
https://www.scopus.com/record/display.uri?eid=2-s2.0-84907336844&origin=resultslist
https://www.scopus.com/authid/detail.uri?authorId=36105646300
https://www.scopus.com/authid/detail.uri?authorId=7203083876
https://www.scopus.com/authid/detail.uri?authorId=57210901317
https://www.scopus.com/authid/detail.uri?authorId=57191479168
https://www.scopus.com/authid/detail.uri?authorId=36105518300
https://www.scopus.com/record/display.uri?eid=2-s2.0-85120683972&origin=resultslist
https://www.scopus.com/record/display.uri?eid=2-s2.0-85120683972&origin=resultslist
https://www.scopus.com/record/display.uri?eid=2-s2.0-85120683972&origin=resultslist
https://www.scopus.com/sourceid/21100337502?origin=resultslist
https://www.scopus.com/authid/detail.uri?authorId=57219143748
https://www.scopus.com/authid/detail.uri?authorId=57191479168
https://www.scopus.com/sourceid/21100210917?origin=resultslist
https://www.scopus.com/sourceid/21100210917?origin=resultslist
mailto:anton.panda@tuke.sk

